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Introduction

Isolated, confined, and extreme (ICE) environments are the most universally challenging
places in which anyone could attempt to survive, but can provide enormous scientific and
economic benefits for those who do live and work within them. The harsh environmental
conditions and psychological difficulties experienced within ICE environments currently limits
the amount of time individuals can spend at Earth’s poles, at sea, or in space to roughly
a year. Enabling humans to survive for a longer duration while remaining physically and
psychologically healthy is the central goal of architecture for ICE environments.
These environments offer access to resources such as oil and gas and enable
unique scientific exploration and discovery. Addressing the difficulties those living in
ICE environments face will increase overall productivity and health. The lessons learned
throughout the process can be applied to more common and less extreme environments as
well. Designs created to make a polar base pleasant to live in are appropriate for high-rise
apartments or other space-restricted communities. Learning to live in extreme environments
has the potential to provide an increased quality of life for those inhabitants and provides
benefits to society as a whole.
The major considerations within ICE design are architectural interventions aimed at
addressing the social, psychological, and physical needs of inhabitants. These categories
define the stressors of ICE environments, from social issues that arise from isolation or
psychological reactions from confinement, to the purely physical requirements of those
in extreme environments like space. Once these elements are understood they can be
addressed through design using newly developed experiential, programmatic, and
technological approaches. The culmination of these efforts will enable the increasingly
productive and healthy inhabitation of ICE environments.
Learning to dwell within ICE environments will provide healthy, long-duration habitation
where humans are driven by the necessity of industry and curiosity towards the natural
world. These same lessons can be applied to the confined spaces of cities and enable safer
exploration of other worlds. The final goal of this branch of architecture is the independent,
permanent settlement of places other than Earth and the most adversarial places on Earth
itself. This dissertation will analyze the social and psychological requirements of those
living within ICE environments, and how these needs may be responded to architecturally.
The final product of this dissertation will be a conceptual design expanding the HI-SEAS
Mars simulation experiment into a multiple phase construction project aimed at discovering
the real-world requirements of design and infrastructure for the construction of a permanent
Mars habitat.
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Isolated, confined, and extreme (ICE) environments exist as the inhabited areas of the
Earth or the space above it that pose the greatest challenges to human health. Individuals
can survive in these places, but the environments present inherently challenging conditions
that make survival difficult or even dangerous. The most familiar extreme environments are
considered the open desert, the ocean, and the poles. These are areas with harsh weather
and almost no potable water, and they offer very little in terms of shelter.
The most immediate threats are physical in the form of environmental conditions
or the vacuum of space, which could prove lethal. Drilling platforms must deal with high
seas and polar research stations must allow for survival through long winters without
outside assistance. The necessity of dealing with one’s physical environment is paramount;
however, as humans look to spend longer duration’s in ICE environments, social and
psychological issues become additional obstacles created by the fact that inhabitants are
often far removed from the original home environment. As time passes, the stress of living in
these ICE environments and not having the social supports or routine of normal life creates
a variety of issues that are able to end a mission as easily as a sudden storm or some other
physical calamity.
Social issues involve the negative ways in which people respond to the absence
of their traditional social network. Those living in extreme environments do not have their
networks of friends and family, or the support that comes with them. A major part of
1

what makes these environments extreme is that the many facets of our lives present before
entering these environments are left behind. Humans can survive almost anywhere; but
being able to live inside an ICE environment long term and in good health is an incredible
challenge.
Psychological issues stem directly from the stress of living in an ICE environment, and
the stress can lead to mental health problems such as depression, catatonia, or aberrant
behavior. These dangers can often be exacerbated by accompanying social issues such as
the micro-society, making the psychological and social aspects of life in ICE environments
closely related. The psychological needs that enable us to feel safe, social needs which link
us to our society and culture, and our purely physical need for shelter must all inform our
habitat design. However, these conditions are difficult to replicate in ICE environments. This
absence of traditional comforts, common life experiences, and mandatory daily routine will
create stresses in addition to those created by the ICE environment itself.
Understanding the human factors issues involved in designing for ICE environments
2
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will be fundamental to many applications of ICE architectural design, such as with space
stations or future base designs for the Moon or Mars. In addition, there is a substantial
human presence in the Arctic and Antarctic for the purposes of research, and it is estimated
that over 60,000 individuals are currently employed on drilling rigs, infamous for their
isolation and dangerous working conditions. Those living at the poles also experience
incredible isolation and dangerous environmental conditions. They spend months away
from friends and family conducting vital scientific work. When considering habitats in orbit,
one must include the presence of micro-gravity, radiation, and an exterior environment that
is completely incapable of supporting human life. Due to a continued societal need for
more resources such as energy or digital infrastructure, and due to curiosity pushing human
beings ever farther into the space, the number of people living in extreme environments will
only increase, thus making unnatural human isolation with hardship or even danger a daily
part of life.
Mitigating the detrimental effects of mental and physical pressures is paramount to
ensuring our current and future endeavors succeed in the safest manner possible. Workers
on rigs who have a more habitable environment that can negate the stressors of their work
will suffer fewer accidents, be more productive, and have fewer lasting negative effects as
a result of their experiences. Those living at the Poles during the winter will be more able to
manage long months without sun or going outside. Habitats will foster greater productivity
if they properly address the negative effects of physical and mental stressors, which can be
accomplished through the experience of the environment of a habitat and the inclusion of
social or psychological considerations in its design.
Properly understanding the constraints and possible pitfalls of designing for ICE
environments is the initial goal of this dissertation. A habitat cannot be designed without
understanding the environment in which it will be placed as well as the specific people
who will occupy it. In the course of research, studies of prior long-term habitation projects
were referenced, with particular focus on social and psychological studies. Issues that
have caused the failure of historical expeditions were also referenced, from failures within
the crew to environmental issues that were not accounted for. Modern versions of polar
or space habitats also helped inform areas in which it would be possible to take the next
stage of habitat design. These were supplemented with research on an assortment of newly
available technologies whose use could be vital in enabling true-long duration habitation.
From virtual or augmented reality systems, to simulated weather, new materials, and novel
construction techniques, the ways in which an inhabitant may experience or construct their

habitat is rapidly changing. The culmination of this research will exist as the cutting edge of
what is possible in the field of ICE habitat design, with a close look at addressing the social
and psychological needs of inhabitants instead of purely physical needs.
The primary ICE environments safely presumed to be occupied within the coming
decades are the Arctic and Antarctic, open space or orbital crafts, and habitats that are
based on nearby worlds such as the Moon or Mars. While the basic architectural design
approaches for each of these areas are similar in terms of how to design more sensitively
for human beings, this dissertation will also look at specific conceptual programs that
are unique and appropriate to each environment. Differences in available technology,
scale, required environmental systems, or other site-specific constraints will ensure each
environment receives uniquely tailored architectural interventions. Understanding these
environments, the limitations and benefits of each, as well as the more holistic requirements
for healthy human habitation will be a requisite for any successful ICE habitat design.
This dissertation, then, stands as an in-depth study of the evolution and technical
aspects of ICE environmental architecture including exploration into the basic social and
psychological needs required by those living in extreme environments. The final product of
this dissertation will be a conceptual redesign of the HI-SEAS Mars simulation habitat into
a high-fidelity construction project to explore the required infrastructure to successfully build
on Mars. Included in this expansion will be the inhabitation of lava tubes and skylights,
furthering our understanding of how to work within the local geography. This dissertation will
also examine simulated environmental systems, the expansion of the role of the greenhouse,
new interior programming methods for habitats, and virtual reality systems, as well as
various methods of in-situ construction. Each of these components must be understood in
relation to human factors within habitat design and their requisite methods of construction.
Once these systems and their users are fully understood, habitats in ICE environments will
be capable of healthy, safe, and emotionally sustainable long-term habitation.
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Methodology and Research Questions

1.1 Methodology and Research Questions

1.2 Looking at Habitat Design

How We Do What We Do
“Research is what I’m doing when I don’t know what I’m doing”
Wernher Von Braun
The work conducted for this dissertation exists as a mix of qualitative and quantitative
research based in published works focusing on the psychology, sociology, and human
factors of life within confined or extreme environments. Supplementing this research is
my personal experience living for a year in isolation in the Mars simulation HI-SEAS, or
the Hawaiian Space Exploration Analog and Simulation. My time within this environment
presented me with firsthand experience regarding sensory deprivation, complete social
isolation, and long duration confinement while working to achieve simulated objectives
during a Mars mission. All communication to “Earth” was delayed by 20 minutes from
the habitat to mission support or family, and an additional 20 minute delay was built into
their response. Neither myself nor the rest of the crew interacted with others outside of this
system for the duration of an entire year. My intense participation with this Mars simulation
experience allows me to fortify substantial research with personal experience regarding
ICE environments.
The overall goal of this dissertation is to analyze and develop habitat design
programs and construction techniques that will allow for truly long term or even permanent
human survival in extreme environments. This will involve habitat programming and design
techniques which allow people to thrive within ICE environments instead of merely surviving
them by addressing the complicated facets of human needs beyond basic physical safety.
How these design moves may be applied to an assortment of habitats, from the Antarctic
to the Moon, stand as the final step of this research for this dissertation. What follows is a
brief look at the major topics under consideration.

Many human habitats today are necessarily utilitarian, dominated by communication
and life support machinery, workspaces, or science equipment. The confined environment of
an ICE habitat enables work or research to be conducted, but often leaves little consideration
for the necessities of the individuals required to perform physical labor or conduct their
research.
Informing the review of our design approach to the creation of ICE habitats will
be an investigation of less directly measurable effects, such as inclusions of artistry in
design or literal art, as well as other holistic interventions. Many of the contemporary
approaches regarding the creation of beneficial social or psychological design within ICE
environments can be difficult to quantify, but nonetheless exist within the world of architectural
instruction and approaches to design and, as such, are sure to have a dramatic effect on
inhabitants. This dissertation will also review quantitative research elements, in the form
of sleep studies, investigations into prior projects in which isolation or confinement were a
defining characteristic, and historical reviews of life in ICE environments. The challenges
involved with living in ICE environments have been documented since the first attempts at
exploring the northern and southern poles, and this will serve to inform and expand upon
the more qualitative aspects of design. There exist a variety of habitat styles as well, from
the assorted forms of capsule designs for both short and long term outer space habitation
to the modular architecture employed at the poles. Contemporary construction methods are
also becoming better able to create habitats out of in-situ materials through 3D-printing,
which will dramatically affect the form of habitats human beings are able to create in the
future. Understanding the qualitative needs of people, responding to them quantitatively and
incorporating these responses within the various styles of habitat that are or will become
available in the next several decades stand as the range of design consideration for this
dissertation.
All these elements taken together, qualitative and quantitative understandings of life
in a given ICE habitat lay the foundation for a truly human focused architectural design.
One in which the physical as well as the emotional or psychological needs of inhabitants
are understood and accommodated for within a given design project. When a habitat is
capable of responding to human needs across these topics, it will enable healthy, safe, and
emotionally sustainable long-term habitation.
1
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1.3 Analysis of Needs Versus Desires
This dissertation includes a review of the basic social and psychological needs of those
living in ICE environments. Understanding the needs of the human mind and corresponding
emotions, which are continually stressed in long-duration habitats, enables continued
happiness and productivity in inhabitants. This is especially true for those individuals who
are living off world, as isolation and the immediate physical danger of the environment are
much greater than within any terrestrial analogue. Physical safety and personal health were
often the initial or only concerns in historical ICE environment design, but a contemporary
developing trend made largely apparent through modern projects in ICE environments
has established the importance of social and psychological considerations. These new
design approaches have deep ramifications on the ability of a human being to work,
stay physically healthy, and remain a contributing member of any given team of which he
or she is an integral part. By taking a deeper look at the individual needs people have
beyond the purely physical, ICE habitat design can be increasingly made more sensitive to
specifics, and as such, missions of far greater duration and distance will become possible.
In essence, the goal of a well-designed ICE habitat is not merely to shelter people in an
extreme environment, but to create a place that allows them to remain psychologically fit
and productive. Taking care of the mind, in the frame of long duration habitats, is just as
pertinent as protecting the body. The psychological needs and desires of one living in an
ICE environment must be given the same consideration as physical requirements when
building habitats if a successful architectural design within an ICE environment is to be
implemented.
2

1.4 Cohesive Experienced Environments
The ultimate goal of studying the fields of sociology and psychology in regards
to the development of ICE environments is to respond to those needs architecturally. This
dissertation begins from the premise of a habitat capable of providing basic needs for the
maintenance of human life, then looks at architectural design to create the design responses
necessary to appropriately address the researched social and psychological needs. These
potential design inclusions will be discussed in the experienced environment chapter. These
design inclusions will be made through the use of varied programmatic and technological
additions to the respective habitat design. The use of virtual reality (VR) systems, expansion
of the role of the greenhouse, and sensitive approaches to the design of the interior will all
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be considered. These interventions make up the experienced environment of the habitat,
which exists as the day-to-day world in which inhabitants of a given ICE environment must
conduct their lives. When ICE habitat design is responsive to the emotional and social
needs of an isolated and small society, ICE habitats will be able to support long duration
missions while maintaining the psychological and physical health of inhabitants.
A carefully considered ICE habitat design will be able to support the physical,
social, and psychological health of an isolated crew over the duration of months or even
years. Such an accomplishment would require a habitat design that allows for or simulated
the social complexities of normal human society, while creating a safe physical environment
for those living there. While the environment being explored or inhabited is still remote and
dangerous, if those living within the ICE habitat feel connected to their respective concepts
of “home” and feel as secure as possible the psychological and emotional difficulties of life
in the ICE environment will be heavily negated. When balanced against the most sensitively
designed ICE habitats, ICE environments would be able to support the permanent settlement
of human beings on the Moon or Mars, enabling human expansion off Earth and into the
Solar System.
1.5 Research Questions
The following questions exist as broad research goals that will be explored throughout
the course of this dissertation. The central focus areas stand as the following: environmental
complexity of the interior of ICE habitats, social complexity as experienced by those living
in ICE environments, and psychological health of those living in ICE environments. The
central focus of this dissertation is how these needs can be addressed or woven together
within architectural design, and complimented through a specific portion of a habitat such
as the greenhouse. Human-centric design considerations would allow the healthy, safe,
and emotionally sustainable long-term habitation of ICE environments. The following tables
provide a synopsis of current issues, and how they can begin to inform the design direction
for a habitat capable of responding to those issues architecturally. While addressed
independently in their respective chapters and the following tables, these three topics are
concerned with the human experience as a whole and are necessarily related to one
another in practice. Designing an ICE habitat which responds to all three topics successfully
through architectural design will take a studied understanding of each topic individually.

2. Stuster, Jack W. (2011-10-15). “Bold Endeavors: Lessons from Polar and Space Exploration”. Naval Institute Press, Kindle location 283
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1.5.1 How to Create Complex Interior Environments?

1.5.1.1 Environmental Complexity Diagram

Complex interior environments are a design response to the lack of stimuli that
defines the majority of time spent in ICE environments. While the day-to-day life of a
respective individual may cover the expanse of a city and involve a wealth of social and
environmental interactions, when confined to an ICE habitat these elements are reduced to
an extreme monotony. While events such as weather may provide occasional variety, life in
an ICE habitat is largely defined by routine and repetition. This is one of the major causes
of social or psychological issues for the inhabitants and defines the aspect of confinement
within traditional ICE environments.
A variety of ways exist regarding how to address complexity in the habitat. By
encouraging complexity within architectural design, the environments can become more
engaging to the senses, helping to disperse monotony. These considerations may range
from simpler moves such as the addition of warm color toned materials, or movable panel
systems in the walls or floor to allow changes to the interior environment. There may also
be technological expansions of the ways an inhabitant experiences the interior through
augmented reality or lighting which approximates natural sunlight. These architectural
inclusions can then be supplemented by programmatic elements of the habitat, through the
use of forced perspective or easily available semi-private areas to give the impression the ICE
habitat is larger than in reality. Finally, the use of new technologies such as in-situ resource
utilization through 3D-printing will enable the creation of novel or adaptive designs as well.
Taken together, these architectural approaches will allow the creation of immersive and
engaging interior environments which promote healthy, safe, and emotionally sustainable
long-term habitation.
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Opportunity

Monotonous environments can have

Sense of confinement can grow, which may

Introduce as much complexity to the interior

detrimental effects on crew health

lead to motivational and morale issues

experienced environment as possible

Health
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Physiology

The use of programmed lighting to change

People are diurnal, and constant unchanging

Fatigue is a greater issue, as well as an

light can upset our natural rhythms

assortment of somatic problems

Habitats are often defined by their lack of

A feeling of confinement, cabin fever, or other

Introduce warm materials, different scales of

space and engineering centric design

stressors like difficulty relaxing, is common

space, multifaceted interior interventions

quality of light through the day, as one would
experience in the real world.

Design

Environment
It can be difficult to leave the habitat due to

As duration continues, complex yet small

Use of Virtual Reality or Augmented Reality

weather or environmental conditions

habitats may still become stifling

systems to leave/modify the habitat digitally

1.5.2 How to Create or Maintain Social Complexity?
The social complexity of daily life is made up of interactions with strangers and a
variety of family members, along with other bonds ranging from friendship to lovers. The
assorted facets of a person’s social experiences provide a great deal of stimulus, and to a
degree come to help them define who they are in the world. When individuals then choose
to live in relative isolation, these relationships, and the support that is associated with them,
becomes much more tenuous.
The available social complexity within a habitat can be categorized into two types,
remote or native. A healthy social network cannot accompany someone to a remote habitat,
but connections to the original network can be maintained digitally. Electronic methods of
maintaining social connectivity would consist of remotely interacting with one’s original
social network through phone calls, face to face video calls, or the use of telepresence
and robotics. Native complexity is the inclusion of an appropriately complex society, from
co-workers to family, within the ICE habitat for real world social interactions. Projects of
this scale have yet to be attempted, though the number of people living on some drilling
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platforms or at McMurdo begins to approximate it. McMurdo Station is the largest Antarctic
base, located in McMurdo Sound, Antarctica. During the summer the station supports over
1000 people, and shelters over 250 in complete isolation through the polar winter. While
this is the largest such community in the world, it still lacks the full range of social interactions
as children or other non-working class people are not present. At a large enough scale, a
unique society and all requisite social complexity would exist within a now extensive ICE
environment habitat.
Social complexity is crucial to addressing social problems related to the created
micro-society, motivational issues related to isolation, and overall emotional health for those
who dwell there. A crew that suffers from a lack of social complexity is at risk of a variety of
issues from an inability to work to a loss of self-worth, both of which contribute to individual
and crew performance issues, and could in some extreme cases end with mission failure.
8

1.5.2.1 Social Complexity Diagram
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1.5.3 How to Address Psychological Health in ICE Habitats?
Life within ICE habitats can be challenging, due to the nature of ICE environments.
While there exist ways in which inhabitants can respond to stress, it is impossible to go for a
walk in the park, visit a cafe, or engage in the typical relaxing activities common to regular
life. This inability to relax in traditional ways has marked effects on the psychological health
of those living within ICE environments.
Psychological health is defined by the mental and emotional ways in which people
react to their environment, both their perceived environment and their actual environment.
Stressors on psychological health include but are not limited to weather, confinement, microirritants such as the way people chew their food, and perceived levels of risk. Influences on
the psychological health of inhabitants are varied, and can be exacerbated by a limited
social environment as well. Malaise or apathy, neglect of assigned duties, asocial behavior,
and even violence have been among the consequences of psychological degradation of a
crew.
Responding to these potential psychological issues involves programming the
habitat to allow for personal space, allow for disconnects between work and leisure,
controllable lighting, and social connections within the greenhouse.10 The ultimate goal of
a psychological design move is to ensure that occupants feel safe and unconfined, and that
the environment avoids monotony. With the psychological salve of perceived safety and
environmental irregularity, the possible mission duration and overall health of individuals
on missions can be greatly increased. Reaching this high level of sensitivity in architectural
design will require a deep understanding of the psychological needs of those living in ICE
environments.
9
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1.5.3.1 Psychological Health Diagram
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2.1 The Extreme Environments
Past and Present Approaches to Habitation
“Avoidable human misery is more often caused not so much by stupidity
as by ignorance, particularly our ignorance about ourselves.”
Carl Sagan
This chapter reviews the ways in which ICE environments have been explored and
inhabited in the past, followed by the ways in which this experience has informed our
habitat design today. This review of modern progress in responding to ICE environments
will be beneficial in predicting how design should respond in the near future. Starting with
the romantic age of Arctic and Antarctic exploration, specifically the techniques used to
reach the Poles and habitats of the time, a respect for the physical and mental dangers of
ICE environments at their peak emerges. This era of human exploration was defined by
extraordinary risk and often resulted in extreme hardship. Contrasted against historical
techniques will be the methods of surviving and exploring ICE environments used today.
Juxtaposing both eras will underline the advances made, and help to clarify the potential
survival methods and habitats that can be reached in the coming decades.
At the summation of this chapter will be a review of the major types of ICE
environments that exist today. As the overall focus of this dissertation is predominantly
on extraterrestrial environments, the ICE environments described in the main body of this
chapter will fall under the Earth environments diagram. Characteristics of this environment
will be discussed, and then compared against Mars, the Moon, and Space. Every potential
ICE environment likely to be explored by humans in the next few decades exists within one
of these categories.
2.2 Historical Examples
The original Arctic and Antarctic expeditions will be used to focus on historical
examples of living in ICE environments, due to the wealth of records regarding them, and
their being the most dangerous explored environments in the world at that time. When
engaged in these explorations, inhabitants were pioneers in a very literal sense. Information
on the geography was often limited, and hazards that existed on the trek to the Poles were
managed as they were discovered. Technology of the time was the minimum required to
survive; wooden ships were required to navigate seas of ice which at times crushed the
vessels, while explorers stayed in tents, rock and skin huts, or at best a log cabin. While
11

it cannot be denied that those who reached the Poles were extraordinary explorers, it is
safe to say they had to be, as anyone less would not have survived the trip. The physical
dangers of exploring the Poles at the beginning of the twentieth century, given the available
technology and limited information regarding what could be encountered, were enormous.
These environmental dangers were compounded by extreme social and psychological
stressors as well. When speaking of ICE environments, the isolation component could not
be more pronounced than during historic polar expeditions. Unlike today, there were no
digital communications, and indeed little communication of any kind. Once out of common
shipping lanes not even mail could be sent. Common practice involved ships and their crew
simply vanishing for a year or more. The crew would be entirely cut off from the rest of the
world, until returning home. Such hardship helps to underscore the incredible social stressors
that existed during these explorations. In addition to crews being completely isolated,
these explorations occurred at a time of more restricted social stratification. People were
delineated sharply by class and gender at this time in history, a practice which resulted in
extremely homogeneous crews, predominantly men within a certain age range. This sharp
limiting of available social supports and experiences helped lead to issues such as apathy
or malaise. When combined with the psychological stresses of the environment such as
confinement to the ship and the endless monotony of winter, otherwise healthy people could
undergo a shocking degradation of morale and ability to work. An understanding the trials
that were overcome, and at times were unfortunately
succumbed to, during the initial exploration of the
Poles will help inform future ICE habitat designers in
negating those risks.
11
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2.2.1 The Antarctic Expeditions
The heroic age of Antarctic exploration
was a period in time from the turn of the twentieth
century to 1917, closing with Sir Ernest Shackleton’s
Imperial Trans-Antarctic Expedition arriving in New
Zealand of that year. This period of exploration is
so named due to the reception of these explorers
by the general public, often being seen as poets,
artists, and photographers, as the imagery with
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Roald Amundsen, one of the most accomplished explorers of his
day, at 55 in furs gathered during his expeditions. Dressing like the
natives. Photographer unknown.
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which they would return presented an entirely new vision of the world. Various countries
competing for the pride that would come through their national heroes being the first to
explore an area or accomplish some feat helped drive these expensive and dangerous
expeditions to the Poles. The records of these expeditions are what now provide a great
deal of information regarding the human physical and mental reaction to ICE environments.
They also provide insight into the effectiveness of the shelters built at the Poles, the
experience of the voyage itself, and the ways in which crews successfully wintered over
through incredible hardship.
The Antarctic expeditions are also an ideal example of the conditions to which
people are able to adapt, and the unexpected rewards that come when boundaries are
pushed or the impossible is attempted. This history is, in many ways, analogous to the age
of space exploration currently underway.
15

2.2.2 Approaches and Preparation for Expeditions
At the turn of the twentieth century, exploring the Poles was an incredibly difficult
and dangerous proposition. It required a great deal of research, extensive financing, and
impressive ships, along with other assorted transportation methods for voyaging to and
then across the Arctic or Antarctic. On Robert Scott’s final expedition to the South Pole, his
eventual crew was comprised of 65 men, drawn from a total of 8000 applicants. Several
of these crew members had been on prior expeditions with Shackleton or other explorers,
and the organization of crew followed military styles of the time. Many of the most famous
explorers, such as Scott and Shackleton, were military men.
As the exploration of the Poles was something that had never been done before,
several approaches were tried, with varying success. After the standard practice of
assembling the most competent crew possible and securing a ship, the greatest difficulty
remaining was how to traverse the Antarctic continent to reach the South Pole. Expeditions
employed tracked vehicles, man drawn sleds, dog-sled, and horses as their primary means
of transport. Attempts to reach the Pole also relied on supply depots, which afforded a small
party the chance to live off each depot as they headed for the Poles.
Despite precautions and planning, enormous and at times fatal trouble befell many
expeditions. Ships could become locked in the sea ice for a season and at times were even
crushed by the press of the ice. Animals and human beings were often unable to survive the
extensive cold or move beyond treacherous ice formations, such as glacial walls. Storms in
Antarctica, which often reached hurricane strength, could easily bury tents or make travel
16

Crew of the Shackleton Expedition to the Antarctic, composed of all males of a certain age. Example of the homogeneity that once defined long-duration crews

impossible. Inclement weather often caused explorers to become stranded for a season or
more simply by preventing their leaving before winter.
During these seasons, when an expedition was trapped on the continent until
summer or experienced a long storm, we find records which start to show the effect of
ICE environments on human beings who would otherwise remain physically safe. One of
the most pertinent examples of the dangers of ICE environments is the Belgian Antarctic
Expedition of 1898. This expedition was underfunded, and as such was only attempting
scientific exploration of the Antarctic shore. Plans were for their ship, the Belgica, to return
North before winter, as the expedition was not supplied to overwinter in Antarctica.
However, after spending too much time surveying before attempting to head North, the
Belgica became trapped in the ice. Under-prepared and without options, the crew spent the
winter on the edge of Antarctica, in one of the harshest ICE environments on the planet.
Many of the first journal entries regarding the severe winter conditions were kept
by Dr. Frederick Cook, the crew physician and chance hire after the original physician
resigned. Initially, it was noted that the crew was experiencing a general melancholy,
which quickly became depression, and then despair as the weeks drew on. Members of
the crew sank into a deep lethargy and became unable to work, often refusing even to
eat. During this time, one of the crew members actually died of what was described as
a heart malady, believed to be caused by an unexplained fear of the dark. Others also
17
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often sacrificed sleep to hunt for seal and penguin meat, providing much needed nutrition.
It can be safely reasoned that these actions saved the ship’s crew from psychological
disaster, enabling them to last until spring and finally break free of the ice. On later
expeditions, Cook would arguably become the first person to reach the North Pole, and
another member of the crew of the Belgica, Roald Amundsen, went on to become one of
the greatest explorers of the age.
While the story of the Belgica is one of the more extreme, many expeditions to either
the Arctic or the Antarctic suffered enormous hardships, and the lessons learned would be
applied to later expeditions.
21

2.2.3 Noted Antarctic Expeditions

The Belgica, frozen in the ice during the Antarctic Winter. The ordeals of this expedition provide a rare insight into worst case scenarios
for human habitation. Credit: Frederick Cook

became paranoid and believed they were going to be killed, hiding in nooks around
the ship. Although many of the crew members became deeply disturbed in unique ways,
a direct cause could not be discovered regardless of Frederick Cook’s beliefs that their
maladies were wholly psychological based on the harshness of their physical surroundings.
He recorded the following.
“There is no one willing to openly confess the force of the night
upon himself, but the novelty of life has been worn out and the cold,
dark outside world is incapable of introducing anything new. The
moonlight comes and goes alike, during the hours of midday as at
midnight. The stars glisten over the gloomy snows. We miss the usual
poetry and adventure of home on winter nights. We miss the flushed
maidens, the jingling bells, the spirited horses, the inns, the crackling
blaze of the country fire. We miss much of life which makes it worth
the trouble of existence.”
Frederick Cook

Of the many attempts to explore Antarctica and reach the South Pole two are of
particular note, the expeditions of Robert Scott and Roald Amundsen. These are prime
examples of the way in which historical polar expeditions were conducted due to their
occurring simultaneously, and being prepared for in opposing styles. Scott focused on an
assortment of vehicles and technology, while Amundsen relied on survival methods learned
from natives of the Arctic. While both explorers continue to be renowned even today
for their survival skills and records of exploration, the juxtaposition of these expeditions
provides valuable insights regarding future approaches for habitation in ICE environments.
Robert Scott prepared for his Terra Nova Expedition (1910-1912) in a highly
experimental manner, investing in the use of new technology and a complex organization
of men and materials. His experience on a prior Antarctic expedition led him to invest
in the creation of tracked vehicles capable of handling the Antarctic terrain, as well as
investing in dogs and horses to assist with moving materials over the continent. Crew
included experts in dog handling, machinery, engineering, and sailing, and was carefully
conceived as an expedition which could overcome any obstacle. While the Terra Nova
expedition was highly organized and well-funded, it did not include indigenous survival or
travel techniques, which were heavily favored by the Amundsen expedition.
Roald Amundsen was essentially racing Scott to claim the title of the first explorer
to reach the South Pole. In planning the expedition however, Amundsen relied heavily on
his experience on the Belgica and his years mapping the Northwest Passage. These years
of experience had given Amundsen valuable insights into winter survival and travel, upon
which he based the planning of his expedition. For example, Amundsen refused to wear the
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This excerpt dramatically underscores the impact of the absolute lack of social
support, psychological rest, and environmental stimulus on the crew. For the remainder of
the winter Cook forced exercise on a lethargic crew, spread humor wherever he went, and
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wool winter clothing heavily favored by explorers at the time, as it lost any heat retention
qualities when wet. Instead he wore animal furs that he had acquired in the Arctic while
living with the Netsilik Inuit people. It was during his explorations of the Arctic where
Amundsen learned of the flexibility inherent in the use of dog-sleds, and he brought over
100 dogs on his Antarctic expedition for this express purpose. Further, the establishing
of supply depots to enable a small team of men and dogs to reach for the Pole meant
that the expedition needed to winter over because there was not enough time between
seasons to accomplish the preparations required for a serious attempt. To prevent another
Belgica disaster, Amundsen quickly introduced to his crew a strict routine during the winter
months. Two small shifts of work existed in the morning and afternoon, with interim periods
of time to relax or socialize. The expedition took shelter in a large hut two miles inland
of the coast, named Framheim in honor of their ship, the Fram. While Amundsen used
mandatory activities to prevent the psychological issues he suffered on the Belgica, he
created additions to the habitat for pleasure as well. Of particular note, Amundsen made
full use of his Norwegian heritage and invested in the creation of a sauna. While this
was little more than an outdoor wooden box raised over the snow and heated by paraffin
stoves, it allowed crew members to enjoy a warm activity during the Antarctic winter and
became a Saturday night ritual, with men dashing nude back to the main living quarters
after a steam. Such activities, however impractical or whimsical, helped the crew weather
the long winter.
Come Spring, both expeditions started for the South Pole. Whether Amundsen was
in better shape due to the efforts he had made in caring for the psychological health of his
crew is difficult to know, but the results of each expeditions attempt to reach the South Pole
will reveal how both planning and mental preparation fared differently.

the dogs so as to allow their depot to be placed 35 miles farther south, at the 80˚ mark.
Scott refused, which turned out to be a choice that would contribute to future difficulties for
the expedition. His sailing vessel, the Terra Nova, also became trapped in the ice for 20
days, all of which served to weaken his attempt to reach the South Pole. When he finally
began to head South on the first of November 1911, it was later in the summer season
than he would have liked. His ponies were far less capable than the cold-weather dogs
employed by Amundsen, and his use of motorized sledges and dogs meant his expedition
had components which were moving at varied rates. Moving South was a complicated
endeavor.
Unlike Scott’s expedition, and as a result of having started South on October 19th,
Amundsen made quick and early progress. Using only dog sleds, and using those same
dogs for food when necessary, Amundsen managed to reach and climb the polar plateau
with little difficulty. While he had only 16 of the 52 dogs he had set out with, he reached
the Pole an estimated 33 days before Scott. By choosing to use animal furs over wool
for clothing, relying on refined native methods of traversing such a harsh climate, and
understanding the mental and physical needs of people in such an environment, Amundsen
reached the Pole with relative ease. In his own words, he recorded the following.
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“I may say that this is the greatest factor—the way in which the
expedition is equipped—the way in which every difficulty is
foreseen, and precautions taken for meeting or avoiding it. Victory
awaits him who has everything in order—luck, people call it.
Defeat is certain for him who has neglected to take the necessary
precautions in time; this is called bad luck.”
Roald Amundsen
32

“Every day some new fact comes to light - some new obstacle which
threatens the gravest obstruction. I suppose this is the reason which
makes the game so well worth playing”
Robert Falcon Scott

The relative ease of success enjoyed by Amundsen can then be compared to the fate
of Scott’s expedition. Despite his varied difficulties, he did indeed make it to the South Pole.
His discovery that Amundsen had completed the attempt several weeks before him was, in
his own words, devastating. This is born out in his journal entries of the day he arrived at
the Pole, stating “The worst has happened”; “All the day dreams must go”; “Great God! This
is an awful place”. Beginning with Scott’s late arrival at the South Pole, difficulties became
more common for the expedition. While the initial trek across the Antarctic plateau towards
33

For Robert Scott, his plan to establish the Terra Nova expedition on the Antarctic
continent had suffered complications. One of his tracked vehicles had cracked through the
ice and sank. With the additional loss of six of his Manchurian ponies in the attempt to
set up his supply depot, it had been advised that he shoot the rest of the ponies as food for
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Polar expeditions are far more complex than what has been discussed here, but this synopsis
is useful in seeing how human beings have survived, and at times unfortunately succumbed,
to ICE environments.
2.2.4 Summation of Historical issues

Amundsen’s expedition reaches the South Pole, 14 Dec, 1911. Pictured: Roald Amundsen, Helmer Hanssen, Sverre Hassel, and Oscar Wisting.
Credit: Olav Bjaaland

the South Pole was relatively calm, the return journey became subject to several misfortunes.
One team member, Edgar Evans, had been declining physically since beginning the return
from the Pole, and during the descent of the Beardmore Glacier he fell to his death.
Weather began to worsen, and while they were able to make it to several of their
supply depots, the main portion of crew awaiting their arrival on the coast failed to send the
dog sleds that would have saved their lives. As storms continued to build, the remainder of
the Scott party became bogged down a mere 11 miles from their final depot, which would
have been reached were it located farther south at the expense of the ponies, as advised
at the start of the expedition. Unable to navigate the storm and out of supplies, the party
wrote their farewells, and all crew members died. Their records and scientific findings up
until that point would be discovered 8 months later by a search party on November 12th,
1912.
While the Terra Nova expedition benefited from strong financing and preparation,
and did indeed reach the South Pole, the complexity of the expedition made the attempt
more costly than necessary. With an expeditionary force being made of machines, dogs,
horses, and men the management of the expedition was more difficult than relying on a
single mode of transportation as was done by Amundsen. The difficulties imposed by this
overly complex expedition were exacerbated by actions such as supply depot placement
and the use of wool over fur. The full account of both Roald Amundsen and Robert Scott’s
35

36

37

Through great personal effort at the hands of these historical explorers, and at the
cost of many lives, the information brought back from polar expeditions is highly valuable,
not only in the research that was conducted across a variety of scientific fields, which has
intrinsic value as knowledge, but in what was learned from personal records. Journals kept
during these attempts detailing human social and psychological reactions to the environment,
especially the inhabited environments of ships or buildings in Antarctica, proved insightful.
The sociological and psychological trials through which the crew members survived, at times
only just so, can serve as important reminders of the necessity for taking more qualitative
aspects of habitat design into consideration, ones required to counter the dangers of an
Antarctic winter and not solely the environmental dangers. Planning of expeditions and
experience aside, what is most clear from the legacy of Roald Amundsen is that the mind is
just as important to protect as the body. Whether it is wintering over in a sailing ship in a
race for the South Pole, or being confined in a spaceship headed to Mars, architects and
designers must not ignore the social and psychological needs of our potential inhabitants.
Current understanding of the ways humans beings react to ICE environments came
to be realized through loss of life and great personal sacrifice of those who survived
historical polar expeditions. The challenges experienced during the Romantic age of
Antarctic exploration are something which should not have to be endured again. A more
informed understanding of what human beings need on psychological and emotional levels
is now available because of historical logs and the findings of contemporary studies and
simulations. Future expeditions and the habitats built for them will call for reflection on the
first forays deep into ICE environments, informing designs for today and into the future.
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comprised of staff which maintains experiments and the station itself during the Antarctic
winter. Wintering over involves the community spending six months in the dark, physically
removed from the rest of the world due to extreme weather. At 43 other Antarctic bases
scientists and support staff winter over as well, with a combined total of around 800 people
wintering over annually, a number which varies due to differences in occupancy from year
to year. Outside of McMurdo, these stations house anywhere from 6 to 86 people during
the winter depending upon on station size, which can vary greatly. What was once the
most remote and deadliest destination in the world has today become a desirable location
for science and research in fields from astronomy to geology. Focus has shifted from one
of “can we survive” to “how would we like to live here”. Survival has become habitation.
While the number of people living in the ICE environments of Antarctica and the
relative ease with which this is accomplished has been the focus of this chapter, many
more ICE environments exist on Earth than the polar regions. One of the most populous
ICE environments in the world today is the open ocean. Within just the energy industry
there are over 60,000 people living and working on drilling platforms around the world,
to say nothing of other professions at sea such as international shipping and the many
others that represent our scientific communities living in extremes such as NOAA (National
Oceanic and Atmospheric Administration). These numbers also don’t account for the 30
to 40 thousand tourists who visit Antarctica annually. It is the combination of the many
professionals inhabiting ICE environments and the increasing access and interest society is
gaining in them that will continue to push architecture regarding the creation of ICE habitats
towards more sensitive psychological designs.
In comparison to these polar stations, there exist habitats in the even more extreme
environments located in orbit. The International Space Station (ISS) is the most modern
example. The ISS is an orbiting science platform constructed through the cooperation of 16
countries and crew from around the world. The ISS is where Scott Kelly spent close to a year
in space to explore the effects of micro-gravity on the body. It has been continually occupied
since November, 2000 . The station also enables scientific experiments to be conducted in
disciplines ranging from space medicine to materials science while in orbit. While the ISS is
still very much a floating workshop with few design inclusions focused on human comfort,
it has more than proven that humans are capable of spending an extended duration living
43

Perhaps the greatest change in the relationship of human beings and ICE environments
in modern times is that physical safety is virtually assured. Advances in ships, aircraft, and
habitats have made the journey to places like Antarctica almost routine. And while humans
continue to live in ICE environments, there is more access to information, technologically
advanced shelter, and digital communications than ever before. Due to dramatic advances
in the ability to protect ourselves physically from the outside environment, the most pressing
challenges to be addressed now lay in the realms of sociology and psychology, and
responding to them architecturally.
It is now a common occurrence to make a trip to an ICE environment. Well over a
thousand people live in relative comfort in Antarctica, with dozens at the South Pole itself.
What was once an extremely dangerous proposition has, while difficult or expensive, become
relatively routine for those who choose this area of the world in which to live. Humans have
the technology to handle rough seas and the Antarctic weather. More importantly, they
have the technology to create and construct more advanced habitats. These advances have
shifted the focus of exploration at the Poles to one of scientific discovery, enabling longterm work in a variety of fields that requires groups of people to spend a longer duration of
time than usual living in an ICE environment. While habitats have grown from tents and log
cabins to those created utilizing modern modular architecture and specialized cold-weather
designs, few contemporary designs have attempted to fully incorporated the needs of the
human mind. Psychosocial stressors from the environment still exist, and isolation from an
appropriately sized social network will compound those stressors. A few notable examples
such as McMurdo exist in which this is beginning to change, as the number of people and
buildings have grown beyond the scale of a typical habitat to form a small community.
McMurdo Station is the largest base on the Antarctic continent, and is one of the
best examples of a community existing within an ICE environment. The station is essentially
a small city, with over 1000 residents during the summer months and nearly 250 during
the Antarctic winter. McMurdo is comprised of several airfields, a large greenhouse, and
even has a bar made of an historical sailing ships hull. With 85 buildings, the station is a
massive step forward from the historical methods of survival used on the continent, and
has become large enough to develop its own subculture and community. While the station
enjoys a population of around 1000 during the Antarctic summer, this number declines
to roughly 200 or more individuals for the rest of the year, made up of a population
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in space, considered the most extreme environment for all of Earth’s inhabitants. In this
newest ICE environment that is space, as in the comparison between contemporary polar
communities and the first explorations of the Poles, it is possible to begin truly inhabiting a
new ICE environment in orbit.

video calls, even games or books can be sent digitally. Food is much more appetizing,
and it isn’t necessary to eat sled dogs anymore. Essentially, in the ICE environments around
the world including those orbiting above, there are permanent human settlements, well
supplied and currently expanding .
Contemporary habitats are much larger than those employed during the Romantic
Era of Antarctic Exploration due to new construction techniques and technology, so they
afford a higher standard of comfort than what was possible at the start of the twentieth
century. Combined with modern transport such as ice-breaking ships or aircraft that enable
human beings to get almost anywhere in the world in days or weeks, and it’s clear that
harrowing tales of travel have been replaced with routine trips to remote destinations. The
new conditions which exist for habitats today, advanced construction techniques and rapid
transportation methods, have allowed two major architectural approaches to ICE habitat
design to evolve. The first is extremely large habitats, which are nearly immobile once
placed, as seen in drilling platforms or communities such as McMurdo. The second are
habitats created through the amalgamation of smaller parts, or modular architecture. These
habitats modules can be quickly shipped to a destination, assembled into a larger structure,
and inhabited. While modular architecture is the smaller of the two, it is faster to place and
easier to move.

2.3.1 Approaches and Preparation for Habitation
One of the important differences between historical polar missions and current
explorations of ICE environments is that today there exists an infrastructure of habitats and
resources in the Antarctic. Those preparing to spend the summer months in Antarctica or
winter over in isolation receive training focused on basic survival to promote safety while
living and working on the continent. Where in the past one would need to have been a
competent explorer, seaman, or adventurer one may now be employed as a physicist or a
dishwasher, or simply be a tourist.
These trends of greater numbers and professions spending time in ICE environments
is occurring in space, though to a lesser degree. There have been several stations over the
last 43 years, to include the Salyut stations, MIR, Skylab, and the recent Tiangong 1 and 2
stations. So, while the ISS is the largest, it is not the only ICE habitat that has been or exists
in orbit. And of note, while the majority of people who have gone into space are working
for their respective space programs or universities as professional astronauts, several tourists
have paid to stay on the ISS , it would seem that the viability of space tourism as its own
enterprise is becoming plausible at a surprising pace.
Crew composition of ICE habitats are also becoming less homogeneous when
compared to the crews which participated in historical missions to the polar regions.
Social hierarchy has become more progressive with regards to race, gender, or culture as
compared to practices at the turn of the twentieth century. This has resulted in communities
at the Poles, at sea, or in space which are far more heterogeneous, with larger numbers of
minorities and women replacing the predominantly white male crews of the early twentieth
century. Historical trends are being replaced by more viable ones, as this creates more
social complexity and will allow for more psychosocial resilience to the environment by
crews. The increase in the use of technology for communications and the ability to provide
physical safety have also altered the experience of habitat living for individuals within ICE
environments. Inhabitants now have access to instant communications; news or movies,
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While massive habitat design is an approach used almost exclusively in oil drilling
platforms, the approach must be described as it will come to define habitats in the future
as they grow to accommodate more people. In much the same way that McMurdo came
to exist from an accumulation of smaller habitats, a larger habitat can stem from small
modular habitats over time. It is also an excellent example of a hard to find approach with
regards to sociological needs of ICE inhabitants; a large enough crew to approximate a
healthier sampling of society.
Because drilling platforms necessarily involve massive constructs of equipment under
constant use and repair for the process of extracting oil, they must be crewed by far more
people than is typical for a polar ICE habitat. Where the most populous Antarctic habitat
will have 50 or more people , typical rigs may have 130 to 200 people living on them
depending on rig size. A population of this size begins to afford inhabitants a greater
variety of potential social roles and interactions. There are more people to speak to and
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Crew of an oil drilling platform conduct yoga exercises on the heli-pad, one of a few available spaces within the cramped structure.
The inclusion of social programs to encourage participation in events like this is a psychological considerations common to the industry.
Credit: Worksite.com.au

form relationships with, from cooks to drillers to yoga instructors. While still a small group,
social variety is more extant. Supplementing this increased social network is the common
practice in the oil industry of making life aboard a drilling rig as pleasant as possible.
Public places are designed to be welcoming, and considerations with regards to food
or entertainment are luxurious. Many oil rigs have a cinema, steak and lobster buffets,
exercise facilities, and even advanced Internet connections. Other accommodations can
include an exercise physiologist to lead yoga sessions on the deck, or other specialists to
make life here easier to cope with.
High quality food and entertainment are practiced in the oil industry for a number
of reasons. While off time on the drilling rig has a wealth of entertainment options, the
work itself is incredibly dangerous. Most of the working areas are heavily industrial, and
involve the processing of crude oil and natural gas, which can be extremely dangerous.
The machines to refine these materials as well as run the oil rig are extremely loud, and can
require a great deal of strength to operate. Work on the oil rig continues despite storms or
high seas, and injury or death is not uncommon due to falling tools, burns, or exposure to
toxic fumes . Shifts are 12 hours long and typically run two weeks or more of daily work
before shore leave is given and crew may rotate home.
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The main lounge of the Buzzard drilling platform, level 3. Areas like this provide a space to allow workers to decompress, enjoy a
comfortable environment, and socialize or enjoy television. This area is in stark contrast to the rest of the rig, created solely for the
enjoyment of the crew and their mental health.
Credit: Paul Knottz

Essentially, the major consideration regarding the way life is organized on an oil rig is
in direct response to the extreme psychological stress that living or working on an oil rig
imparts on individuals. Injury is common, family members and friends are usually absent,
and conditions are cramped even if comfortable. The environment can be pleasant, or
storms may rock the entire structure while making outdoor work extremely dangerous.
Platforms have infamously collapsed or exploded as well. Heavy investment in provisions,
varied and engaging entertainment, and healthcare measures are taken to help alleviate
the pressures inherent to the job.
The attempts to recognize and respond to psychosocial needs by the drilling
industry is directly applicable to other habitats in ICE environments. More comfortable
interior environments with appetizing provisions and a variety of options for exercise and
entertainment will likely enable inhabitants to better respond to the social and psychological
stressors of the exterior environment. An oil rig exists as a city at sea, with a living and
working space that defines life for a small community of people, and the social interactions
that implies. Independent communities like those that exist on oil rigs will become more
common as human beings start inhabiting places like the Poles, or even space more
permanently.
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The current best example of an independent community resulting from an ICE habitat
is McMurdo, due to its summer population of over 1000 people. As habitats at the Poles, or
even in space, grow to support more people, the available social connections will continue
to grow. Eventually, an ICE habitat would grow to become an ICE colony; a permanent
and socially diverse community with thousands of people from all walks of life, including
families. The size of the community itself would tend to negate the social problems found in
ICE habitats today because people would no longer be removed from their social networks.
While habitats of this scale could provide the necessary social complexity to solve social
issues in ICE environments, this is a long-term solution which would need to occur as
habitats grow according to need. Unless a habitat is designed to accommodate thousands
of people from the beginning, an ICE habitat will need to include social considerations in
design.
Despite these potential benefits to large scale habitats, objects of such size require
an enormous investment of time and money to build. While an oil rig is just large enough
to support a small population, it is too large to send into space or carry across an ice flow.
Oil rigs can only be placed throughout the ocean because they are buoyant. Due to of
limitations on size and weight, architectural designs for the Poles or outer space have to
remain small. Created from modules which are later combined into a larger structure, these
modules are able to be shipped through the ocean and over an ice flow. The ISS is made
from 35 modules with a combined weight of 925,000 pounds. A habitat of this size is
impossible to launch into orbit, but has been under assembly since the first module of the
station was launched in November, 1998.
The creation of larger structures in otherwise unreachable places is where the
impetus for modular architecture, the assembly of many small manageable pieces into a
larger coherent structure once on site, comes from. Each module alone may be good for
only one or two functions, but once assembled modular architecture can create large and
complicated structures. A massive habitat can be built for a single purpose, unyielding in what
it can accomplish. Modular units are inherently flexible, and can have their configuration
changed to accommodate new programming or special conditions after initial construction.
While modular designs almost never approach the scale of the massive habitats provided
by oil companies, the modular approach makes the final habitat much more flexible. A
modular design may have portions of the habitat rearranged according to changing needs.
Again, beyond the obvious benefit of ease of transportation, the benefits that come from the
flexibility of modular architecture are many. If for no other reason, it is possible to send out
additional modules at a later date to address issues that have arisen or to re-purpose those
69

70

71

69. NASA.gov, On-Orbit Elements
70. NASA.gov, Facts and Figures
71. Ibid

27

The Extreme Environments

The Halley IV Antarctic base is an advanced modular structure. Consisting of living, science, supply, and social modules. The red module in the center is exclusively for eating,
socializing, and entertainment. A vital component of long duration missions in ICE environments.
Credit: British Antarctic Survey

that no longer serve a necessary function.
When looking at modular design, social or psychological needs within the project
must be approached in one of two ways. The first is by addressing a design issue through the
act of including a single specialized module for that issue, an example being the inclusion of
an exercise facility. The second way would be through the addition of small considerations
for said issues into all modules, which would address the issue more holistically. While a
single exercise module would likely be sufficient to ensure physical health in the Antarctic,
it would be insufficient for addressing the full spectrum of what constitutes overall health in
human beings. Similarly, the inclusion of a single module aimed at social or psychological
health would not do the job. It would take careful programming and consideration for
holistic benefits to stem from every module. These inherent qualities of modular design
make it more flexible than the creation of a massive single structure, but more involved in
the design phase as well.
A special mention needs to be made of nuclear submarines and spaceships. While
modularly constructed, a submarine is often quite large and is treated as a single monolithic
habitat. Ships or stations in orbit are an assemblage of smaller parts like a floating polar
habitat. However, both of these habitats exist in extremely hostile environments. Within a
nuclear submarine, one has access to only what is already inside the habitat. There are no
windows, no sunlight, and extremely confined quarters, the experience of which can last for
several months at a time. Sensitive psychological inclusions would be well deserved here.
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The environment of a spacecraft is similar to that of a submarine in many ways.
While views from orbit can be stunning, when in transit anywhere beyond the Moon, the
sun is no longer filtered through an atmosphere, which washes away all stars. Instead of
blue sky in the day, one exists in an infinite black space, devoid of anything until ones
reaches their destination. A spaceship in open space offers no views and there is only the
interior environment to experience, much like the environment of a submarine underwater.
Room to move within both types of habitats is extremely limited, and the environment
outside of each respective habitat can present danger to human beings, danger that can be
life threatening. While one might exit a habitat while staying at a polar base or working on
an oil platform, the same is not the case with nuclear submarines or spacecraft. Inhabitants
are confined to the habitats, for the duration of the stay.
These living conditions impart a deep psychological stress on those living and working
in these environments. Because of this stress, social and psychological considerations are
of paramount importance when designing for ICE environments, especially for spacecraft.
Such missions are both more dangerous, and when traveling to Mars or other worlds, far
longer in duration than what people may spend in any other ICE environment. While design
moves for space habitats will be the primary concern in this dissertation and solutions will
be put in that context, there is no reason why these moves could not also be applied to
submarines or other extremely confined and dangerous habitats here on Earth.
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2.3.4 The Amundsen–Scott South Pole Station
One of the most successful modern examples of ICE habitation and design is the
Amundsen-Scott South Pole Station. Despite being located at the geographic South Pole
and thus being incredibly isolated, the station has several considerations for social and
psychological health, such as a library and sauna. Named after the first two historical
explorers to have reached the South Pole, Roald Amundsen and Robert F. Scott, this facility
now rests comfortably where it once took months of effort and years of planning for a few
to reach. Today, during the summer months 150 people may live in the South Pole station,
and the winter population can hover at approximately 50. Essentially, from mid-February
through late October several dozen people live in almost complete isolation from the outside
world at the South Pole. During this time inhabitants may enjoy spending time in the music
room, a small theatre/presentation room, and even a full sized gym with basketball court,
all considerations to promote overall health in such an ICE environment.
With the act of physically surviving at the South Pole along with several psychosocial
inclusions a routine challenge, Amundsen-Scott is now a hub of scientific inquiry, allowing
researchers to take advantage of its unique location to perform a variety of research work.
Due to being so far South, the station is in an ideal location for studying the cusp region of
the Earth’s magnetosphere, and affords an unusually clear view of the night sky in due to an
72

2.3.3 Difficulties Experienced
In an era when the challenge of sheltering inhabitants against the physical aspects
of ICE environments can be met routinely, the next step is addressing inhabitants social
and psychological needs. Contemporary technology has allowed human beings to travel
to most places in the world and be physically protected while there. While these advances
have made ICE environments physically survivable, progress can still be made in the realms
of psychology and sociology. Environmental stressors still exist in the form of storms or
confinement and environmental monotony is a continuous concern although connections to
outside social circles and their associated support can be improved with new technology
such as VR. The issues of lethargy and apathy, social and psychological problems, or
other problems with the mind and even physical health still exist and are encountered in
ICE habitats ranging from nuclear submarines to spacecraft. The next benchmark for ICE
environmental design will be the ability to create an overall healthy lifestyle for all individuals
living within such habitats, not just to ensure their basic survival in a life-threatening place.
Once these issues have been addressed, habitats will become capable of handling the
social and psychological experienced today, and by doing so will have the potential to
extend the duration or make permanent the human habitation of ICE environments.
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The Amundsen-Scott South Pole Station stands as a permanent fixture in a place that once cost lives to reach. Housing 45 people over the Antarctic winter, this modular
structure has a gym, movie theater, greenhouse, living quarters, and multiple areas devoted to climate and geologic research, among other disciplines. A prime example of
habitat design which strives to consider human social and psychological needs in addition to the physical.
Credit: Sergey Dolya, sergeydolya.livejournal.com
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absolute lack of light pollution and the frigid air. In fact, the research which discovered the
first physical evidence of universal expansion after the Big Bang occurred here from 2005
to 2008. Many fields of research are ongoing, from neutrino research to geophysics.
While the South Pole began the twentieth century as a difficult or even deadly place to
remain for more than a few days, it is today a hub for scientific advancements in many
fields and remains permanently inhabited. The overall trend of habitat design in the last
decades has been focused on gradually increasing the duration in which inhabitants can
remain and the capabilities at their fingertips within any given mission.
Originally, the station was made of a pre-fabricated steel and wooden structure
assembled into basic buildings, which enabled the first crew to winter over safely in
1957 , despite temperatures of -100 degrees Fahrenheit. This design worked, but still
proved inadequate for comfort or serious scientific research. These basic structures were
abandoned in 1975 when a large dome was constructed, under which an assortment of
buildings and activities could remain protected from the worst of Antarctic temperatures and
wind. For decades this dome presented the ideal way to survive Antarctic winters. Then,
in 1988 a large snap was heard by the winter crew. Investigation revealed that the weight
of the snow piled on the structure was causing the foundation of the dome to crack. This
structural failure necessitated the creation of a raised platform design for a new base which
would resist accumulating snow, and the current modular and stilted design was officially
opened. The new Amundsen-Scott station has facilities that extend down into the ice, while
the major portion of the base rests above it on stilts that can be jacked to different heights. A
design on stilts allows the base to always rest level on an ice shelf that is slowly undergoing

continuous shifting. The main body of the station has also been specially shaped in order
to prevent the buildup of snow blown about by the wind. Architectural approaches which
consider the natural dangers of a site, supplemented by a greater inclusion of human
factors in design, has provided us an outstanding example of successful design for extreme
environments.
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2.3.5 Summation of Modern Issues
The quality of life in ICE environments today is much improved, but the severity of
historical conditions and the human response serves as an important if extreme example of
the consequences of poor habitat design. Psychosocial considerations within habitats has
enabled inhabitants to remain healthy in ICE environments; but the durations of time human
beings are able to remain within such habitats is also becoming far longer. Explorers
originally dealt with months of extreme weather, isolation from the outside world, and
relative confinement. Today, extreme weather is far less of an issue due to technological
advances allowing warm and durable habitats; but these same advances allow for a
dramatic extension of time spent in isolation and confinement. Astronauts have now spent
nearly a year in space, and future plans to travel to Mars, or the Moon, or push out into
the Solar System in general will require years if not potentially decades spent in habitats.
When considering the duration of potential future missions, and the months required
even today for surviving a winter at the Poles for the purposes of intense research projects,
the necessity of social and psychological habitat design inclusions become clear. These
must be places that provide not only a secure physical environment but the entire social
and psychological experience for inhabitants, for weeks or years. The ability of a habitat
to provide an environment where these human needs can be met will be paramount to the
success of an expedition, or to augment the quality of life for people in the offshore drilling
industry and other more populous but less extreme ICE environments. The greatest challenge
in habitat design to come will be in enabling the complexity of a normal, healthy life to
exist within the isolated, confined experience that is a habitat within an ICE environment.
Nothing less will enable the healthy, safe, and emotionally sustainable long-term habitation
of ICE environments either on Earth or in space.
79

80

Open mic night is one of the activities used by inhabitants of Amundsen-Scott South Pole Station to socialize and enjoy the company of others. The event may take place in
the gymnasium, a large design inclusion focused purely on the social and psychological needs of inhabitants.
Credit: Jeffrey Donenfeld, jeffreydonenfeld.com
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2.4 The Major Environments

2.4.1.1 Earth Environmental Diagram

While several distinct types of ICE environments exist on Earth, this dissertation will
be focusing mainly on polar design, as it is arguably one of the most extreme and most
relevant to modern architectural practices. Consideration will also be given to Mars, as it
is the most hospitable environment in the solar system outside of Earth. Other environments
will include outer space, which is currently inhabited to a degree through the International
Space Station, and the Moon. While the Moon has not been visited for several decades,
its proximity to Earth makes it a prime candidate for testing technologies and perfecting the
art of living away from Earth while still being close enough to receive support from Earth.
These major environments are those for which design will be needed so as to allow humans
to successfully inhabit them in the future.
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2.4.1 Earth
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Earth is the least extreme of the ICE environments being considered, while still hosting
many of the ICE environments discussed above. Beyond the dangers of the Poles, desert, or
open sea, almost nothing is lethal and a great deal of the planet is inhabited. People have
evolved with the conditions of Earth. The planet as a whole has the perfect gravity, the ideal
air pressure, and a strong magnetic field that keeps out virtually all of the assorted radiation
from space. Resources in the form of water, food, and raw materials are bountiful, and the
planet has an immensely complex biosphere of which humans are but one small part.
That said, Earth has also provided challenging environments that have allowed
people to hone the techniques which will be required to live in space or on other worlds
such as Mars. In addition to advances in habitat design and understanding the needs of
inhabitants, the twentieth century saw enormous progress in science and technology. Feats
such as the mapping of the sea floor or hundreds of satellites monitoring weather around
the globe are a small part of an extensive list of scientific efforts aimed at unraveling the
mysteries of our world. No other body in the solar system is as extensively understood by
researchers, from the ground or from orbit. The habitats placed at the Poles or on other
worlds will necessarily mimic the comfortable life that exists for people on Earth, while
exploring far from these comforts. When discussing a greenhouse or VR, the aim of such
inclusions is to enable a habitat to feel more like Earth, making inhabitants feel less isolated
or confined. The habitat should be as much like Earth as possible. In short, where people
manage to inhabit off Earth, the environment should in many ways mimic Earth, for the
physical, psychological, and emotional wellbeing of those who live in ICE environments.
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The Earth is our homeworld, where we’re from and perfectly suited to our needs as a result.
outside whenever we’d like, human activity is damaging our ecosystem. Far more hospitable
than anywhere else in the solar system, we are beginning to feel the pressures of
overpopulation, excessive resource use, and environmental changes. While the work in this
disstertation is focused on living on other worlds, it is just as applicable to our lives here.
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2.4.2 Mars

2.4.2.1 Mars Environmental Diagram

Mars is the primary environment that is designed for in chapter 10 of this dissertation,
as this is a planet that has held a dominant spot in the imagination of many cultures
for millenia. The planet is also the most likely candidate for eventual human habitat and
exploration efforts for a variety of reasons. Its atmosphere, while marginal at 1 percent of
Earth at sea level, is capable of protecting the ground from most space debris. In addition,
having a planetary body between oneself and the sun will result in reduced radiation levels
at night, bolstered slightly by Mars’ tiny magnetic field. Gravity is also approximately
2/5ths of Earths, which would provide relief from the micro-gravity environment of space
upon reaching the planet. Perhaps more important than anything, Mars has two ice caps
and potentially liquid water as shown by recent satellite evidence. Water resources such
as these will be incredibly important for colonization.
While smaller than Earth, Mars has features that indicate the past presence of a great
deal of flowing water, and has a comparable geology in many respects. Understanding the
history of this planet using human exploration would likely provide deep insights across a
wealth of disciplines into the potential future of Earth.
While the Moon may be reached in the span of a few days, current technology would
require months of travel time to reach Mars and that is under the best of circumstances. The
extreme distances being dealt with create a fundamental change between needs within
habitats on Mars and those being used on or near Earth. Habitats must be extremely
flexible, adaptable, and self-sustaining. Access to an outside social network will be more
difficult here than anywhere else, and being resupplied so far from Earth is unlikely, as any
help could be months or years from being able to reach a crew. While the environment
itself is not as dangerous as the Moon or outer space, the remoteness of the planet creates
unique issues that must be solved before successful habitation can occur.
The distance involved is a pivotal consideration regarding what makes travel to
Mars so expensive. The supplies required to keep people alive for durations beyond a year
are excessive, in both weight and volume. A potential solution to the need to carry so many
supplies is the inclusion of a Biological Life Support System (BLSS). Such a support system
would be capable of providing a closed loop ecosystem, reusing water and nutrients,
cleaning habitat air, providing food and accepting waste. While not perfected, such systems
would make long duration or even permanent structures on Mars far more likely to succeed.
In the far future, lava tubes or large dome structures could be terraformed, allowing people
to experience the outside again while on another world.
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Due to the 8 month trip it takes to merely
arrive on Mars, this is one of the more
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Mars is one of the most enticing bodies in the solar system for manned exploration. It is
relatively close, has many features which resemble Earth, and a rich geologic history. The
testing out new technologies to survive independently for long periods of time away from
permenant colonies outside of Earth and the Moon.
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81. NASA.gov, “Images Suggest Water Still Flows in Brief Bursts on Mars” accessed 01/08/2016
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2.4.3 The Moon

2.4.3.1 Moon Environmental Diagram

The Moon is a great starting point for habitation due to its proximity and the amount
of information human beings have managed to learn about the satellite already. Lunar
regolith, or the fine powdered rock found on the surface of the Moon, can be used for
habitats or radiation protection. Massive lava tubes exist beneath the surface that could be
inhabited, and help from Earth isn’t inconceivable in the event of an emergency. Due to the
harsh environment of the Moon paired with its similarity to Mars in terms of surface dust
and geologic features, it is an ideal location to prove new technologies and approaches to
space habitation.
The Moon is Earth’s closest celestial neighbor, situated approximately 250 thousand
miles away. Due to this relative proximity, the Moon exists as the only other body in the
solar system that has already been visited, albeit relatively briefly. While many factors that
make the Moon an enticing first step in the habitation of other worlds, the Moon’s surface
is considered to be extremely deadly for human beings, much more so than Mars.
The Moon has no atmosphere, but extremely minute traces of gas or other particles do
exist. Unfortunately, there is not enough atmosphere to create pressure, which necessitates
full body suits at all times. Unlike Mars with its 1% atmospheric pressure, the surface of the
moon is an effective vacuum. Coupled with the fact that the Moon has no magnetic field,
this means there is no protection from radiation. However, when the sun is on the far side
of the Moon from the position of an observer, there would be protection from all but the
Galactic Cosmic Radiation (GCR) of open space. The Moon has 1/6th of Earth’s gravity,
which would make working on the surface and orientation more natural, but is likely less
than required to maintain the physical health of human being inhabitants in the long term.
While a harsh environment with no atmosphere and high radiation, such conditions
make the Moon perfect for field testing equipment and techniques that would be needed to
live on worlds much farther away, or even in outer space. The perfection of in-situ resource
utilization and 3D-printing could be done on the Moon, as the lunar regolith is almost
identical to Martian regolith in physical composition. The potential for practicing techniques
for fieldwork or making geologic features such as lava tubes habitable while working in
vacuum exists, making the Moon an ideal preparatory step for travel to and inhabitance
of Mars as construction techniques would carry over. The Moon’s proximity to Earth would
also allow for easy resupply of goods, or evacuation in the case of real emergencies.
The Moon is also an ideal place to conduct astronomical studies, engage in geology,
or mine for resources. The potential use of the Moon for manufacturing, conduction scientific
experiments, or as a jump off point for other worlds is enormous.
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The Moon is currently the only planetary body we have visited outside the Earth. While it is
technologies we will need to colonize Mars or travel into interplanetary space, as it is close
enough to enable people from Earth to help in an emergency and the commute is a few days
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2.4.4 Outer Space

2.4.4.1 Space Environmental Diagram

Space is in some ways hard to classify as an environment at all. There exists nothing
on which a habitat could be built: no atmosphere, no gravity, and there is “weather“only
in the strictest scientific sense. The only thing which would exist is the habitat that would
enable people to live in a vacuum despite the surrounding radiation. While radiation may
vary dramatically depending on the day due to solar particle events (SPE), or the occasional
micrometeorite may come sailing by, the environment within outer space as known by those
upon Earth is essentially unchanging.
The consequences of such an empty place are profound. In addition to needing
to prepare and carry virtually everything required to survive, outer space also is defined
by a lack of gravity. While initially zero-g can be merely disorienting or nauseating, the
long-term effects can be more severe with muscle loss, reduced bone density, circulatory
system issues, and other ailments becoming more damaging over time. Currently the
longest duration spent in space is 437.7 days. It is likely that spending more time than
this in space could have very real health consequences upon those who call habitats such
as these home. While human beings have the technological means to get to the Moon or
spend less than a year in orbit without suffering long term health effects, the required time
to travel to Mars would be such that heavy investment in the habitat for promoting physical
health would need to be included. Steps to ensure physical health would involve making
long periods of exercise mandatory, or decreasing the time required to reach other worlds.
The effect of gravity may also be created if needed by spinning the habitat in centrifugal
designs as well, or with a habitat module containing a crew centrifuge.
While outer space is one of the most dangerous environments, with its inherent
characteristics such as a lack of gravity that are difficult to work with, these unique traits
enable new habitat designs to be used. An absence of gravity can allow habitat designs
to ignore the normal rules regarding architecture; structures can be enormous, or presented
within a variety of configurations which would not necessarily support themselves in Earth’s
gravity.
The most flexibility when considering the design of habitats would likely be in space,
as the lack of gravity allows a given habitat to be made in whichever shape is required.
Only the needs of inhabitants informs the design of the habitat, which means outer space as
an ICE environment has both the most dangerous conditions for human beings in the form
of vacuum and micro-gravity, but also the most opportunities for design responses which
can address these conditions.
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atmosphere. Everything required to keep humans alive must be brought along, as there is
nothing else to rely on in the void. While space is more often thought of as something to get
through in order to reach a destination, there will come a point where generational ships head
to other stars, with people spending their entires lives on ships far from any planetary body.
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3.1 The Major Habitat Typologies
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The major habitats under consideration within this dissertation are located in the
isolated, confined, and extreme (ICE) environments on Earth, in open space or in orbit, and
on the Moon and Mars. Each environment has specific environmental factors that must be
responded to architecturally, and typical program drivers based on the expected activities
of the inhabitants. While there is a great deal of architectural variety available in habitats,
especially with the designs that can be created on Earth, shown are three of the most
probable designs to explore how they might apply to the design of current or near-future
habitats. In addition to the program drivers for each category of habitat, included are basic
diagrams of a potential habitat module, shown individually and as part of a larger whole.
The first approach to ICE habitation will be focused on polar habitats, which are
perhaps the most ubiquitous form of ICE environmental architecture today. Polar habitats
are designed to be resource-independent for six months or more and include programs
which are focused on a variety of climate and natural environment research. ICE habitats
located at the poles experience normal gravity and exist within an atmosphere, being
located on Earth. Due to these environmental factors, polar habitats are perhaps the
simplest of the three paradigms to design for, which is useful for testing human factors
approaches economically. Lessons learned regarding human habitation at the poles can be
more successfully deployed within ICE habitats in outer space or on other planetary bodies
once fully understood within the ICE habitats of Earth.
The second typology under consideration is an ICE habitat in open space. Orbiting
habitats may be occupied for months as in the case of the ISS, or close to a year when
considering transit to Mars. In the long-term, these types of ICE habitats will likely grow
in complexity and enable several years to be spent within the space environment, though
today the major focus of habitats in outer space is in exploration and research, with coming
efforts focusing on the transit between points in space, as with the SpaceX Interstellar Space
Transporter project. Also briefly discussed will be the potential inclusion of artificial gravity
in orbiting habitats, for the immediate health benefits given to ICE environment inhabitants
by avoiding prolonged exposure to micro-gravity.
The final paradigm discussed within this dissertation is that of a permanent Martian

Trampoline Gravity. Credit: Ronan Lynan, ronanlynam.com
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or Lunar habitat. The design of permanent structures on other worlds is both in anticipation
of a human mission to Mars or a return to the Moon, as well as a chance to explore
geological and technological responses to the conditions found on these worlds. An ICE
habitat on Mars will need to respond to damaging solar radiation as well as galactic
cosmic rays, both of which can have severe long-term health effects on inhabitants such
as increased cancer risks. Due to the distance from Earth which planetary ICE habitats
will experience, the efficient use of resources or even a closed-loop ecosystem to provide
resource independence will be a vital consideration. Research on other worlds would be
analogous to work being done in Antarctica, with a focus on climate research and geology,
though cosmology and many other disciplines will also benefit from work done on other
worlds. A primary goal of an ICE habitat on Mars or the Moon would be enabling the
habitat to expand as needed through the use of In-Situ Resource Utilization (ISRU). At its
most advanced, these habitats would be resource independent from Earth and may become
colonies.
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3.2 Polar Habitats
When creating habitats for the Earth’s poles, the current trend in design involves the
implementation of zero-impact bases, which are entirely self-sufficient for a limited duration,
and must also respond to unique traits of the polar environment while affecting the site to
the lowest degree possible. A major environmental factor which must be designed for is
the behavior of snow and ice. In order to avoid the buildup of snow on an Antarctic base,
habitats must be elevated on stilts, avoiding the introduction of walls on which snow would
be able to rest and gather, as this would eventually allow windblown snow to bury the base.
Additionally, the basic shape of each habitat module is angled and faced into the dominant
wind direction. Such an orientation further acts to prevent a buildup of snow on or around
the habitat. Finally, as the ice on which the habitat rests shifts over the seasons, the stilts on
which it rests are able to be modified, both keeping the habitat stable and allowing it to
move in response to ice drift. When designing habitats for the arctic, the desired interior
program must fit within these broad design constraints defined by the polar environment. To
date, this is the use of a hard-shell module as the base of a modular habitat, and a linear
organization of those modules.
Scientific research is a major focus of habitation at the poles. Important climate
work is conducted here, as well as studies on the local environment, physics of ice flows,
and observations of the polar ecosystem. Due to its pristine nature, the poles of Earth are
often used as analogues for extraterrestrial missions, and experiential simulation for the
journey there. The extreme isolation of this environment means the poles are an ideal
location to practice methods for providing recreation for ICE inhabitants, new models of the
greenhouse, or expanding the experienced environment in other ways. Crews that winter
over, spending months in the dark, continue to further an understanding of good habitat
design.
3.2.1 Program drivers
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3.3 Orbital Habitats

The module used in polar architecture is traditionally a hard-bodied module, composed of one or more levels
and elevated to prevent the accumulation of snowdrift. The programming of each individual module will vary dependent
on the desired function of an ICE habitat, but when combined together will usually include scientific areas such as labs
along with human factors considerations such as a lounge or gym. A diagrammatic module is shown above.
When multiple modules are combined, a completed ICE habitat is made. While a linear arrangement of
modules is common, a variety of combinations or even unique module forms have been used. While the behavior of
snow and inclement weather at the poles must be accounted for in design, the available responses are many. However
the basic limitation of assembling a habitat from smaller modules continues to define this type of architecture. Several
basic ways in which hard bodied modules may be assembled are shown below.
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The conceptual design behind orbital habitats within this dissertation is centered
on the inflatable Bigelow modules, especially the BA330 or BA2100. These expandable
modules have 330m3 or 2100m3 of volume respectively, and can be assembled in a variety
of configurations. While many organizations exist, focus is given to the potential of a
ring configuration. The reason for creating a ring of modules is both to make portions of
the habitat more easily accessed from any other point, and to promote the inclusion of
artificial gravity through the spinning of the habitat. Rotation to induce gravity provides a
wealth of immediate health benefits and greatly aids in the creation of a more familiar and
comfortable interior environment for those living within the respective ICE habitat. A single
module in zero-g can also be used as a habitat, however would need be programmed to
address the lack of gravity.
Habitats placed in orbit, with or without artificial gravity, have several unique design
considerations due to the lack of a site. Of the ICE habitats considered within this dissertation,
orbital habitats are potentially the most isolated and confined. Size constraints will be high
due to the limitations of contemporary launch vehicles, a factor which will effect interior
programming as well. Limited habitable volume can make the inclusion of privacy difficult,
while also constraining other design moves made for inhabitant comfort. While orbital ICE
habitats will be vital for exploration or reaching other worlds, the extreme confinement
which defines them make inhabitation difficult for long-durations. Such constraints on size
suggest orbital habitats will be ideal for the testing of digital extensions to the habitat, such
as the inclusion of virtual reality, or simple modifications to the interiors through customized
lighting.
3.3.1 Program drivers
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3.4 Planetary Habitats

The basic inflatable module
is a cylinder, kept folded within the
launch vehicle and expanded once in
orbit. Shown simply here, the interior
may be divided into levels or any
necessary configuration. The shown
solar array are diagrammatic only,
and would be larger in scale on a real
world module.
Individually, an inflatable
module can contain a large amount
of habitable volume, which is difficult
to acquire when using more common
hard-bodied modules, such as those
composing the ISS. This greater
volume of space can be used to
afford inhabitants more living space,
enable greater flexibility of the interior
program, or for mission related needs
such as the stowage of equipment.

Inhabiting other worlds is perhaps the greatest goal of ICE habitat design, allowing
humans permanent shelter beyond the realm of Earth. Planetary habitats will become little
bits of home, will be purpose built, and can vary in design tremendously depending on the
technology used in construction.
In addition to the harsh environments of other planetary bodies such as Mars and
the Moon, habitats located on other worlds are defined by the high cost of materials and
construction. It is costly to send supplies into orbit, and more so to another planetary body
in the solar system. Due to the fiscal and energy constraints imposed by the large distance
to other planetary bodies, the use of robotics and in-situ resources for the construction of
ICE habitats once on-site can provide more economic methods of construction. A habitat
design would thus be informed by both the local geography, and the resources available
in the area. Due to the high cost of robotics and the permanent nature of locally created
shelters, planetary habitats are the only designs presented in this dissertation which could
be labeled permanent. Such habitats could eventually grow in size using in-situ resources
to sustain greater populations, enabling the creation of small colonies and a lasting human
presence on other worlds.
The initial focus of expeditions using planetary habitats will be centered on geology,
climate research, and resource independence through the use of advanced Biological Life
Support Systems (BLSS). While a new planet can provide a means of leaving the habitat, it
is still a dangerous environment, necessitating the incorporation of robotic extensions to the

Orbital habitats of any basic module,
hard-bodied or inflatable, can be
assembled into a wide variety of
configurations based on need. Due
to the numerous physical detriments
that can occur to an inhabitant living
in micro-gravity, configurations which
can allow the creation of artificial
gravity have special appeal. A ring
configuration of modules, which is then
spun, creates the illusion of gravity
through the use of centrifugal force.
The inclusion of gravity
would allow inhabitants to continue
using their muscles, reduce vestibular
issues associated with micro-gravity,
and allow inhabitants to feel more
comfortable. When traveling to other
worlds, long travel times in microgravity can result in muscle atrophy,
among other physical ailments. An ICE
habitat which prevents the physical
deterioration of inhabitants will more
successfully allow long-duration
expeditions.

interior environment with rovers or the use of VR.
3.4.1 Program Drivers
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In this example, dome and vault structures created through the
use of in-situ manufacturing compose an ICE habitat which was constructed
entirely on-site. Construction methods like this may dramatically lower the
cost of placing ICE habitats on other worlds, while allowing inhabitants the
possibility of building additional structures over time.
The use of local materials may also extend to geographic features,
with a habitat being built over a depression in the site such as a crater, or
within a geologic feature such as a lava tube.

Constructing an ICE habitat into the local geography of a planetary body can potentially create a large
habitable volume while using far less materials than more traditional habitat construction. The increased space can be
used for the inclusion of design moves aimed at inhabitant comfort, such as a garden or ample living space.
In this example, a lava tube is capped with a 3D-printed dome and pressurized, allowing for a large volume
of habitable space. Opportunities like this help to negate the confined aspect of ICE environments for long-duration
living.
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5.5 Conclusion
The program drivers which inform basic habitat design considerations can vary
considerably depending on the characteristics of the environment being designed for. The
micro-gravity environment of outer space necessitates a different design response than
what would be appropriate for a polar habitat design. While variations across different
environments will necessitate unique responses to each environment, all are capable of
supporting long-duration or permanently independent ICE habitat designs that successfully
address the human-factors needs of inhabitants. As opposed to being treated as constraints
on what may be designed, each environment provides opportunities to create unique
design responses to the needs of inhabitants. ICE habitats must consider not only design
moves which negate the dangerous characteristics of a particular ICE environment, but how
to promote human health and well being despite those characteristics.
ICE habitat form will also be heavily dependent on the interior programming required
by an expedition. Constraints on habitable volume as well as the cost of sending materials
to ICE environments begets a need to use space as efficiently as possible, however such
needs should not be met at the expense of those living within an ICE environment. A central
focus of this dissertation will be understanding the more holistic needs of inhabitants, such as
psychological and social requirements which are not addressed properly in contemporary
ICE habitats. When the environmental qualities of a site, available construction methods for
that environment, and an understanding of inhabitant needs are all considered equally, ICE
habitats capable of healthful long-duration habitation will become possible.

Keeping in Touch at the Ends of the Earth
“The most critical problems facing humans in long duration
spaceflight, after the biomedical problems, are the
psychosocial and psychological problems”
Oleg Atkov, Russian Cosmonaut
(237 days aboard Salyut 7, 1984)
83

Understanding of the social difficulties imposed by habitats in ICE environments
requires a review of the sociological reactions of human beings to those environments,
especially within the concepts of isolation and confinement. Designing for social isolation is
a concern that is relatively rare within the world of architecture as a whole; if an individual
requires a certain social interaction, it is possible to find that interaction with another
individual. In daily life, people have easy access to their friends and families for social
interaction and buildings are designed to facilitate various types of socialization between
people. However, those who live in ICE environments are far removed from traditional
society, and the absence of one’s established social circle can have various detrimental
effects depending on the individual and the specific environmental context and design.
Effects can range from relatively small issues such as homesickness to more severe reactions,
such as a loss of sense of self or even physical ailments such as somatic issues. The field of
astrosociology, or the study of human society in space, is concerned with the relative lack
of sociological options within ICE environments and how this lack of social connection
affects individuals living within each respective ICE environment. Simulations based on
studying human reactions and interactions when in isolation aim to learn how people
react sociologically to ICE environments, and the possibilities for responding to discovered
issues. Simulation programs such as Mars500 or HI-SEAS are at the forefront of exploring
the sociological effects of habitation in ICE environments. Mars500 is a five hundred day
simulation of a trip to Mars and work conducted on the surface, with built in communication
delay and absolute isolation. HI-SEAS is similar, looking at the ways in which a crew will
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react socially to an extended term of isolation in a Mars-like environment, again isolated
from the rest of the world by time delayed communications.
The majority of ICE habitats are inhabited by people who are specialists within
83.
84.
85.
86.
87.
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their respective fields. Common examples include engineers, scientists, astronauts, those
enlisted in the military, and individuals working for industries such as deep sea drilling. To
be considered as an inhabitant within an ICE environment, one must be highly trained in his
or her respective field and must meet minimum physical health standards. If an individual
is then willing to undergo the difficulties inherent in ICE habitation, he or she may spend
months or more in challenging and even dangerous environments and working conditions.
The habitats that support these individuals are often technologically advanced, specifically
designed to allow work in remote locations, and enables one to pursue benefits for society
as a whole that range from energy exploration with drilling to advances in science across
many disciplines. However progress in these fields, which is made by inhabitants of ICE
environments, comes at a cost as these individuals are removed from their original social
circles and must live in habitats that are much smaller in scale than those experienced in
their normal daily lives.
Once selected for habitation in an ICE habitat, professionals will find unique difficulties
while enduring time spent living in these environments due to social stressors, all of which
stem from isolation. One of the most prevalent stressors experienced by crews is the creation
of micro-societies, which are miniature and highly insulated versions of normal life. When
oil rig drillers spend months alone on a platform, or scientists spend an Antarctic winter
at the South Pole, a micro-society group-dynamic inevitably develops. Understanding why
small groups create this dynamic, reducing the social pressures involved in a micro-society
and creating design approaches for ICE habitats that relieve those stresses is beneficial
for achieving long-term mission success. While creating improvements to habitat design,
such as more socially sensitive internal programming or adding more semi-private areas
will be beneficial, a more fundamental understanding of human social needs and how the
built environment can address them will improve the capability of an ICE habitat to provide
healthy, safe, and emotionally sustainable long-term habitation.
88

Sociology in Extreme Environments

4.2 Social Complexity and Health
One of the most vital emotional supports for individuals is their respective social
network - the family and friends who define their personal time, responsibilities to others,
and, to a large extent, their sense of self. The social roles offered in daily life are in
response to interactions built on relationships with others, and titles such as brother, father,
friend, sister, lover offer emotional support which is based on their reciprocal relationships
as generally understood within the western world. When in isolation, one often becomes
removed from these traditional support systems and can suffer emotionally and socially as a
result. Potential reactions to these kinds of social losses can range from psychological issues
such as paranoia to emotional ones, such as depression. These reactions can manifest
in many ways and in varying severity depending on the individual, which can make the
recognition and treatment of social issues challenging within ICE habitats.
90
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There is great variety within the everyday lives of people. From the social circles that defines the more intimate
relationships in life to more generalized groups or organizations, one’s culture, or even strangers. These interactions
ensure that an individual is continually practiced at social behavior in a variety of potential social situations.
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Human beings are inherently social creatures, some to a greater extent than others,
but people within western society have come to need the support or inclusion of oneself in
a larger group, especially individuals who are extroverted. This need can be met through
family members, friends, social clubs or activities, or any inclusion of an individual into an
organization larger than one’s self. The benefits from social interactions are far reaching:
a heightened ability to reflect on one’s self and make decisions, emotional support during
difficult times, even something as simple as staving off loneliness or feeling needed. The
social requirements of an individual, from those provided by major support systems to the
most tertiary needs, define life to a substantial degree. The foundation of a persons sense
of self may rest on the foundations of these relationships , especially within the domain of
high achieving individuals, such as those who typically inhabit ICE environments, which
would suggest that the removal of those relationships could lead to serious issues once an
individual is isolated within an ICE environments. Discerning the process by which this
happens and including methods to enable inhabitants to continue receiving the support of
a complex social network in addition to the available local social network is an important
issue necessitating consideration within habitat design.

the habitat, and day to day social roles are primarily based on friendship or interpersonal
roles based on work. This lack of interaction with a large and complex society begets the
creation of a micro-society, which is an extremely simplified analogue of regular society. A
micro-society inevitably occurs as a reaction to the lack of a larger society, as human beings
are inherently social creatures. In many ways a micro-society is a survival adaptation to
the ICE environment, and can help to maintain social roles and standards of behavior
within a group. However the lack of complexity within a micro-society can wear on the
social and psychological health of inhabitants increasingly as time passes, as insufficient
social complexity exists to maintain a healthy social life.
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“Our gait is now careless, the step non-elastic, the foothold
uncertain.… Most of us in the cabin have grown decidedly gray
within two months, though few are over thirty. Our faces are drawn,
and there is an absence of jest and cheer and hope in our make-up
which, in itself, is one of the saddest incidents in our existence.”
—Frederick A. Cook
98

4.2.1 Maintaining Social Complexity
While social complexity may go relatively unnoticed in the day to day life of a citydweller, there exists a tremendous amount of complexity regarding the personal and public
relationships of human beings. This social network can be defined in a variety of ways for
any individual person; from the assorted familial relationships common to most individuals,
to the range of relationships it is possible to have with friends, coworkers, organizations,
or any other person or group of people. These interpersonal connections are important for
both the above stated social reasons, and by extension, psychological issues stemming
from social conditions.
Differing relationships, spontaneous social contact, and being needed are all
important components of a healthy social psychology. However, in an environment where
there are not enough individuals to create the requisite social complexity of a traditional
society, with many of the individuals having nearly the same relationship to one person as
any other, social complexity becomes simplicity. Where one would have a wide variety of
familial and public relationships that force one to play many different social roles in life,
there is now a handful of available roles and most are relegated to professional behavior.
Within an ICE habitat, familial roles are mostly absent, as the family is not present within
95
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The Wine Bar at McMurdo is a popular place to spend time and socialize, one of three main bars available. The bar is removed from areas related to work, and is a socially
designated place of relaxation and entertainment. Such spaces allow for more varied social interactions than a habitat which centers purely around work.
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Within the social life of a person, available social networks may be classified into two broad
categories, the home community and the public community. Each of these communities is
composed of a variety of relationships, and characteristics of those relationships combine
to define the overall social life of the particular individual.
The home community is usually comprised of relationships with family members
and important friendships. The longest lived and most emotionally intimate relationships
are often based in the home community, and is often a primary source of the emotional
support one receives in life. When one no longer has access to the individuals create that
respective community, the associated support tied to that community is essentially lost.
The reassurances, emotional intimacy, or general respect that is provided by one’s home
community is severely reduced when one is living within an isolated environment. Far fewer
opportunities exist to have rejuvenating discussions with a loved one, and an individual
cannot define oneself as a spouse or parent on an emotional level when his or her partner
or children are not present to engage in the relationship. The daily interactions that once
described important social roles and thus provided a respective sense of self are reduced
to emails, recorded messages, or the occasional brief phone call. Fortunately, research
on isolated communities has shown that the quality of emotional support may matter much
more than the quantity received. This finding suggests that intermittent but strong support
could be beneficial in missions of long duration, reducing the effects of having lost direct
contact with family and friends.
In addition to the loss of one’s home community, those living in ICE environments are
isolated from most common interactions with society as a whole. The network of relationships
defined by one’s personal interactions with coworkers, acquaintances and even strangers
while navigating daily life is what constitutes the public community. A common day in one’s
life may see an individual take on a variety of social roles; friend, student, teacher, colleague
at work, or even being a stranger in a coffee house. The individuals involved in everyone’s
respective daily lives outside of the home community describe this social network, and it is
not uncommon to spend more time interacting within the public community than one does
in his or her home community. While the emotional support one typically receives from the
public community is relatively minimal in comparison to his or her home community, these
tertiary interactions provide much of the spontaneous social activity and complexity one
experiences in daily public life.
Taken together, the home and public communities outline the spectrum of relationships
that tend to define one’s sense of self, and to an extent, influence one’s life and the choices

he or she makes. A lack of interaction within these two communities can lead to a loss of
self-identity over time, as one’s interactions with regards to the interpersonal connections
within these communities allows him or her to practice varied skills or talents in the social
arena. These interactions allow one to practice formulating appropriate social responses
to other individuals and balance his or her needs against those of the respective social
group. Varied social roles can be defined by something as trivial as responding to a
dispute in the workplace, or the far more complex social task of maintaining an emotional
relationship with a spouse, just as caring for a friend is very different than interacting
with an acquaintance. The assorted social interactions provided by the home and public
networks engage individuals across multiple social levels, and can provide a large part of
that individuals sense of self. The lack of this omnipresent and complex social web can
create a withdrawal from interpersonal connections which makes it difficult to maintain a
sense of personal identity while inhabiting an ICE environment. The effects of a reduced
social network have already been acknowledged by NASA, as they have developed a
program to maintain communications with the home community before, during and after
space flights to enable astronauts to benefit from as much contact with their personal support
structures as possible.
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4.2.2 The Culture of the Micro-Community

“Many little details, such as photographs on the panels, children’s
drawings, flowers, and green plants in the garden, turn this high-tech
complex into our warm and comfortable, if a bit unusual, home.”
Valentin Lebedev, Salyut 7
Ultimately, individuals living within ICE environments are likely going to develop a
unique subculture, style, and way of working. Different quirks in the way individuals choose
to go through life need to be expressed so that they may fit into the environment one is
inhabiting. When one is relegated to an ICE habitat, it is vital that the social environment
of that habitat is able to accommodate the social interactions needed by individuals living
there. Creating a habitat with the ability to address social needs can be done by including
social programs such as NASA’s care package initiative, as well as by designing the
habitat itself to be more sensitive to human social needs. This sensitivity may be acquired
through the interior programming of a habitat, as with the inclusion of semi-private spaces,
or through technology enabling greater social complexity by maintaining contact with one’s
initial social web.
During HI-SEAS IV, a micro-community developed as one focused on work, both the
mandatory work of the mission and personal work on projects simply to keep one busy.
Private rooms were customizable to a small extent, though all were small and analogous in
regards to a basic dorm room. Few options existed for making the single available private
space feel as if it were truly one’s own, aside from the inclusion of personal effects brought
from home. However, the need for isolation insured that each crew-member spent many
hours a day besides those required for sleep in their quarters. A greater ability to customize
the rooms coloration or lighting would make a strong impact on the experience. Within the
public areas of the habitat, crew reorganized most of the major spaces such as the living
room and bio-lab over the course of the year in isolation, installing cabinetry and making
custom furniture in the workshop within the SeaCan attached to the habitat. Crew also
fabricated a second greenhouse area near the rear of the habitat adjacent to where the
solar panels are located. Many of the standard lights were switched out for controllable LED
lights, and other small modifications to the habitat were made over the course of the year.
While the fourth HI-SEAS mission consisted of only six people in a relatively small
habitat, crew made considerable changes to the environment for both the purposes of having
fun and to give themselves projects during the year in isolation. When planning for potentially
dozens of people spending several years together, the interior environment of the habitat
59

Whether inhabitants are living at the poles, other worlds, or in a Mars simulation like HI-SEAS (pictured), there are extremely limited opportunities to interact with a larger
social network, including friends and family. The others living in the habitat are the only reliable options for socialization. Feelings of isolation are common.
Credit: Author

should be able to be altered to suit changes the community makes over time, and this is a
common practice in ICE environments at the poles as well. While micro-communities have
been studied since humans first began inhabiting the Poles, a comprehensive study of how
small communities change when isolated for spans of time exceeding a year is scarce. Only
the HI-SEAS IV, Concordia and Mars500 simulations have required individuals to spend
over one year in isolation, which suggests that adaptability socially and environmentally
within the habitat should remain a high priority. Whatever changes future long-duration
crews undergo, and however they see fit to modify their respective ICE habitats in regards
to coping with those changes, habitats must be accommodating. Living in an environment
that does not conform to one’s means of coping with isolation will likely exacerbate one’s
sense of confinement.
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balanced representation of the genders. However, this is still a very limited sampling of
society as a whole, representing a small portion of the available social circles which would
exist in normal life. The social complexity of ICE habitats may have expanded with the
inclusion of both genders and a greater sampling of minority inhabitants, but this is far from
the social complexity which defines life outside a habitat. While remaining a positive trend,
the current sampling of people living in ICE environments are in many ways still relatively
similar, and they comprise the only members of the society they will experience for months
or even years.
The necessarily restricted types of individuals living within an ICE habitat is how microcommunities form in isolated environments; habitats are necessarily small, are expensive
to construct and maintain, and are often located a great distance from other resources.
Those who live within habitats and work in these environments are specialists, and are
highly educated. While specific and limited crew composition is an unavoidable result of
the personnel needs of a project, the immediate result is that social complexity drops due to
a lack of social interaction with those outside the habitat. The only available social options
are those living within in the habitat, and by definition these will be people of similar
interests, ambitions, or accomplishments. Not represented within an ICE habitat will be
both social roles available only within the home community, such as parent, and interaction
with those outside of the typical demographics of an ICE habitat. There will be no children,
elderly, layperson, or the relationships which are associated with them. Within virtually
every ICE environment today, it is likely that one will encounter only the people needed to
drill, conduct research, maintain the habitat, or other specialists. There are exceptions to
this, but they are too often in the minority. The underlying society created in any habitat
lacks most of the social functions that exist in abundance in daily life, and this is especially
prevalent when considering familial relationships. A micro-society is devoid of relationships
with parents, siblings, and children, and intimate physical relationships are usually not
present as well. Relationships are composed of the available crew, all professionals. This
results in a locally available social group which is far from diverse, and this severely
reduced community is often all one can rely on when in need of support. Broadening the
available social options for people in ICE environments is thus highly valuable.
106

With the societal roles available for a person to fill reduced dramatically within the
confines of an ICE environment, the creation of a micro-community is almost assured. The
behaviors of individuals living within a micro-community are going to be reflective of the
values and norms of that micro-community, making an understanding of the behavioral
implications of living within a micro-community vital. The sense of self which is derived from
connections to one’s original social web is diminished, and one is expected to function at
a high level while lacking the emotional support of those connections as well. This is one of
the major issues that needs to be addressed when considering the social and psychological
well-being of those living in extreme environments; long term health and morale cannot be
maintained without adequately designing habitats within ICE environments for the social
needs of individuals living within them.
There are a number of ways in which these issues can be addressed and resolved,
though the means through which a social issue is addressed is highly dependent on the scale
of the habitat being designed. When considering the probable size of a habitat which might
be in orbit in the next ten years, social connections would need to be maintained through
the use of simulated interactions like those offered with telepresence devices, or mobile
robotic devices which enable one to interact with the world from a remote location. This
would be an enhanced version of the act of video conferencing from home. Juxtaposing this
is the creation of habitats capable of supporting hundreds of people or more, thus allowing
a complex society to develop. Inhabitants of
ICE environments will require access to their
original social web through digital means as
with telepresence, or be introduced to a new
and appropriately complex social environment
within the habitat. Either of these options will
prevent the creation of a micro-community and
its associated detrimental psychosocial effects
on inhabitants.
Social complexity has risen in habitats
in recent years through demographic means
as well. People living and working in ICE
In a micro-community, social interactions rarely surpass the interpersonal,
environments today are showing a promising
preventing more complex social interactions and resulting in a
degradation of the sense of self.
trend of international integration and a more
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conflict. Another response is the shunting of aggressive behavior towards authority or those
located outside of the habitat. While such an action can be useful over a short period
of time so as to avoid confrontation in the habitat, ultimately the tendency creates the
facsimile of a social environment, one devoid of personable or healthy behavior. Living
within this environment then makes it impossible for an individual to receive the necessary
social interactions he or she requires to be healthy, resulting in an increasingly damaging
emotional environment.
This tendency to suppress the expression of emotions or admit to conflict is a
secondary effect of adapting to a micro-society, not merely shunning genuine contact but
withdrawing from all social contact to whatever extent possible. This does not always mean
that individuals cease to acknowledge one another or interact within a micro-community.
Within an enclosed space, such behavior is often impossible, but inhabitants often form
a psychological wall separating them from the rest of the crew. People will interact out of
necessity, deriving little real connection or benefit from the behavior. The act of imitating
typical social behavior manifests in a different way than one might expect as well; instead
of remaining within a private space, people who are shunning or withdrawn tend to prefer
public space. This enables an individual who is avoiding real social contact to remain
socially confined through their behavior while staying within sight of other crew members.
111

While the removal from support systems and social complexity involves its own
issues, there are also the adjustments to a micro-society that need to be managed. In
society as a whole, people naturally grow to know those around them. One can become
better friends with a colleague at work after spending weeks or months discovering their
character, and deciding upon how they may be included in one’s life. However, when living
in an isolated environment, the people in the immediate social circle are often pre-selected
by a managing organization, based on skills and professional qualifications. A person will
become acquainted with others within these micro-societies while preparing for a mission
or project, or may be almost immediately confined with them. Together, these people, who
usually initially barely known to one another, will likely be the only companions available
for weeks or months. Friction may be caused by differences ranging from personality
to religious preferences. While training programs exist to ensure future inhabitants are
capable of handing cultural differences, these are not included in a training curriculum for
all space programs or indeed all programs that deal heavily with isolated or confined
environments. The lack of appropriate training or awareness regarding issues that can be
created within a micro-community sometimes makes it difficult for people to successfully
integrate into one working body. When dealing with intense contact with a small number
of people within and enclosed space, it is extremely beneficial to have everyone involved
trained to recognize issues as they develop and be made aware of potential issues that can
arise within a micro-community.
A second issue that must be addressed within the micro-community is the lack of a
greater social environment. When interacting with a handful of individuals as opposed to
a larger society, the environment has a tendency to magnify the dissimilarities between
people. The actual behavior or trait in question may be something as minimal as an
annoying habit, to abrasion between different attitudes or perceived needs. What would
be written off or barely noticed in a large social environment becomes a potentially large
source of interpersonal friction. This phenomena is destructive on its own, but is made
more so by the tendency of people to avoid expressing dissatisfaction due to the chance
of experiencing unacceptably costly consequences. To avoid conflict and friction, a habit
of shunning activities develops, a broad behavior of avoiding social interactions that could
have any real effect. Essentially, social behavior becomes a play in which inhabitants avoid
expressing genuine feelings or attitudes, staying within neutral categories to avoid sparking
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Virtual Presence Devices are already in use for business and medicine, enabling people to conduct “in-person” meetings from around the world. Here we see Doctor Ashraf
Abou-Zamzam demonstrating the use of a VPD in the field of medicine, as part of a USC project in 2007.
Credit: University of Southern California, news.usc.edu/17463/Is-there-a-RoboDoc-in-the-house-CHLA-introduces-innovative-telemedicine-device/
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The individual is then able to experience group interactions or gossip on current events
within the group while remaining at an emotional distance, remaining within a perceived
safe space. Without proper training, this behavior can be extremely difficult to notice
or address for the rest of the crew, as the socially isolated person does not necessarily
appear to be so. Daily interactions are still being had, and the negative aspects of this
self-imposed emotional isolation are hard to perceive. As mission durations increase, subtle
social adaptations to the micro-community like shunning will become more of a concern,
and training should be conducted with crews prior to a mission to ensure such behavior will
be acknowledged.
One of the final, and perhaps more obvious, ways that interpersonal tensions are
addressed is through the projection of those emotions onto an outsider. During isolation
studies, it was observed that hostility was often displaced onto those who maintained
communication, or others associated with the project or mission but are not located within
the respective habitat. It is likely that inhabitants resort to projecting their emotions on those
outside the habitat because the perceived fallout of expressing certain feelings towards an
exterior source would be much less socially disruptive than having those reactions directed
at someone within the habitat. Such behavior is a well known occurrence within the historical

United States Space Program as well. Members of Apollo and Skylab crews displayed
annoyance or were short tempered with ground-control personnel. While missions at
this time were not as long in duration as today, habitats at the time were smaller with
relatively fewer human factors considerations. Especially for the Apollo era craft, which
were incredibly small, the environment of the habitat would cause long-duration social
issues to surface much more quickly.
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“Sometime around the sixth week of a mission”, says
University of California, San Francisco, space psychiatrist
Nick Kanas, “astronauts begin to withdraw from their
crewmates, become territorial, and displace their hostility
for each other onto Mission Control.”
Jim Lovell seemed to do most of his displacing on the
Gemini VII nutritionist. “Note to Dr. Chance,” says Lovell
to Mission Control at one point in the mission transcript.
“It looks like we’re in a snow storm with crumbs from the
beef sandwiches. At 300 dollars a meal! I think you can do
better than this.” Seven hours later, he gets back on the mic:
“Another memo to Dr. Chance: Chicken with vegetables,
Serial Number FC680, neck is almost sealed shut. You
can’t even squeeze it out…. Continuing same memo to Dr.
Chance: Just opened the seals; chicken with vegetables all
over window at this time.” Lovell’s mission was only two
weeks long. Was the capsule’s tiny size accelerating the effects
of confinement? Kanas knew of no formal studies, but he
confirmed that the smaller the craft, generally speaking,
the tenser the astronauts.
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Effects of social tension like this have been observed to manifest in a variety of
confined situations as well, and should be considered a common occurrence not tied to
space travel. Social irritability or other examples of stressed behavior have been observed
on polar expeditions, submarines, space simulations and fall-out shelters. The display
of such behavior in varied types of confined environments is suggestive that any confined
environment will have the tendency to magnify incompatibilities between people that would
116

Augmented reality allows communications and graphics to be projected over the physical world of an inhabitant, augmenting reality with digital information.
Credit: Microsoft Hololens, microsoft.com/microsoft-hololens/en-us
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normally be overlooked. Within the design for any ICE environmental architecture, great
effort should be made to address the social compression and isolation that can come to
define daily life within these habitats. Equipping crews with high levels of social training,
designing ICE habitats with a heavy focus on ties to support structures or social complexity,
and even psychologically sensitive design inclusions can all contribute to the healthy
functioning of groups in ICE environments. These design approaches will not only result in
improved mental health for inhabitants and their support staff, but will also likely enable
missions to be safer and operate more smoothly.
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Stress and Vulnerability Interaction
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Current technologies are allowing shifts in the way people engage in communication,
to an extent that is far beyond simply writing back and forth or even using video messaging
systems. There can be little argument against the idea that the world today is fundamentally
digital: relationships often exist or are started in cyberspace, an enormous amount of basic
education stems from Internet use or online research, and there is a cultural shift towards
the use of digital social networks such as Facebook or simply texting. There are varied
programs for daily use which focus on specific kinds of social interaction as well; Instagram
for the sharing of visual experiences or Twitter for the sharing of day to day activities and
thoughts. The ways in which people live their lives are now deeply rooted in the digital
environment, and relationships based on the physical presence of a person are no longer
mandatory.
While it would be difficult to argue that digital relationships are of the same caliber
of those based on interpersonal interactions, it is safe to say that they can be beneficial or
supplemental. Many people use programs based in the digital world to keep relationships
healthy from a distance, make professional acquaintances in their field, or stay in touch
with nuclear family when they are otherwise unable to be with them. It is currently common
to have friends online that one have never met, maintain relationships online for years,
or even have casual social networks that are entirely virtual. The prevalence of strong
social circles on Facebook, within the Second Life world, or through MMO games are
indicative that a paradigm shift of how people view social circles is occurring. Second Life
is a program through which one controls an avatar in a digital recreation of the world,
essentially simulating real life while remaining at home. An MMO is a massive multiplayer
online game in which one explores a number of different fantasy worlds while engaging in
simulated quests or other adventures. Through the use of digital means, one is now able to
117. Ibid, kindle location 401
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Personal Vulnerability to Ill-Health
Access to a larger social network or varied in-habitat stimulus could maintain a sense of complexity in the lives of those in ICE habitats. Individuals can have
different reactions and resistance to stress, while remaining healthy. Reducing stress for psychologically healthy individuals will help ensure psychosocial health.

nurture healthy social connections online, or create entirely new ones, and by extension the
definition of one’s self has been tied to this world as well. Taking advantage of the plethora
of available technology or programs to digitally engage in relationships with others is a
natural step when considering potential social interventions within an ICE habitat.
When considering how digital life can be used in extreme environments, one must
begin from the foundation that some social connections are better than none. A purely
digital social network, while inferior to connections with friends and family members that
are truly present in life, is far superior to having solely the micro-society upon which to rely.
The social offerings of such a reduced community has already been found to be deficient,
and must be supplemented through other means. Digital methods are less beneficial than
real contact, but nonetheless provide interesting opportunities. The use of virtual reality can
provide the option of creating entire worlds in which people may continue to digitally interact
with others in their respective lives. The use of digital social networks would be relegated
to personal time for reconnecting or maintaining social relationships back home as part of
a social requirement of the mission, not a replacement for genuine social connections but a
tool for addressing the overly simplified social environments found in ICE environments.
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4.3.1 Responding to Increased Simplicity

Simple leisure can be hard to come by in ICE environments due to a micro-culture centered on work, a lack of privacy, or a simple lack of facilities. While not directly
productive, encouraging inhabitants to recuperate and tend to their personal needs will make them more resilient to stress and better at their jobs over a duration.
Credit: Mike Melnotte for National Geographic, yourshot.nationalgeographic.com/profile/6227/

The use of telepresence is a related option, in which the digital interaction occurs real
time through the use of robotics. As opposed to interaction in a simulated world, a virtual
presence device (VPD) projects the face and voice of the individual operating it from afar.
Inhabiting a screen and mobile body from afar can allow people in isolation to be virtually
present for major life events such as weddings or births. While the experience would remain
virtual for the inhabitant, this would supplement more traditional email or video message
communications. Currently VPDs are sold commercially for conducting international business,
and are used in the military for certain physically dangerous activities. Such mobility allows
an additional level of depth to a social interaction beyond a face to face conference call, in
that people may use a VPD to traverse the environment, interact with objects, and otherwise
exist as a real presence.
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Within the realm of architecture, the most effective way to respond to the decreased
social complexity is either through technological inclusions in the habitat which allow
inhabitants to interact with larger social networks outside of the ICE environment, or program
the interior architecture to foster a variety of social interacts among the present inhabitants.
Ideally an ICE habitat would incorporate both of these approaches.
Technological additions to the habitat for maintaining contact with original social
connections outside of the ICE environment are discussed at length in Chapter 8, which
focuses on the experienced environment of habitats, including digitally supported social
connections. In short, when living in ICE habitats that lay upon or are positioned relatively
close to Earth, real time communications are available via satellite. The more traditional
forms of digital communication such as email or phone calls would be supplemented with
virtual reality (VR) or augmented reality communications, which provide a great deal more
immersion and can give the impression one’s friends or family are present. An augmentedreality (AR) headset overlays digital projections onto the physical reality occupied by
inhabitants, which would allow family to appear as if they are sitting in the room with you.
Technological considerations like augmented reality have the potential for a variety of social
or psychological inclusions like this, and when outside of real-time communications range,
as in a trip to Mars, messages can be recorded and uploaded. While not interactive, these
types of recordings would remain quite immersive.
The second response to increased simplicity would be purely architectural, in the
addition of private places which are insulated from sight and sound, and placed away
from the public areas of the habitat. The inclusion of places in which an individual may
physically seclude themselves from others would enable the sense of real privacy and
seclusion that many ICE habitats lack. Despite the high level of isolation from the rest of the
world experienced by ICE inhabitants, individuals within the habitat itself are often unable
to escape one another. Public areas can also be supplemented with semi-private areas,
encouraging smaller groups to interact one on one, allow for gossip or partial seclusion
from a crew-member with which one may desire a break. Within the architectural design
of any building, the available spaces should not be relegated to purely private and public;
transition spaces and areas for semi-private life enable a greater degree of regular human
social interaction to occur. The greater variety of social interaction available within an ICE
habitat, the less likely it will be that inhabitants will be as affected by the increased social
simplicity of the habitat.
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4.3.3 Dealing with Micro-Stimuli

Micro-Stimuli is a related concept to the micro-society, but is not always dependent on
such a society to exist. A micro-stimuli can be defined as any small activity, noise, tendency,
which is noticed by an individuals and serves to disturb their concentration or otherwise
irritate them. In an ICE environment, a relative lack of random and varied stimulus within the
habitat can result in the high level of repetitive stimulus that does exist become abrasive.
The occurrence of a micro-stimuli may be through pure repetition, such as the sounds of
air conditioning systems and machinery, or from another individual within the crew due
to their personal habits or annoying tendencies. The ways in which someone chews his
or her food, picks at a fingernail, or even laughs can in time become deeply annoying to
others due to the social and psychological pressures of a micro-society. A common source
of micro-stimuli for individuals in ICE habitats which depend upon machinery for warmth or
air is to become incredibly focused on the audible sounds of that machinery. Unconsciously
listening for changes in pitch or other signs that problems may be arising. Constant
monitoring of equipment can be a micro-stimuli that then leads to emotional exhaustion
from stress, due to one’s inability to truly rest and recuperate.
At their most basic, micro-stimuli are qualities of the habitat or the behavior of
inhabitants that prevent others from being able to relax or focus. It is a stressor that is often
present, and while small by definition, it serves to decrease quality of life and wear away
at one’s emotional stability. Sources of micro-stimuli can be dealt with directly through
modifying the environment or behavior of individuals, or indirectly by providing additional
stimuli to minimize the impact of specific micro-stimuli. ICE habitat design must be able
to respond to the psychological quirks that arise in isolated and confined environments if
long-duration expeditions are to be emotionally or socially sustainable.
118

119

120

118. Stuster, Jack W. (2011-10-15). “Bold Endeavors: Lessons from Polar and Space Exploration”. Naval Institute Press. Kindle Edition, pp 193
119. Suedfeld, Peter. Steel, Daniel G. “The Environmental Psychology of Capsule Habitats”. Annu. Rev. Psychol. 2000, pp 232
120. Ibid pp 193

Addressing negative micro-stimuli can be done by either removing the micro-stimuli,
or through the introduction of more complex and consistent stimuli. Since the tendency is
for micro-stimuli to surface in a stimulus-starved environment, their creation can be stymied
by maintaining real-world levels of stimulus. Creating the necessary level of stimulus can
be challenging, as it would require a complex and diverse interior environment, which is
sometimes quite difficult to accomplish within the spatially limited interiors of ICE habitats.
Removal of micro-stimuli is often impractical as well; one cannot turn off the machinery
required to keep the habitat running, and asking other crew to modify their own behavior
for what appears to be minuscule reason from his or her respective point of view is
undesirable. Such an interaction is avoided due to the social standards of the micro-society,
which encourage one to avoid direct confrontation.
During my time within the HI-SEAS IV simulation, micro-stimuli had two primary
ways with which the annoying stimuli could be handled. The first involved scheduling
time between crew members; major tasks in the dome requiring all individuals and their
respective irritations to be present were relatively rare. As forced interaction with irritating
behaviors was limited to a few times per week, this enabled crew to schedule their personal
research, most meals, and private time away from the stimuli which were found to be
abrasive. However this natural tendency is not the ideal solution, as it reinforces the idea of
social seclusion, which is already a risk within a micro-society and should be discouraged
if at all possible. My own experience in attempting to humanize the actions causing microstimuli was a more appropriate method of reducing the resultant irritation. As an example,
other crew members might use practically every cup or glass available within the habitat
to drink coffee. This compulsive cup-use became something of a recurring joke among
the rest of the crew, and those members who used all the cups would be teased when
they realized there were a dozen half-filled cups of coffee scattered about the habitat.
Crew members would imitate one another’s assorted accents and behavior over dinner,
essentially attempting to make normally irritating behavior or micro-stimuli either amusing
or endearing. The concept that all one has control over is their ability to react to a situation
becomes an inescapable reality within an ICE environment.
During the HI-SEAS IV mission crew members found the act of gossip to be an
incredibly time consuming hobby for everyone on mission. A crew member would have his
or her closest friend of all available crew, and both would engage in discussion, complaints,
or banal conversation about everyone else in the habitat. This could at times take several
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hours of each day and often acted as a catharsis, as it was the only activity which created
feelings of being understood by another. Displaced aggression is one of the major negative
behaviors that can stem from dealing with a negative micro-stimuli, and finding beneficial
ways to deal with those emotions are vital for the sustainability of an ICE environment.
Ultimately, micro-stimuli between individuals on crew can be addressed most
positively through open and honest communication. While this can lead to undesired
confrontations, they will often be relatively small and are preferable to months of constant
irritation. Crews that are selected for missions of extraordinary length like a Mars mission
will more than likely be extremely well versed in proper communication as well. While not
standard practice today outside of the space industry, crews going into space often spend
months or years together socially and at work before beginning a mission. This enables
them to be far better prepared to tolerate each other and communicate in a positive manner.

The popular cover of David Bowie’s “Space Oddity” as performed by astronaut Chris
Hadfield is an example of a creative use of time off, and in a way that was psychologically
beneficial for him as well as very positive outreach for NASA into the wider community. A
similar creative use of personal time that is specific to various ICE environments include the
Antarctic Film Festival, wherein dozens of the Antarctic bases compete for the chance to
create the best independent film. These films often humorously describe life in each habitat
and Antarctica as a whole, often colored by cultural references and clichés of the country
represented by each respective habitat, as many Antarctic habitats are funded by a specific
host country.
Numerous factors from work culture to a lack of privacy can inhibit the proper
utilization of time off; failing to address a lack of space for leisure will have effects on
the crew ranging from simple irritability to relatively serious conditions such as impaired
intellectual functioning and inability to work properly. Degenerative effects like these must
be countered to ensure people in ICE environments are capable of conducting research and
completing their assignments. Within some of the most confined ICE habitats, submarines,
the smallest consideration to private space could be highly valued.

4.4 Benefits of Leisure
The practice of finding time for leisure is a necessary element to overall human
health. It allows for one to rest while away from other members of the community should
one desire solitude, or engage in purely social behavior for catharsis or emotional support
and psychologically decompress from a stressful working environment. In essence, time
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“My rack was far more than just a place to sleep.
When we left dry dock, it would become my sanctuary from
the rest of the submarine world. I was assigned the middle
rack; by lifting myself up and squeezing sideways into the
coffin-like opening and then reaching out and pulling my
curtain shut, I was suddenly enclosed in a world of privacy
that was unavailable anywhere else on the boat.”
Roger Dunham
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for leisure is imperative within ICE environments for the same reasons it is so valued within
traditional daily life. Leisure or time off from work enables people to explore new things,
invest in hobbies, rest, or simply enjoy the art of doing nothing. When considering ICE
environments, the traditional stresses in daily life are magnified, and there exists far fewer
options for managing that stress. It is harder to rely on the emotional support of family
members as they are not present, it may be impossible to go outside, and even exercise
facilities may be quite minimal. When designing an ICE habitat one must take care to
include considerations that facilitate life away from the workplace, as those considerations
may be the sole escape that exists for the duration of a given mission.
When in space, decompressing (metaphorically speaking!) during time off is one
of the only times astronauts are able to engage in hobbies or personal projects, and it is
relatively rare when compared to free time available in other types of ICE environments.
Work schedules for those in outer space are quite full, as the financial cost to place people
in orbit is high. The micro-gravity environment also affords mission-specific leisure activities
that are highly valued. Interacting with globules of water, pretending to fly, or engaging
in natural photography of the Earth below are all popular past times for orbiting crews.
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Incorporating spaces for leisure in an ICE environment will not only serve to protect
the mental health or psychological well-being of inhabitants, but encourage healthy, safe,
and emotionally sustainable long-term habitation.
Aside from the social and emotional benefits of incorporating a space for leisure,
there are practical reasons regarding use of the ICE habitat as well. During prior longduration expeditions that lacked accommodations for leisure and privacy, inhabitants would
find a way to create a space for such necessities themselves. The creation of these spaces
could involve the reconfiguring of interior rooms, dissembling equipment, or in some way
altering the habitat until it was minimally suited for the needs of inhabitants. This reaction
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to the lack of a private leisure space in ICE habitats ranging from historical sailing ships
to Polar stations is indicative of a need for their greater inclusion within future ICE habitat
designs.

ICE inhabitants when that focus extends beyond work hours. The excessive over-scheduling
of work and the exhaustion it can cause in people was most notably demonstrated during
the Skylab strike of 1973, when the three person crew shut down their radios for 24 hours
and refused to take care of work responsibilities or contact Earth. This “mutiny” underscores
the importance that time off has for people living in ICE environments. People living in ICE
habitats require down time to socialize and discuss non-work issues, entertain themselves,
and decompress.
Within the HI-SEAS IV mission, a work centric culture defined time spent in the public
spaces of the habitat, often to an uncomfortable level outside of mandatory projects. Daily
tasks from cooking to geological survey work would consume perhaps 10 hours of time on
our busiest day, yet once that work was complete it was difficult to relax due to expectations
from the rest of the crew. While no work needed to be done, there was always work that
could be done, even activities as minuscule as straightening up the airlock or wiping a
counter. Despite wishing for time off, the crew often was unable to grant themselves the
luxury. While private areas existed on the second floor in the form of personal quarters,
they were not soundproofed to any degree and the doors were clearly visible from all
public areas. This prevented private quarters from existing a place to escape to as the rest
of the activity in the dome still intruded, and even within one’s personal quarters a feeling
of being watched seemed to pervade.
Additionally, having one’s door closed in the middle of the day often invited questions
or attention. The mere act of trying to find personal time for no other reason than need
created social repercussions that intruded precisely on that personal time. There still existed

4.4.1 The Division of Work and Leisure
One of the more common issues with inhabiting an ICE environment is a lack of
division between the work and leisure areas. This is the case even on the International
Space Station (ISS), where a premium on space has sleeping quarters placed wherever
they may fit, often within hearing range of areas still in use. Such proximity between rest
areas and work areas can serve to enhance micro-stimuli, as it is difficult to avoid them
when one is unable to escape to a private area, and may also detract from the beneficial
qualities of an immediately adjacent private place. It is impossible to truly rest, relax, and
let down a social persona when it is quite clear that a bustling public space is mere feet
away.
Perhaps the greatest detriment to the intermingling of work and leisure within an
ICE habitat results from social pressures as opposed to irritants like noise. In part due to
the expense of placing habitats in ICE environments as well as the expected economic or
scientific returns on that expense, an attitude of extreme focus on work and productivity
results. A work focused culture in habitats can become abrasive to the emotional health of
129

130

Private Area or Module

Public Area or Module

Crew Quarters
Lounge

Workshop
Labs
Kitchen
Garage
Life Support
Connecting Hallway

When possible, the division of private or quieter areas through the use of actual habitat components can ensure a high level of privacy or psychological distance from areas that
are public or otherwise intrusive. If a space may only be reached by going through a door, along a corridor, and through another door, areas will be subjectively removed from one
another. This is highly valuable in ICE environments, where places in which one may find privacy can be in short supply.

Christmas morning on the ISS, expedition 26, 2010. Bunks are little more than private closets, located immediately adjacent to areas used for work. Even when activity levels
are low, there is no psychological break from the atmosphere of work. One is always at the office, without the ability to have a transition experience between work and rest.
Credit: NASA
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a desire to whisper, one felt watched, and true rest could not be found. Enjoying a show,
relaxing with a coffee, or reading for pleasure could be construed as wasting time, and
one could feel as though it could earn judgment from the others. Social expectations were
that people should remain productive during the daytime hours, while the created roles for
crew members may have had their tasks fulfilled. While the notion that “we’re here to work”
certainly has its place, creating an area that is private and not directly adjacent to busy
public spaces would have created a much desired spot in which to recuperate.
While the HI-SEAS IV mission underscored the need for a programmatic split between
private and public areas, similar conclusions have been drawn from varied studies that have
suggested ships or ICE habitats in extreme isolation should have as many private areas as
possible. These private areas allow individuals to recuperate from the demands of work
or escape the social pressure against time off that is commonly found in ICE habitats. An
area that is socially designated as a no-work zone and exists outside the public work areas
provides an acceptable place in which to rest.
When discussing methods of including a programmatic split within an ICE habitat,
potential designs are limited by the same constraints that define the ICE structure as a
whole. Due to shipping and construction costs, only so much room exists within a habitat
with which to design. While it would be a simple solution to remove the private areas from
the public areas using a ten-meter corridor, such a design move is not always possible in
reality. The most economical way in which a division between public and private spaces
can be created is through the programming of interior spaces. An area that can be used

as a buffer between the two can be included in the basic design of an ICE habitat, which
would lend a greater level of privacy and seclusion to leisure areas.
In situations where the basic shape of the habitat is set, options within the interior
programming of habitats are also capable of creating the required sense of distance between
public and private areas. Ideally, this would be through the use of a common component
of ICE habitats taking on the additional function of a spatial buffer. Using a component as
a successful buffer can be achieved by placing that component between the areas focused
on work and those focused on leisure. The use of a semi-private lounge area fronting the
entrance to personal quarters is one example. In larger communities such as McMurdo
private areas are often separated by a reasonable distance or several corridors. Spacing of
this magnitude is possible in larger scale permanent communities, but the greatest difficulty
lies in giving more confined habitats the necessary programmatic split.
When creating a buffer between public and private areas in an ICE habitat as small
as a spaceship or extraterrestrial station, using the available room within the habitat for
multiple uses will be one of the only options. Fortunately, a component of virtually all ICE
habitats in space is a greenhouse. These can be quite large as in the case of McMurdo, or
a single module as on the ISS. Currently used for scientific studies and for the growing of
fresh produce, it is easy to conceive of a green space fulfilling the role of a buffer as well.
Greenhouse modules may serve as the main path by which one would enter the private
quarters, creating a distance between public and private areas while also creating an
experiential disconnect. Inhabitants would be required to walk through a garden on their
way to and from their quarters. Creating an experience between two separate areas has
the benefit of instilling a psychological break between those areas, which would act as a
needed buffer between public and private space.
Disconnects between private and public space to promote relaxed socialization and
private time are a necessary part of life in ICE environments. People are not robots, and they
cannot be expected to perform like them. A programmatic split in the form of a greenhouse,
semi-private interstitial space like a stairway, or another element to act as a buffer between
the public and private areas would enable professional and private socialization to occur
in their proper context. When a private area is literally the only place a person may go for
months or years in order to rest and recuperate from work, it will be vital that these private
areas are separate from public spaces within the habitat and their associated work-focused
culture.
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In ICE habitats where it is not possible the physically separate public and private areas, a subjective seperation can still be created through the use of interior programming. Areas
within the habitat which may infringe on the ability of private areas to remain private can be buffered through the use of more neutral elements. While this approach can help
maintain privacy through obstruction of views and noise, the experience of transitioning to a private space also underlines the programmatic disconnect in the minds of inhabitants.
In much the way that driving home from work changes one’s attitude, passing through areas to arrive at a private space imbues a psychological break.
131. Ferraioli, G. Causse , Mickael. Lizy-Destrez , Stephanie. Gourinat , Y. “Habitability of Manned Vehicles: The Impact of Human Factors on Future Long Duration Human Space
Exploration Missions en Route to Mars.”. Article, 2012, pp 1,7
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4.5 Conclusion
Human social needs are complex, as they stem from a large variety of primary and
secondary relationships, as well as lifestyle choices, one’s occupation, and many other
factors. The impact on an individual that is created from his or her full social circle is still
only partially understood, however, simulation studies, as well as long-duration missions,
have made it clear that social inclusions within a habitat through technology or design, or
their lack, can have a large effect on the emotional health of those living in an ICE habitat.
As mission durations increase, social health is going to have a larger impact on the success
of missions, given that durations of isolation from six months to a year show a strong effect
on the health and overall happiness of a crew.
Many interrelated topics must be addressed when discussing the potential social
issues within an ICE habitat, as these social issues stem from more than one source. The
changes that can occur in an individuals personality or sense of self when removed from
his or her social networks, how a stimulus-poor environment can foster the creation of
micro-stimuli, and the response of a habitat design with regards to the work culture and
social pressures that can come from a micro-community are the primary areas that can
cause social and even psychological issues. Addressing all potential sources of social
friction or deterioration will be required for the design of an ICE environment that can
adequately respond to the social requirements of an individual and his or her relationships
within a crew in an isolated setting. Solving these issues will increase the overall comfort of
inhabitants as well as the sustainability and success rate of future long-duration missions.
Simply put, humans are not robots, and cannot be expected to live as such. Social
design considerations within an ICE habitat will have an impact not only on the social
health of those living in such an environment, but also by extension to their emotional and
overall health as well. These areas will be critical in ensuring that long-duration missions,
especially those involving travel to ICE environments such as the Moon or Mars, promote
healthy, safe, and sustainable long-term habitation for all respective inhabitants.

Addressing Your Mind and Emotions
“Every man takes the limits of his own field of vision for the limits of the world.”
Arthur Schopenhauer
In addition to the social issues that accompany life in ICE environments, there are
a variety of psychological issues that must also be addressed. While discussed separately,
these two facets of life in an ICE habitat are inextricably linked, and one often informs
or influences the other. Humans are inherently social, requiring complex interpersonal
connections to foster a healthy psychological state of mind. That fact necessarily unites
sociology with psychology; when one is living in ICE environments, psychological stressors
such as confinement may detract from or even negate social considerations within the
habitat. Unless both of these human elements are carefully addressed within ICE habitat
design, there might not be much psychosocial relief available to inhabitants. Individuals
who suffer from either of these stressors have the potential to work less efficiently, which
could limit the amount of time they are able to live within that environment.
Psychological health is generally affected in a number of predictable ways: while
every individual’s state of mind will be influenced to a varying degree, a majority of
inhabitants will experience an increase in negative psychological issues such as depression
or social withdrawal over the passage of time, with those issues being exacerbated by
each individual’s subjective experience within the habitat. For example, if an individual
would normally experience homesickness six months after having left his or her social web,
life within an ICE environment may shorten the onset of that feeling to a few months or less,
varying upon individual predilection to psychological reactions. The methods that can be
used to address negative psychological factors are varied, ranging from the sociological
responses discussed in chapter 4 to a greater inclusion of human factors considerations,
such as including social areas within the design of the habitat itself. Alleviating a sense
of confinement, dispelling feelings of isolation, or negating the experienced monotony of
a habitat through design inclusions are vital in ICE habitat design. These considerations
address the psychology of inhabitants and, once designed for, enable longer-duration
expeditions with healthier and mentally-fit crews.
The needs to address inhabitant psychology through design are varied, and being
more qualitative than quantitative can, at times, be difficult to define. Taken as a broad
statement, those who are psychologically sound are more likely to be able to produce higher
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quality work, remain healthier overall, and are more adaptable and aware in environments
that are potentially dangerous. It has also been noted that how one experiences an
environment is more important than the objective characteristics of that environment. This
suggests that an environment designed to address psychological health holistically will
have beneficial effects on social issues or increase the resilience of crews to the stressors of
the ICE environment. Long-duration expeditions will be more successful, experience fewer
preventable accidents, when the inclusion of crew psychology is a major component of the
design phase of an ICE habitat, whether on Earth or beyond it.
134

5.2 Causes of Degradation
Currently, individuals such as retired astronaut Mark Kelly or retired cosmonaut
Valeri Polyakov have spent nearly a year or more in space, while many others have spent
entire seasons or even years at the poles, and months underwater or at sea. Businesses such
as those involved in international shipping or off-shore drilling require that an individual
spend a great deal of time confined within a relatively small environment. The environment
experienced by inhabitants who hold jobs within these fields has a narrow perceptual field,
as well as a small and relatively unchanging environment that while safe, becomes something
that must be endured to a greater extent as time goes by. The design of any ICE habitat
is focused on functionality; machinery hums forever in the background, interior areas are
primarily devoted to workspaces, and temperature and humidity are unchanging. Views
may be spectacular outside of the habitat, as in the case of orbiting crews, but they can also
be perceived as unvarying, and begin to lose their appeal. One’s sense of simple isolation,
confinement, or even entrapment, presents a potentially serious psychosocial condition that
grows over time; thus, it must be addressed in the initial architectural conceptualization of
any habitat design. Anticipating and understanding an individual’s psychological needs
must be a central focus within ICE habitat design so as to enable long-duration habitation.
For those living in outer space or traveling to other worlds, psychological
considerations are exacerbated. While the lack of social relationships and presence of
psychological stressors define ICE environments on Earth, added to these elements are
extremes that can only be experienced when leaving Earth. The degree of isolation,
confinement, or physical risk that would be accepted by those attempting to live on the
Moon or reach Mars is virtually unparalleled by any environment on Earth. The closest
analogues, submarines or Antarctic bases, are far safer than those even within a low-Earth
135
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Psychological degradation can occur for a variety of reasons, including the stresses that come with the inherent danger in an expedition. A mission to Mars would risk launch and
landing on another world, a simple accident could have fatal consequences, extended periods of micro-gravity can cause serious skeletal issues, and a SPE could pose a high risk
to the crew. These stressors over a long duration could even lead to an inability to cope with others, leading to behaviors which could cause the mission to fail. Understanding and
mitigating these potential issues will be vital on long-duration expeditions to Mars and other worlds.
Credit: Javier Zarracina, vox.com/authors/javier-zarracina

orbit. The increased dangers which would be experienced on an expedition to Mars are
more dangerous still. ICE environments on Earth are almost hospitable in comparison in that
they lack deadly radiation, are within the reach of help in the event of most emergencies,
and usually have easy access to a breathable atmosphere. The already difficult social
and psychological issues created within a micro-society are compounded when mixed
with the isolation and danger of outer space. Due to the exacerbated stressors of outer
space, design considerations for habitats in this environment must be especially attuned
to occupant’s psychosocial needs, as well as increasing length of missions which causes
further psychosocial reactions to elements within an ICE environment. For obvious reasons,
137
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outer space exists as the environment that is the most contrary to human life on Earth, and
enabling a small community of inhabitants to live comfortably in outer space for extended
durations will require a more human-centric design approach than has historically been the
case within architectural designs for outer space.

can be defined as having “routine risk” by the professionals familiar with and comfortable
working within those environments. The ability of people to survive and even thrive within
ICE environments has reached the era of habitation as opposed to survival, even when
considering the long-duration inhabitation of the International Space Station. The design
focus within ICE habitats and the expeditions made possible by such design has shifted
focus from the confident adventurer to the highly trained and complex group: people who
are adaptable, who compliment each others strengths, and who can work together under
stressful circumstances. ICE environments exist now as the realm of the balanced team, not
the unflappable adventurer, with groups of people working toward mutual complex goals.
As the trend of ICE habitation changes from short-duration projects, such as those
that defined the days of Gemini or Apollo, to long-duration work as exemplified by Skylab
or the ISS, a more advanced understanding of group dynamics within ICE environments will
be required to properly design in the future. With the advent of contemporary exploration,
goals that will prove extremely challenging, such as returning to the Moon or sending
people to Mars, ICE habitats that are specifically designed to combat the psychological
stressors of long-duration isolation and confinement will be required. The design of ICE
habitats located in outer space or on other worlds, where psychosocial stressors will be
more pronounced, will require an even greater sensitivity toward human needs.

Nothing tops space as a barren, unnatural environment. Astronauts
who had no prior interest in gardening spend hours tending
experimental greenhouses. “They are our love,” said cosmonaut
Vladislav Volkov of the tiny flax plants with which they shared the
confines of Salyut 1, the first Soviet space station. At least in orbit,
you can look out the window and see the natural world below. On a
Mars mission, once astronauts lose sight of Earth, there’ll be nothing
to see outside the window. “You’ll be bathed in permanent sunlight,
so you won’t even see any stars,” astronaut Andy Thomas explained
to me. “All you’ll see is black.”
138

Historically, the response to the challenging environment provided by outer space
has been to send those individuals who had already proven their ability to deal well with
stressors. Within the early space program these individuals were the test pilots who flew the
first jets or space capsules, and were the image of headstrong confidence. Even today such
an image is ingrained within sci-fi culture, and such stereotypes were a defining aspect of
the early space program in American popular culture. Individuals with such confidence
in their abilities are often the first to volunteer for these adventures, and they are perhaps
the most probable individuals to respond well to the conditions experienced while on said
adventure. The character trait of absolute confidence that consistently defined adventurers
and explorers is the same that allowed people to reach the poles, orbit Earth, and land
on the Moon. A sense of daring and a certain type of bravado was required for an
individual or small group to risk their lives in discovering a new land or proving that space
travel was a possibility. However, technology has progressed to the point in which many
historically challenging environments are, if not entirely safe, at the very least manageable.
Thousands of people currently live and work in Antarctica, with hundreds choosing to
wintering over. Tens of thousands of people are employed on drilling rigs around the
world, and most extreme environments on Earth or under the sea have a community of
scientists, military personnel, or industry specialists inhabiting each respective environment
while they work or conduct research. Such ICE environments are still dangerous, but they
139
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“NASA’s recommended astronaut attribute list includes an Ability to
Relate to Others with Sensitivity, Regard, and Empathy. Adaptability,
Flexibility, Fairness. Sense of Humor. An Ability to Form Stable and
Quality Interpersonal Relationships. Today’s space agency doesn’t
want guts and swagger. They want Richard Gere in Nights in
Rodanthe. Assertiveness has to be “Appropriate” and Risk-Taking
Behavior has to be “Healthy.” The right stuff is no longer bravado,
aggressiveness, and virility. Or as Patricia Santy, NASA’s first
staff psychiatrist, put it in Choosing the Right Stuff, “narcissism,
arrogance, and interpersonal insensitivity.” “Who,” she asks,“
would want to work with a person like that?”
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5.2.1 Stages of Reaction
A significant statement regarding the psychosocial stresses experienced by inhabitants
in confinement is that the effects of those stresses are often closely related to the passage
of time. Greater periods of time spent in such an environment will create more severe
reactions to the social or psychological health of those living within the environment. An
individual could survive an environment that causes high amounts of stress given that the
environment is experienced for an appropriately brief duration. However when one has
spent a longer amount of time in a stressful environment, one can begin to experience the
psychosocial effects of life within that environment, to a degree varying by the severity
of the environment and the personal inclinations of the individual involved. Within cases
of prolonged isolation or confinement, it has been found that mood and morale do not
deteriorate monotonically, that is, at a constant rate. There are roughly three broadly
defined stages of reaction to prolonged confinement and related stressors.
The first stage is a period of heightened anxiety, brought about by the perceived
dangers and newness of the situation. This first stage is not inherently bad, as it often results
in improved performance and alertness. Routine has not had a chance to settle in and dull
the senses or subjective experience of the environment. Once the environment has become
“normal,” the second stage begins and is marked by routine, day-to-day existence. This
period can often be marked by depression or regrets about having joined the mission, and
it typically occurs when more subtle social and psychological issues begin to manifest. The
third stage begins when the end of the mission or a dramatic change to the mission nears.
141
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This period is marked by unusually high emotions, aggressiveness, and general rowdy
behavior. While easily described as excitement given a change of circumstances, the final
phase can often be the most dangerous phase for individuals as it involves activities that are
no longer routine, such as packing up camp, preparing to return to Earth, or participating
in other atypical activities per those previously within the mission. Heightened emotions
during this third stage can lead to accidents, and it is in this phase that the greatest caution
must be had. While these stages broadly describe potential behavior regarding what may
occur during the course of a stay within an ICE environment, the more acute responses to
the environment such as apathy or paranoia can occur any time after the first stage due to
the environment becomes routine.
The stages themselves also depend on the relative passage of time versus the objective
passage of time. Stage one could last from several days to a number of weeks, purely
dependent on the mission and the respective group involved. Repeated observation of these
stages has shown that the ebb of morale within a group tends to occur at approximately
the halfway to two-thirds mark of any mission. While these are general guidelines, and
there are expeditions during which inhabitants suffered none of the described effects, other
expeditions have taken place during which inhabitants experienced great difficulties, and a
solid understanding of this behavioral trend and its causes has yet to be fully understood. It
is vital that, to the degree possible, a consideration for maintaining positive and productive
crew morale and social behavior be accounted for in the design for ICE environments. Due
to the severity of such environments, specifically in outer space, as well as the extended
durations of those outer space missions, these crews would be most at risk of psychosocial
issues and physical ailments.
Prolonged isolation or confinement can also lead to a predictable loss of motivation.
Before beginning an expedition that involves a long period of isolation, participants often
express an intention of completing some project or goal over the course of their stay in an
ICE environment. Such goals may include creative activities such as writing, working on an
art project, or simply reading. However rarely are these goals achieved; as time passes
the desire to participate in self-driven work of this nature decreases, and often free time is
simply filled with generic activities such as playing cards. A lack of personal investment
or interest in hobbies is a response often marked by fatigue or a general apathy within
the group, and it can even manifest in increased feelings of helplessness or worthlessness,
as observed in treks across the Arctic or submariners who undergo extensive periods of
isolation. While this personal behavior is not directly related to the work performed during
such long duration missions, inhabitants who have unfulfilled personal lives will tend to be
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A transition curve chart showing the general stages of emotional reactions to subjective points within a long-duration mission. The rise and fall of morale or an inhabitants state of
mind may generally follow this curve. Also shown is the potential for a decline which could end a mission. Such declines can be fatal in ICE environments
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less productive or responsive in their professional lives. ICE habitat designs should therefore
address all aspects of inhabitant’s lives, not merely those directly related to the professional
goals of an expedition.
5.3 Impaired Intellectual Functioning
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“Romanenko missed the smells of Earth. “Can you imagine being
even one week in a locked car? Smell of metal. Smell of paint,
rubber. When girls were writing us letters, they were putting drops of
French perfume on there. We loved those letters. If you smell a letter
from a girl before you go to bed, you see good dreams.”
151

While less directly observable than the three stages of reaction to ICE environments,
evidence exists that isolation and confinement may lead to impaired intellectual functioning.
Impaired functioning is essentially defined as a decrease in the alertness, concentration,
and memory of those observed. Typically these reactions have been observed in studies on
the various Arctic or Antarctic missions, though similar results have been found in laboratory
experiments as well. In test conditions, isolation and confinement led to impoverishment
of ideational and imaginative output as measured using the Rorschach Inkblot Test. While
it is difficult to quantify impaired intellectual functioning, as it occurs in a small percentage
of individuals and is often not a serious impediment to their work, such impairment is a
condition that would grow in severity as time within an ICE environment continues and
eventually interfere with proper execution of the mission or make an appropriate response
to an emergency situation difficult.
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The above example, of many available, underscores the fact that these environments
are not merely confined but are devoid of the stimuli often taken for granted within the
daily life of those in more common environments such as a city, school, or more populous
human community. There is no ability to go for a walk, no breeze, no scents other than
those within the habitat. The subjective experience of a habitat interior is relatively bland
or, worse, filled with the smells and sights of fellow inhabitants or equipment for surviving
within the environment. The experienced world is reduced to a small space, unchanging
and often uncomfortable. While individuals can undergo poor conditions to almost any
degree for an appropriately short amount of time, when the duration extends to months
at the poles or years in space, it can become paramount to include solutions for these
psychological stressors if the inhabitants are expected to remain healthy enough to complete
the tasks assigned to them. Considerations for psychological release, malleable physical
environments, or similar design moves will likely grow in importance alongside mission
durations.
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Mental Health Continuum Model
HEALTHY

REACTING

-Irritable/Impatient
-Nervous
-Sadness/Overwhelmed
-Displaced Sarcasm
-Procrastination
-Forgetfullness
-Trouble Sleeping
-Intrusive Thoughts
-Nightmares
-Muscle Tension/Headaches
-Low Energy
-Descreased Activity/Socializing
-Regular But Controlled Alcohol Use/Gambling

INJURED

-Anger
-Anxiety
-Pervasive Sad/Hopeless
-Negative Attitude
-Poor Performance/Workaholic
-Poor Concentration/Decisions
-Restless Disturbed Sleep
-Recurrent Images/Nightmares
-Increased Aches and Pains
-Increased Fatigue
-Avoidance
-Withdrawal
-Increased Alcohol Use/Gambling is hard
to control

5.4 Somatic Complaints

ILL

-Angry Outbursts/Aggression
-Excessive Anxiety/Panic Attacks
-Depressed/Suicidal Thoughts
-Over Insubordination
-Can’t Perform Duties, Control Behavior or
Concentrate
-Can’t Fall Asleep or Stay Asleep
-Sleeping Too Much or Too Little
-Physical Illness
-Constant Fatigue
-Not Going Out or Answering Phone
-Alcohol or Gambling Addiction
-Other Addictions

The isolation and confinement of ICE environments, and the psychosocial stresses
that accompany them, are an inherent quality of these environments. Exposure to these
factors over time can affect how inhabitants perceive their overall respective physical
health, as opposed to solely their psychological well-being. The subjective and actual
physical reactions to an ICE environment are called “somatic complaints”, and are often
manifestations of stress on the body or in the mind. The most common examples that have
presented across all types of confined or dangerous environments are insomnia, headaches,
and digestive problems. Such ailments can vary with the length of stay and subjective
stressors involved, but they are certain to show up in a portion of individuals who are on
long-duration expeditions.
The most commonly displayed complaints are insomnia and other sleep disturbances.
153

The stages of reaction to the full spectrum of mental and emotional health. As duration or stressors increase, people will move away from the stable end of the health spectrum
and slide into the injured or ill categories. Examples of behavior are included to assist with identifying those in trouble. Proper psychological design may serve to mitigate the risks
associated with negative reactions to the environmental stressors or other aspects of ICE environments
Credit: US Navy, Med.navy.mil/sites/nmcsd/nccosc/serviceMembersV2/stressManagement/theStressContinuum/Pages/default.aspx
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and real issues can materialize in ICE environments as a reaction the difficulties of living
within those environments, and symptoms can increase over time. While contemporary
designs allow for relatively safe living conditions in the ICE environments of Earth, such
safety has not eradicated the presence of somatic complains within habitats. When
considering the duration and dangers that will be faced on long-term expeditions in outer
space, contemporary habitat designs will require more consideration than their terrestrial
counterparts. It is a basic human need to have shelter, or an ICE habitat, be a place
which feels safe and allows for basic physical and psychological needs to be met. While
there is no doubt that the individuals living within ICE environments must be enduring and
adaptable, there are limits on what any individual or group can survive while remaining
physically and mentally fit. ICE habitat design will need to become more responsive to the
psychological needs of inhabitants if it is to successfully support manned missions on the
order of years.

Technology exists which enables the real time interaction of people for work or play, often across great distances. As this becomes more common, new possibilities for social
and psychological considerations for those living in ICE environments will become realistic. Immersive recordings of family messages can also be enjoyed asynchronously.
Credit: Microsoft, microsoft.com/microsoft-hololens/en-us

Issues sleeping have been presented among participants in virtually every field, from
submariners to polar explorers, and is a common issue for test subjects in long-duration
studies. Problems with sleep are even more common when in outer space, as conditions
are not only significantly more dangerous than environments on Earth, which can greatly
increase the tension within daily life, but the body must also adjust to vastly new conditions.
Feeling secure and ready for sleep in a micro-gravity environment can prove challenging,
and the presence of a condition unique to outer space. When astronauts are attempting
to fall asleep, with their eyes closed, they may occasionally experience a flash or a blurry
light. This effect is caused by the interaction of a cosmic ray from high energy events outside
of the solar system with the eye. While not any more harmful than the radiation already
present on the station, such events can, at times, make it more difficult to simply fall asleep.
Other somatic complaints often found in confined environments include digestive
problems, such as upset stomach or constipation. Digestive issues have been measured
accurately in the real world by physicians logs during expeditions, with the greatest
number of issues typically occurring in the second half of the expedition term. Such trends
suggest that somatic issues follow a similar presentation as morale or overall psychology in
response to the time remaining in a mission. Generally speaking, a variety of perceived
154

“The story made me think about a trip to Mars and what it would be
like to spend two years trapped inside sterile, man-made structures
with no way to escape one’s work and colleagues and no flowers
or trees or sex and nothing to look at outside the window but empty
space or, at best, reddish dirt. The astronaut’s job is stressful for
all the same reasons yours or mine is—overwork, lack of sleep,
anxiety, other people—but two things compound the usual stresses:
the deprivations of the environment and one’s inability to escape it.
Isolation and confinement are issues of no small concern to space
agencies.”
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5.5 Current Areas of Interest
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Primary aspects of life within an ICE environment that must be considered within
architectural design exist as the same basic needs in an individuals life within his or her
normal working environment. Performing everyday activities such as eating, sleeping, or
working become much more consequential in an ICE environment due to limitations on
inhabitable space and resources. Promoting healthy relationships with friends and family
outside of the habitat is also a beneficial psychological practice that should be included
in the programming of a habitat. While the potential ways in which one may respond to
psychological needs through design are varied, the general activities common to daily life
can serve as basic design constraints. When the defining characteristics of an individual’s
daily life are understood, they can then be designed for.
158. Packing for MarsRoach, Mary.“Packing for Mars: The Curious Science of Life in the Void”. W. W. Norton & Company 2010, Calibre Location 78.7
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5.5.2 Exercise

One of the more common methods of direct communication with original social
networks is through video chatting or teleconferencing. The use of real time, face-to-face
conversations with people located almost anywhere in the world is a common occurrence.
Friendships are maintained directly or through the use of social media such as Facebook
or Instagram, while professional networks are maintained with video-conferencing or sites
such as LinkedIn. Speaking with family or taking an online course has become an effortless
task due to global communications networks and communities or programs that have been
created to work with them.
The communications infrastructure which connects so much of the world may also be
used to send an electronic care-package for individuals within ICE environments who would
otherwise be removed from the social supports provided by relationships left behind. A
care-package can take several forms, from a personal item received in the mail to real-time
communication with a video. Examples like these remind inhabitants that they are cared
for and missed, reaffirming emotional supports which have become remote in isolation.
However, differences in time zones or severe weather such as that experienced routinely
in Antarctica can make real time communications difficult or impossible. In instances like
these, digital care-packages containing pre-recorded messages can saved and uploaded
when connection to communications networks are strong, to be opened when those
communications are unavailable. On longer expeditions, it would be possible to have
special messages kept for milestones such as the halfway point. Some of these can even
be kept for times of special stress or long isolation, delivered when needed and providing
a familiar support when most needed while helping to simulate the spontaneous social
interactions that occur in normal daily life outside the habitat.
NASA has a program specifically designed to help cope with long durations away
from home or psychologically difficult working situations. NASA will help families create
care packages that are appropriate for travel into outer space and have been working
on measures that enable more natural communications with family back on Earth ever since
Expedition 5. Astronauts can now call home whenever they would like using internet
protocol enabled phones and have a weekly video-conferencing session which can even be
conducted in the homes of family back on Earth. Missions to the Moon would enjoy similar
digital considerations for communication or video, though care packages would likely be
far more difficult to send and thus be more rare. Considerations for a Mars mission will
need to be designed around asynchronous communications and a nonexistent or extremely
limited ability to resupply crew with physical care packages.

One of the basic components of daily life in ICE environments is exercise, often
through the use of a gym or workout facility integrated into the habitat. Exercise is important
not only for the obvious physical benefits, but as a means for addressing psychological
issues. Exercise can reduce stress, increase endorphins, and create a variety of holistic
benefits. A greater ability to focus or a better overall attitude; these are vital in environments
where stress or isolation can create psychological pressures, and exercise is perhaps the
most effective and natural remedy available to those in a confined environment.
In ICE habitats on Earth, the inclusion of facilities to exercise is quite common. Even
in daily life the need to stay in shape is recognized, with exercise being pursued through
the use of gyms, or hobbies such as jogging and sports. While space is always limited in
ICE environments, even the most confined places such as submarines will find ways to serve
the needs of inhabitants to exercise.
Interestingly, while habitats will always include at least minimal facilities for exercise,
the greatest challenge in encouraging inhabitants to actually engage in exercise is their
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Amundsen Scott South Pole Station gym, overlooking a half basketball court to the right of the picture. Facilities for exercise and play are vital to mental and physical health.
Credit: Jeffrey Donenfeld, jeffreydonenfeld.com/
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own volition. There may be an excess of work or a lack of motivation, but ensuring that
all members of a mission remain physically fit and enjoy the benefits of exercise can be
difficult. This tendency towards an excess of work or relaxation can be addressed in three
main ways.
To encourage crews living in ICE environments to engage in the physical activities
that promote their physical and psychological health, the first available approach is the
approach of “tangible results”. An impetus that stems from an individual’s own desire to
build up muscle, reduce fat, or reach a certain health goal. Such motivation can be due to a
personal goal or as a result of competition. Motivating individuals in ICE environments can
often be accomplished through the use of personal fitness records or public boards showing
standings. In outer space, the use of an ergometer connected to a power generating device
would fall into this category. Therefore, exercise could benefit both an individuals health
and contribute to the power of the habitat.
The second approach is that of “recreational exercise”, or more generally the idea of
fun. Many individuals may not be attracted by the idea of competition, but still enjoy games
for sport or other activities of physical exertion. Amundsen-Scott South Pole Station has a
163
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While there are an assortment of detrimental effects from
living in space, men and women may experience different
symptoms. Below are the major issues which might be
encountered, and the more common gender they afflict.
Credit: NSBRI and NASA

half basketball court for this type of exercise. It may be difficult to promote recreational
exercise in certain spaces, such as within a sub or space station, as simply viewing a
bulkhead during exercise is less than stimulating. In Skylab, this was circumvented by
placing the ergometer at the window. Charles Conrad, Commander of the first Skylab
mission, pedaled for ninety minutes while looking out the window and thus completed a full
orbit of the Earth. He them made the dubious claim to have biked around the world. While
a whimsical example, encouraging such attitudes within ICE environments will promote a
desire to exercise, and can be employed virtually anywhere within a habitat.
The final approach to promoting exercise among crews is the “integration of
activities”, wherein a physical effort is spent in the day-to-day operation of the habitat.
Whether this activity is lifting equipment on a drilling rig or handling machinery at a polar
station, requiring the daily use of strength in order to live within a habitat ensures a higher
level of physical health among inhabitants. Integrating physical labor into the environment
is an effective way to promote exercise among those within a submarine or other Earth
165

The cramped quarters of life on a submarine force human factors considerations such as exercise to be relegated to wherever they may fit within the vehicle. Pictured is the
pedi-cycle, located within the escape room of the nuclear submarine HMS Triumph.
Credit: Gary Calton for the Guardian, theguardian.com/uk/gallery/2012/aug/21/royal-navy-military
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based habitat, but is less appropriate for habitats in outer space due to a lack of gravity.
When discussing exercise in outer space, additional difficulties and risks arise that
can be quite hazardous. While many of the same approaches for encouraging astronauts
to exercise may be used, the benefits of regular exercise becomes especially vital when
one is in space. The increase in physical health is almost a secondary benefit, as habitats
in micro-gravity require inhabitants to maintain a high level of physical activity to slow
the detrimental effects of micro-gravity. As opposed to reaching a fitness goal, exercise in
space revolves around staying as physically fit as possible despite the fact that negative
physical effects are going to occur. Essentially, exercise in space solely focuses on slowing
the decline of an inhabitants health.
Unlike Earth, traveling in space means the lack of any appreciable gravity field.
The lack of muscle use resulting from micro-gravity causes muscles to shrink, as muscles are
no longer needed for most tasks. Bones are also no longer being used to counter gravity,
and do not maintain their strength without the constant jarring and pressures of life in a
gravity field. The lack of use experienced in micro-gravity can cause demineralization
and symptoms resembling osteoporosis. The result of these changes is referred to as
Spaceflight Osteopenia and research into countermeasures for this condition have also
led to advances in the treatment of osteoporosis on Earth. Such degenerative conditions
will become more pronounced as time is spent in outer space, though periods as short as a
few weeks will result in a noticeable decrease in muscle mass. The diminution in bone and
muscle mass may also cause immediate problems such as an increase in kidney stones,
but far more concerning is when an inhabitant returns to a planet or other gravitational
field. As length-of-stay in a micro-gravity environment increases, it becomes increasingly
difficult to acclimatize to one’s original weight. A year in space could equate to months of
rehabilitation to enable one to move on Earth with his or her original strength. The inclusion
of exercise in space, today a 2.5 hour-per-day daily minimum, would work to offset
dangerous physical degeneration as well as provide the aforementioned psychological
benefits.
166

167

Psychology in ICE Environments

5.5.3 Eating
Food is a vital commodity of the human race. From foraging enough to ensure basic
survival to modern industries feeding billions of people, this aspect of daily life is a source
of experiential variety and fundamental aspect of survival. However, when dealing with ICE
environments the normal issues surrounding consumables, such as production and quality,
are compounded. Supplies must remain edible for as long as possible, be relatively easy
to prepare, highly nutritious, and have variety. Few things can dampen the spirits the way
consistently poor food can, and as the duration of missions extend, the desire for quality
meals consistently increases. The only options available to long-duration crews will be an
assortment of high quality previously made meals, or the bulk storage of simpler options
that can then be cooked. In some cases, this diet can be supplemented through fresh
produce grown in the greenhouse. High quality, and, at times, fresh, foods will be of great
psychological benefit.
Cooking or mealtime also has social aspects tied to the activity, because it provides
communal time around a table, a place for discussion, or getting to know those with whom
one is living with on a more personal level. Within a closed social environment, meals
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While made with canned goods, sushi night at the Dome was always a favorite meal, and usually came with a variety of Asian dishes on the side.
Credit: Author
172. Harrison, Albert A.; Akins, Faren R.; Connors, Mary M. (2012-06-06). “Living Aloft: Human Requirements for Extended Spaceflight“ (NASA History Series). National
Aeronautics and Space Administration, Kindle Location 1358
173. Häuplik-Meusburger, Sandra, Peldszus, Regina, Holzgethan, Verena “Greenhouse Design Integration Benefits for Extended Spaceflight”Article, Acta Astronautica 68 (2011)
pp 86

95

96

Psychology in ICE Environments

Psychology in ICE Environments

allow for an important time in which one may be personable instead of solely professional.
It can also provides a chance to be creative through the act of cooking, a rare opportunity
at times in an isolated and confined habitat. Experimenting with recipes, having cooking
competitions, or even celebrating random events such as Pi Day can become a way to

inhabitants that have a requisite long-term expedition, such as individuals that winter over
in the Antarctic, the ability to grow food becomes both a source of fresh produce and a
social activity. Gardening can have therapeutic benefits as well; tending plants from seed
to adult and watching them growing- living things can nourish the senses as much as the
body. It has been observed that astronauts who had absolutely no interest in gardening
while on Earth enjoyed spending hours a day tending to plants on the space station.
Growing higher order plants, such as strawberries or lettuce as opposed to lower order
plants such as grass, that can be used for more rare menu items often provide a dramatic
psychological boost as well. The simple presence of and interaction with plants has also
been shown through biofeedback to have numerous beneficial effects, from lowered blood
pressure to an increased immune response. These physical benefits make the inclusion of
a greenhouse for both dietary and psychological health an important inclusion for those
living in ICE environments.
McMurdo is an ideal example of where plants have been grown and where the
respective positive effects they have for individuals within that isolated community are
wholly clear, solely due to size and duration in which the greenhouse been in operation.
2
Used year round, the 646ft room is completely insulated and supports a variety of plants
including spinach, tomatoes, peppers, and herbs. The edible output is enough to feed 230
people a salad every 4 days, and it is often visited by inhabitants who work outside of the
hydroponics department solely so they may enjoy time with the plants.

stave off boredom.
Options are becoming available for the 3D-printing of food, which will open up
even more creative and potentially delicious options. Paradoxically, when an environment
has become boring, people often forgo recreational activities but place a large emphasis
on mealtime. Individuals in isolated environments can take twice as long to finish a meal
as those in the general population, and in Antarctic environments inhabitants spent about
30% more time than usual for embellishments for their food. Mealtime, or even simply the
topic of food, is a large part of the social life in outer space or other ICE environments, and
should be taken advantage of when designing common areas of any habitat. An activity
that is both pleasurable and necessary several times a day should be a point of focus in ICE
habitat design.
Food is also an area where considerations for habitat self-sufficiency encourage
the approach of growing consumables on-site as well. Concerning the experience of
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“People can’t anticipate how much they’ll miss the natural
world until they are deprived of it. I have read about
submarine crewmen who haunt the sonar room, listening to
whale songs and colonies of snapping shrimp. Submarine
captains dispense “periscope liberty”, a chance to gaze at
the clouds and birds and coastlines and remind themselves
that the natural world still exists. I once met a man who
told me that after landing in Christchurch, New Zealand,
after a winter at the South Pole research station, he and his
companions spent a couple days just wandering around
staring in awe at flowers and trees. At one point, one of
them spotted a woman pushing a stroller. “A baby!” he
shouted, and they all rushed across the street to see. The
woman turned the stroller and ran.”
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Celebrating international Pi day at HI-SEAS habitat, Hawai’i
Credit: Jocelyn Dunn, Mission Blog, 8-Month Mission on “Mars”
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Due to the absolute necessity of food in general, and the psychological benefits
that can be imparted by fresh foods, facilities for its growth, storage and preparation will
require careful consideration and integration into future ICE habitats. The edible aspect of
life is a focal point for both socialization and relaxation and will be, to a greater degree,
when living within an ICE environment. Quality of consumables can have a large impact
on the morale of inhabitants, and the inclusion of a greenhouse may accentuate the social
and psychological benefits of food by providing an additional psychological consideration
for inhabitants to enjoy. Within the HI-SEAS IV mission, cooking was a major focus for
the majority of the crew, with the kitchen being a place of frequent experimentation and
socialization. In an environment of continual stress and little environmental change, the
opportunity to cook a good meal or enjoy fresh greens can make a significant difference to
long-duration inhabitants.
5.5.4 Lighting
Humans have evolved to live within a diurnal cycle of light and dark, and, like many
species, they are largely active during the day and sleep at night. The diurnal cycle is
experienced or regulated within the body through circadian rhythm, which can be described
as the internal clock that provides a sense of time passing during the waking hours. Many
cues such as lighting and activity can signal that it is time for the body to prepare for sleep,
with regular schedules helping individuals become ready for rest.
182

The circadian rhythm describes how one experiences the passage of time and is
influenced by natural changes in light levels. Within a habitat, this can be achieved through
the use of LED lights, which change hue throughout the day, or, if available, exposure to
normal natural light. These gentle variations throughout the day affect the ebb and flow
of a persons daily life within the environment and help to regulate each person’s “body
clock” or individual sense of time passing. While one can look at a watch, this action has
none of the psychological impact of seeing the sky become dark or feeling the world wake
up for the day. The lack of these natural effects can physically manifest in an individual,
with imbalances to circadian rhythm affecting heart rate or other stress markers. In more
extreme cases an individual can suffer from seasonal affective disorder (or SAD), which is a
type of depression stemming from a lack of appropriate lighting, and is one of the better
understood effects of lighting on psychology.
183

184

185

182. Bugeut, Alain C.G.. “Sleep Under Extreme Environments: Effects of Heat and Cold Exposure, Altitude, Hyperbaric Pressure and Microgravity in Space”. Article, Journal of
Neurological Sciences 262 (1-2):145-52. Nov 2007, pp 149

Psychology in ICE Environments

Variable LED lighting can mimic natural changes through the day, creating a better approximation of the diurnal lighting cycles that the human mind desires.
Credit: Ilumi, ilumi.co

Within the lives of those working in offices or other indoor spaces, a great deal of time
is spent in artificial lighting conditions, and this is especially true within ICE habitats.
This constant lighting interrupts the circadian rhythm of inhabitants, and lacking one of
the primary cues for sensing the time of day, the body and mind will fail to segue into
periods of recuperation. Constant and unchanging lighting can make working efficiently
more difficult, and sleep issues may become more common. Specifically, difficulties with
sleep patterns often occur in outer space, as any semblance of natural lighting has been
completely removed from the environment due to a requirement for artificial lighting.
The lighting within many ICE habitats is not dissimilar than what is experienced in an
office building or school. Interiors are lit by a simple blue or yellow hued light using LED,
incandescent, or florescent fixtures. Many ICE habitats in remote locations also experience
daylight as one would in a typical city, with drilling platforms or other ICE habitats being
located at similar latitudes to major cities, but in remote locations. Habitats will experience
variable sunlight and days that change with the seasons much like most other places on
Earth, as long as views to the outside are included in design. While the circadian issues
that come from long exposure to unchanging light can occur in an office building or an ICE
habitat, the opportunity to step outside and experience natural light is an effective remedy.
However the interior lighting of habitats begins to take on increasing importance as they
are located in areas of extremely high latitude, such as the poles. Daylight within these
latitudes can be composed of periods of light and dark that last months instead of hours.
The confined environment of a habitat alongside extremely long periods of light and dark
can seriously disrupt an individual’s sense of time and lead to an increase of psychological
issues including somatic complaints or SAD. While the psychological effects of this wealth
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of or lack of light affects people to varying degrees, there are instances in which lighting
can have a greater effect on specific individuals, and unnatural lighting will wear on most
people as durations increase.
The advent of new lighting technologies such as LEDs have provided a great deal
of potential options for interior lighting, from simple illumination to highly sensitive lighting
meant to imitate natural light for habitats. With the high level of control that now exists
regarding the quality of interior lighting, it is an attractive design inclusion to have lighting
that changes its hue throughout the day to mimic natural patterns. Programs such as f.lux
can apply these changes in hue directly to computer monitors and heavily reduce eyestrain
by shifting the base colors in a display from blue to red as day turns to night. Research is
also showing a greater correlation between circadian rhythm and sleep with experienced
lighting conditions.
Considering the ease with which naturally changing light can be
included in habitats, especially those in which no natural light may be had due to a high
latitude or being within an outer space environment, flexible illumination should be a basic
human factor consideration for the deign of ICE habitats and inhabitant comfort.
Changes in hue that are possible using LED lights are a small portion of the abilities
of LED lights as a whole. With lights controlled digitally the hue of lighting can change over
time. Lights that are small enough to be concealed or be used in extremely small spaces, and
lights that can recreate virtually any color. While the inclusion of LED lighting for its ability
to mimic the natural changes of light throughout the day is extremely valuable, such lighting
is also able to be used to change the feel of an interior through more dramatic means. The
simulation of weather, lights pulsing in time to music, or other custom programming can
often be included within the programming for commercially available LED lights such as
Hue lights and can help to dispel the monotony of an ICE environment. Lighting also exists
that perfectly simulates natural daylight, enabling underground or isolated places to have
a skylight. These and other lighting options will be more fully discussed in Chapter 6: The
Experienced Environment.
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5.5.5 Sleeping
Sleep is a vital component to the health and well-being of any human being, serving
to restore the body and mind. As discussed in the prior section on lighting, the experienced
qualities of illumination during work or daylight hours can affect the quality of sleep, and
the social or psychological stressors of ICE environments also have an effect on the ability
of inhabitants to properly take advantage of down time or rest.
While the schedule of inhabitants within ICE environments is often very repetitive, the
nature of these environments can make getting the required rest difficult. Storms, cramped
quarters, or isolation can result in one having difficulty sleeping. When discussing more
stressful ICE environments such as those in outer space and with the presence of microgravity, such conditions can make restful sleep even more difficult to obtain.
While outer space has additional psychological stressors when compared to the
poles of Earth, regular sleep schedules are still common. However, the duration of sleep
experienced by astronauts is often shorter than is typically experienced on Earth, while
still maintaining adequate levels of REM sleep. While humans can sleep in space, the
reduced quality of sleep with increased sleep disturbances such as flashes of light can
create fatigue, which often goes unnoticed by those suffering from it. Individuals who
are impaired by fatigue have trouble realizing or gauging their impairment, a dangerous
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Skylab 3 astronaut Owen Garriott in his sleep restraints, needed to prevent astronauts from floating away while unconscious.
Credit: NASA
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condition to suffer from within ICE environments. Tests have shown that staying awake
for 17 hours, which is a common occurrence in space habitats, may cause impairment
similar to that of having elevated blood alcohol levels. However, lack of sleep is not a
condition that solely affects astronauts either, as ground crews at NASA work similar hours,
as do scientists or other professionals living at the poles. Where safety is of the highest
concern, issues with sleep can make individuals more prone to accidents and decrease
their quality of work, something that must be avoided when working in ICE environments.
Reintroducing diurnal lighting cycles is a first step in addressing this issue through design.

Many issues can contribute to sleep loss, or circadian desynchronization, while in outer
space. These include irritating noises, physical discomfort, disturbances caused by other
crew members or machinery, and varying temperatures. While each of these factors may
contribute to sleep issues, perhaps the greatest influence is interior lighting. Because orbiting
craft see 16 sunrises per day, and light in the outer space environment is extremely glaring,
sleep rhythms can become dramatically unbalanced. Similar problems with sleep often
occur in remote societies around the world which are based nearer to the poles, due to long
periods of day or night that may last several months. Inhabitants in McMurdo, for example,
may not see the sun from sometime in the month of March, to the month of October. Such
long periods of light or dark can do more than simply disrupt internal rhythms or make
sleeping difficult, but, in certain individuals can cause fugue states. Given these conditions,
and the human need for sleep, it is crucial to address lighting and environmental issues
more closely for individuals living in ICE environments. Comfortable beds appropriate to
the habitat, control of light and noise during the nocturnal phase of the day, and privacy
when desired are all critical for design.
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“[A]nd I was going to sleep when I heard this little tinkling noise ...
and it was Story [Musgrave], and he’s in the airlock fooling around
with the suits ... and I would doze off and then I’d wake up …
“Story, if you’re going to play all night, you’re going to have to do it
outside!”
Paul Weitz
198

(NASA)
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“I felt like I was tired, towards the end of the second EVA and I felt
like it wasn‘t from the physical effort. It was from the lack of good
sleep. I didn‘t take the pill because it was not a macho thing to do.
But, looking at it, I would do it now. In the future, people ought to
do everything they can - including that - to get some good sleep,
so they‘ve got their maximum energy the next day. I don‘t feel like I
had it. I felt like I was really running out of gas. I think I didn‘t sleep
well because I was just nervous and excited. I think it was just being
hyper and being worried about it going well.“
Alan Bean (Apollo 12)
200

It has been shown that sleep is affected by the environment, both in situations
of stress while in orbit and in analogous research here on Earth. Many observations
come from studies of sleep in overwintering inhabitants of Antarctica, where trends of
sleep disturbances are common. Addressing this issue and its affects will become more
important as durations increase. Options involve making more comfortable private quarters,
addressing the comfort of the entire habitat environment holistically, and using specific
remedies such as an hour of bright light in the morning, which has been shown to benefit
circadian rhythms and improve performance.
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HI-SEAS bedroom, single occupant. Picture taken from the door; the entire room is the size of a typical closet and shaped like a slice of pizza. Only enough room for a bed
and small desk. While rooms like this are functional, they allow little space personalization and appear quite clinical, even after an occupant has moved in.
Credit: Author
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5.5.6 Leisure
Within the western working world, time away from work is highly valued, allowing
individuals to focus on their personal lives or spend time with others in more casual settings.
When one is living in Antarctica, under the ocean, or in outer space, time away from
work is much more difficult to acquire. When in outer space, astronauts must stay in the
work place, and find other ways to decompress in what little time is allotted for rest. Strict
schedules may also be kept aboard ships, or within habitats focused on research across the
ICE environments of the world. While some unique situations arise that allow for excessive
leisure time, like the relative lack of work that accompanies the polar night, time away
from work can be difficult to find or challenging for crew to invest in and must be carefully
considered within ICE habitat design so as to enable inhabitants to successfully recuperate
in time away from work.
Leisure activities that have been well documented in space travel include photography
and gardening. The act of photography, given the spectacular views available from orbiting
stations, is a hobby that often comes to dominate time off on the ISS or other prior American
space stations. Perhaps due to cultural or programmatic reasons, crews on the Russian
204

Amundsen Scott South Pole Station reading room. Quiet hours are enforced, with a wealth of real books and places to lounge. Also a quiet place to enjoy music or just relax.
Credit: Jeffrey Donenfeld, jeffreydonenfeld.com/

Mir space station, instead, focused on the growing of plants and were deeply interested
in the tending of growing specimens during time off. A focus on these activities, that are
each in unique way tied to a relationship with the natural world, is potentially an interest
that is hard wired and should be kept under consideration when designing ICE habitats.
Providing nature-based activities may be especially vital for habitats that are so far from
Earth as to preclude a view, or those which are located on other worlds. Interestingly, part
of the reaction to ICE environments, especially when in a work-centric project, is that people
often neglect leisure time even when it is available. The emphasis of a mission is the work
to be performed or overall human progress, and personal time or self-driven projects can
be given little attention while this is the case. It is possible that a lack of interest in personal
work is an extension of the common occurrence of people simply letting time pass when
confined in these kinds of environments. Books are not read, foreign languages are not
practiced, and many personal goals become neglected. When individuals either embark
on multiple tours within isolated environments and see such tours as normal instead of an
experience to overcome, or simply accept that the routine of the habitat is their daily life, it
is likely that a return to a healthy investment in the self and relaxation will occur.
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Amundsen Scott South Pole Station employs a variety of instruments and promotes social events such as karaoke to encourage creativity and socialization among the crew.
Credit: Jeffrey Donenfeld, jeffreydonenfeld.com/
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5.5.7 Working
The primary purpose for living within ICE environments, as well as traveling to
space or other worlds, is to work on specific projects or conduct research. The uncovering
of mysteries, gathering data for a new theory, testing new technologies or attempting to
understand the world or universe. ICE environments are also locations for new industry,
exploration, and enormous, and variously defined, profits. The majority of time within these
environments will be spent working, and due to the expense and risk of getting habitats
and people to remote environments, the working space should be given high priority in
design. Elements such as the garage of a polar station being well laid out for the servicing
tracked vehicles, to the science center of the ISS taking full advantage of micro-gravity in its
experiments.

“We tried to hide as much stuff as possible behind the panels. As
we did so, we noticed a lot of impractical features that were hard
to foresee on Earth. A lot of empty space behind the panels is not
used at all. No one realized we would need a place to store various
pieces of equipment such as brackets, poles, and holders when we
finished using them. Besides that, bags, belts, locks and other items
have been permanently fastened here, preventing our using the
existing space.”
Valentin Lebedev, Salyut 7

Psychology in ICE Environments

in any remote base. A unique work culture and method for working tends to grow under
such isolated conditions, and the reality of that must be taken into account by designers as
well as inhabitants in order for efficient work to be carried out. One of the most prominent
issues regarding professional tasks within a habitat will be an abundance of psychosocial
stressors; the differences in inhabitants cultures, training, gender, education, and other
facets that can affect working relationships. These potentially discomfiting interactions can
be exacerbated in isolation or other stressful environments between inhabitants in isolation
or in their contact with support crew outside the ICE environment, a prime example of this
being the crew of Skylab-4. In 1973 the crew went on strike simply turning off their radios
and refusing to communicate with ground control for 24 hours. By taking a much needed
day off, and doing so in such a dramatic fashion, the way in which work is scheduled for
astronauts today changed from a detailed time plan that can be impossible to maintain, to
a list of tasks that are worked on by an astronaut as he or she sees fit. With such a flexible
schedule, more work gets done with less stress, which suggests that an understanding of
the crew and mission for expeditions on Earth or above it, is vital before the programming
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Many issues need to be considered within the work environment- a lack of distractions,
the maintaining of skills that could be lost through long periods of calm, even ensuring that
the final created work environment is suitable for the inhabitants and type of work that will
be conducted within that work environment into the future. When dealing with a microgravity environment, such as that on a space station, designers on Earth often cannot
wholly foresee the ways in which interior spaces or unused equipment may eventually be
used.
Micro-gravity is often the cause of strange uses of interiors throughout orbiting
stations. Astronauts can merely push equipment toward one another sending it gliding
through an interior space without needing to carry it. If any tool or gadget is misplaced,
it can often be found in the interior netting preventing such objects from being sucked
into air vents. While more dramatic in outer space, analogous experiences can be found
208. Häuplik-Meusburger, Sandra; “Architecture for Astronauts, an Activity Based Approach”. Springer Wien New York. 2011, pp 235
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The interior of the International Space Station is an extremely cramped place to work, using every available space to store supplies or conduct experiments.
Credit: NASA
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and design of an ICE work space occurs. For example, crews that have an “individualistic
cultural orientation”, such as Americans, can more often suffer from depression or fatigue
when removed from their social support structures. Negative reactions to stressors not
related to work life can still make working in ICE environments more challenging, especially
within a habitat supporting multiple nationalities that can accentuate such differences.
Assessing and understanding these cultural dynamics when choosing and training crews as
well as designing their shared workspaces would be a high priority due to the time spent
in such areas.
Discovering how best to conduct work in an orbital ICE environment is especially
critical within the ISS, as it is the only remaining station in orbit that is inhabited by individuals
of diverse nationalities. Thus, first-time astronauts are immediately exposed to long-duration
working arrangements. The potential for crew conflict provided by this has prompted
additional cultural training while on the ground using analogues, focused on discussing
expeditionary behaviors and related human factors issues between cultures to ensure teams
are viable before being sent into orbit. This focus on individual’s needs over engineering
matters is another positive step toward sensitive design in outer space, and training for
future missions is focusing much more heavily on interpersonal sensitivity, adaptability, and
conflict management. The comprehension that human factors are a fundamental part of a
successful mission is being realized.

year, but it also encourages a healthy international cooperation and competition between
the bases. In Antarctica, like nowhere else in the world, friendly interaction between people
from assorted countries can be seen. It exists as an almost ideal expression of national
cooperation, operating in relative obscurity every year at the pole.
Another positive response to crews isolation taken by polar inhabitants is the creation
of Ice Stock, a New Years celebration of music and dancing, often featuring live musicians
as many of the individuals living within Antarctic bases learn to play or advance their skills
playing an instrument during their time there. Celebration of musical talents is potentially
part of the coping activities of inhabitants or a natural inclination of those who would
volunteer for such difficult work. Shirts are designed for the annual event each year,
and the entire community gathers together for a celebration and concert. While difficult to
quantify, it is likely that such events are vital in the overall health and productivity of such
isolated communities.
A common activity among inhabitants in Antarctica or elsewhere is the act of
celebrating the various holidays of each culture present. McMurdo Base is full of people
dressed as elves and reindeer during Christmas, and many other holidays are seen as a
time for costumes and frivolous activity. Certain ICE habitats, McMurdo in particular,
are large enough and have the available resources to allow for a more complex societal
response to the respective ICE environment. Overall group health, general camaraderie,
and many other societal considerations that typically only occur in sufficiently large groups
of people have begun to manifest at McMurdo due to the size of the population. While a
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5.5.8 Hobbies and Projects
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Apart from the work that is regularly assigned as part of an expedition, it is common
for inhabitants to use their down time in ways that help them cope with the ICE environment.
Crafts, games, an educational goal, or group projects are common occurrences, with
varying levels of commitment, but always the intent to accomplish a personal project.
Perhaps the most recognizable example of hobbies within ICE environments is the
annual Antarctic Film Festival, which was established since 2008. Dozens of international
ICE habitats are spread across varying regions of Antarctica, and the relatively small
crews that winter over each year extend a surprising amount of effort in the writing and
production of independent films, usually comical takes on pop culture, games or current
events from their home culture, and even the challenges of living in Antarctica. Not only do
the films serve to distract and entertain those who are severely isolated for six months of the
215
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Gaming at McMurdo during 6 months of winter darkness, one of the popular areas to gather. Team competitions or role playing games are some of many hobbies.
Credit: A Year on Ice
216. A Year on Ice, 2014
217. Antarctic-filmfest.com/quickcat.htm, accessed 03/30/2017
218. Ajpadilla.wordpress.com/2013/01/09/mcmurdo-holidays-part-ii/ “McMurdo Holidays Part II”. accessed 04/23/2015
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topic that would require additional research beyond the scope of this dissertation, the
positive societal and cultural response to the harshest of environments by those living in
Antarctica could serve as an inspiration for future efforts to accommodate more complex
society within larger ICE habitat designs.

respond to a complex problem with an elegant gesture, modify interior programs to unlock
new experiences, or create buildings that were once thought impossible.
Creative design responses will be vital when approaching the numerous physical,
social, and psychological issues of inhabitants who are living in the ICE environments of
Earth, in outer space, or on other worlds. Humans beings are complex, psychologically and
physically, and, as a species, we will continue to require creative responses to new design
problems if we are ever to call ICE environments home. Successful habitat design requires a
holistic understanding of multiple design issues, the blending of multiple disciplines towards
a common purpose. The most adaptable, and therefore successful, ICE habitats will be
designed using a broad understanding of both environment and inhabitant. It can be
argued that astronauts today have difficulty thinking in these sorts of creative approaches,
but this will need to change as duration aloft increases.
Artistry and creativity should also inform the daily lives of those living in ICE
environments. Whether an ICE habitat is perceived as a home or merely shelter, dangerous
environments will have associated stressors and create a psychological impact on
inhabitants. The act of creativity can take many forms, but one of the most applicable when
considering ICE environments is catharsis. Catharsis as the unconscious motivation towards
the creative act, simple expression, can be an attempt to resolve one’s personal reactions
to the psychosocial stressors of an ICE environment. This can be satisfying repressed needs
or even resolving an internal conflict. In a manner akin to the way individuals indulge in
the creative act through hobbies to supplement activities within their everyday lives, those

5.5.8.1 Creativity in the Habitat
One of the defining characteristics of successful buildings and the architecture which
designed them has been creativity. From something as subtle as an expression in a building
form to the clever use of materials within a facade, to new approaches in programming
or the inclusion of new technology. The concept of individual creativity has continuously
changed how human beings live in the built environment. Advances in architecture have
come from assorted drivers as well, from relatively superficial means such as an architect
attempting to define his or her own respective style, to a design solution deriving solely from
technical analysis or research on the needs of a specific community. Regardless, it cannot
be understated that the principle strengths of a good architect are based in the existence
of innate creativity and artistry within problem solving. Creativity is what allows one to
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The crew of the British Antarctic Survey submit their movie to the Antarctic Film Festival, of a Spartan Army fighting an invading snowman army. These sorts of activities can
provide a great deal of relief to the monotony or other social and psychological issues of long duration isolation in the Antarctic
Credit: British Antarctic Survey, basclub.org

Despite weight or size restrictions, personal items purely for fun are included on the ISS, such as musical instruments. This can dramatically boost crew morale.
Credit: NASA
219. Liapi, Marianthi. Oungrinis, Konstantinos-Alketas. Linaraki, Despoina. Paschidi, Mariana. “The Astronaut’s Playscape: Supporting Creativity Through Play in Long-Term
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living in ICE environments use the arts or music as an emotional release, or even to add
to the quality of their experienced environments within the habitat. Expression is an act
that will vary based on each individual and his or her respective circumstances, so it is
impossible for the architect to truly plan a habitat around the potential personal expression
of inhabitants. However interiors may be designed to better accommodate such acts, with
an inherent flexibility within the interior environment that will allow inhabitants to shape their
respective environments. Flexibility should be a consideration for the architectural design
of interiors, especially within ICE environments, and the embracing of such an approach
would allow designers to include interventions that are focused on the psychosocial health
of inhabitants above more tangible needs such as shelter. ICE habitat design should enable
inhabitants to adapt their environment to suit themselves.
Innovation in response to challenging environments may also become a highly
valued trait as the duration of time spent in ICE environments grows. Viewing obstacles
with a new perspective is an approach that allows for holistic problem solving and imbues
a group of inhabitants with greater adaptability. In the effort to spend longer durations in
environments ever farther away from Earth, the ability to change, adapt, and express will
enable inhabitants to remain both physically and mentally healthy despite the incredible
challenges offered by ICE environments environment. The simple act of playing will also
serve to counterbalance heavy workloads, encouraging inhabitants of ICE environments to
be creative simply for pleasure. “Innovation is one of the hallmarks of a creative person”,
a quality that will be extremely valuable in long-duration expeditions on other worlds, far
from the support of Earth.
221
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5.5.8.2 Artistry and Applications
An important facet of daily life in long-duration habitats will be the inclusion of
hobbies and projects from home. An inhabitant of an ICE environment might stop playing
his or her guitar for a few months during relocation to the habitat and while conducting
research; however, most human beings do not wish to give up the personal activities that
have defined their private and social lives. Hobbies which have arisen in ICE environments
already, such as the pursuit of natural photography through the view-ports of the ISS, is an
example of interests developed within ICE environments among astronauts that may even
supersede caring for plants. Several live concerts a year are held in McMurdo by crew
members of the population who are musically inclined, as well as the annual Antarctic
Film Festival which encourages each country’s ICE habitat to film experiences of life on the
continent.
An individual can be compelled to pursue a creative act for many reasons, but
perhaps the most beneficial effect art or hobbies can have for individuals of long-duration
expeditions is providing catharsis. The unconscious motivation for a creative act, simple
expression even, can be an attempt to address personal issues, such as satisfying repressed
needs or resolve a conflict. Using art in this manner can help individuals cope with social
isolation, react more positively to the stressors of the environment, or even promote closer
relationships between the individuals who are living in isolation together.
A creative person is more capable of adaptation, holistic problem solving, or
approaching new problems in non-standard ways. This gives a greater degree of flexibility
to the crew, allowing for a quick response to problems in an environment that may be defined
by total isolation, outside of potential help. Mark Watney, a character who is a biologist
and astronaut from the novel “The Martian” is the penultimate example of an individual
who possesses this character trait. An irrepressible sense of humor mixed with the ability to
adapt everything around them regarding their health or safety allows long-duration crews
to both stay psychologically and physically healthy while inhabiting the ICE environment.
Another appropriate example of creativity addressing and overcoming extraordinary
circumstances occurred during the Apollo 13 mission to the Moon. Numerous potentially
lethal issues, from carbon dioxide buildup or course corrections for the spacecraft, had
to be dealt with immediately using unique solutions. The failure of any one of the hastily
crafted solutions created by the Apollo 13 crew or those at NASA would have meant the
death of three astronauts. These examples suggest that creative problem-solving could be
a desirable quality for inhabitants to possess.
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The inclusion of interventions within the office which serve no purpose other than to engage occupants or provide whimsy can keep the mind fresh. Employee
productivity and creativity are higher in office environments that create an engaging working experience as opposed to cubicles or other drab design.
Credit: Google Offices, Tel Aviv, home-designing.com/2013/03/google-offices-in-tel-aviv-israel
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In the home-life of the average person, energy is spent making the home environment
feel unique. Design choices include specific tastes in furniture, blinds and curtains, and
flooring rugs and walls. In addition, individuals fill their homes with art, plant life, or other
personalized touches that make the interior recuperative. Encouraging such “personalization
of the home” would have the potential to make ICE environments more psychosocially
conducive to the inhabitant.
While space within ICE habitats is at a premium, there should be design inclusions
that are primarily focused on human factors. When considering the mechanical or industrial
feel of ICE habitats in orbit today, such as the ISS, or to an even greater degree the Apollo
or Gemini programs, it becomes clear that the psychological health of inhabitants was
of relatively low priority when compared to the testing of spacecraft and systems. After
solving the relevant engineering problems related to habitat construction and required
interior space for an expedition, ICE habitats were occupied with few resources aimed at
addressing the psychosocial issues related to inhabitants. A low inclusion of human factors
within design is demonstrably acceptable in examples where durations of inhabitation
will be short, as the U.S. Space Program was very successful with the Apollo and Gemini
programs, and one may look at successful examples of orbiting stations such as Skylab or
the ISS. However, a focus on engineering efficiency and the inclusion of scientific instruments

over human considerations were necessary during initial attempts exploring outer space,
due to the technology of the era and the relatively short time periods in which inhabitants
were confined to a single small habitat module.
Including unique experiences within the home is a growing trend in design as
well, with unique interventions changing the way in which individuals live within their
environment. Reading lofts over the library are made of webbing, occupants will perform
activities on the roof, and various other non-standard inclusions such as moving walls are
becoming more common in the architecture of the home. If nothing else, the next generation
of ICE habitat designs should focus more heavily on revised approaches to old problems or
methods, rather than merely focusing on what has proven “good enough” to this point.
When considering an expedition with a duration of several years, it will be necessary
to design for concerns relating to the health and happiness of inhabitants to the same degree
as the efficient use of space and materials. Measuring the success of an expedition by the
health of its inhabitants and the quality of work they perform may encourage more value
on making a space feel livable than it would be to include a certain experiment or piece
of equipment. The mission would, due to efforts to accommodate inhabitants psychological
and social comfort, likely experience fewer issues relating to inhabitant behavior, enjoy a
greater chance of overall success, and result in more data collection and higher quality
data due to an ability to perform at higher levels. Inhabitants within ICE environments are
vital for keeping machinery running and performing the prescribed research that initially
warranted the expedition, and the psychosocial needs of those inhabitants should be of as
much concern as more tangible issues such as environmental safety.

5.5.8.3 Benefits of Creating

226

5.5.9 Colors in Zero Gravity
ICE habitats lacking gravity are the only type of habitat built in outer space today,
as designs utilizing artificial gravity are still relatively underdeveloped. Among the unique
environmental traits that will exist when designing the interiors of habitats built in outer
space and those built without the inclusion of artificial gravity, the inclusion of color
within the habitat is a tool that will prove beneficial for individuals within it. As such, it is
important to design interiors for the experiences that will define living in outer space today,
predominantly that of micro-gravity.
Specifically placed colors in the overall design of an interior can have immediate
physical benefits for a crew living in a micro-gravity environment. The most immediate
and common problem of individuals attempting to live in space is nausea or disorientation
227

Homes today are becoming ever more personalized for their occupants, less concerned with traditional planning than the creation of unique experiences
tailored for individual tastes. This can create more attachment to or investment in a home, an inhabitants ideal environment to live.
Credit: Exterior shot is the Knapphullet cabin in Norway, by Lund Hagem. Interior is a modern library from geekologie.com
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due to issues within the vestibular system of the inner ear. Essentially, without gravity there
exists a disconnect between what one sees and what his or her sense of balance insists
is happening. A room may be oriented to look almost as it would on Earth, but the mind
is convinced one is slowly falling over backwards. This sensation induces a great deal of
discomfort and can make individuals feel nauseated.

Disorientation can also be exacerbated when one moves into a new portion of the habitat
and other inhabitants are floating upside down or are otherwise oddly oriented. In order
to establish a “down” for inhabitants within an ICE habitat, color schemes have been used
in a way that implies a common orientation. Darker colors mark the “floor” lighter greens
or natural colors denote the walls, and the “ceiling” of the habitat can be marked in light
blue. This rough suggestion of earth/sky is useful for ones senses although one must still
adjust to the micro-gravity environment, but it also ensures that the community orientation of
the habitat is the same for all who dwell within it. Individuals will orient themselves properly
relative to the perceived “up” within a module of the habitat, and ones eyes will have a
steady reference to check while the vestibular system is still adjusting to micro-gravity.
While the use of colors is extremely helpful for micro-gravity environments, the
approach of including colors or materials from Earth may improve the interior environment
of a habitat in other ways as well. Currently, many ICE habitats, including the ISS, are
defined by mechanical inclusions, and the experience of living in orbit has been likened
to living in a machine shop. Metallics or pale colors dominate, with gears or machinery
occupying a majority of the available space. The effort required to design the interiors
of current hard-shell module habitats in orbit to be more comfortable will increasingly be
worth the investment. Within general design moves, an inclusion as simple as disguising
certain mechanical aspects of the habitat, or working to include basic nature simulation in
lighting could make a large difference to the experience of inhabitants.
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5.6 WELL Design Considerations
Within traditional architecture on Earth, interest in the experienced quality of
buildings and how those qualities may affect an occupants health is growing. The WELL
Building Standard is oriented around the long-term health of occupants, focusing on a
variety of building elements such as material off-gassing, presence of water, access to
sunlight, and many additional criteria. As humans spend more than 90% of their time
indoors, this building standard attempts to address the negative physical and psychological
aspects of living indoors and how to make the interior environment more conducive to
healthy living. While written as a guideline, the implementation of a system that considers
occupant mental health and happiness within the design of a building is a positive step
towards the inclusion of human factors in any structure, not solely ICE habitats.
The inclusion of a basic attempt to address the issues considered by WELL design
232

Conceptual artwork for Mir, using interior colors to suggest a communal orientation and help avoid space sickness or other discomforts in a zero-g environment
Credit: Galina Balashova, iconeye.com/opinion/review/item/12306-galina-balashova
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standards would be starting point for ICE habitat design. Seven categories of human
comfort and health are addressed in WELL, all of which encompass holistic approaches
to a general area of the experienced environment. For example, the category of comfort
focuses on an indoor environment that is distraction-free and soothing. It also discusses
thermal and acoustic controllability, and policies towards designing with these in mind.
Other categories include air, mind, fitness, light, nourishment and water. Each of these
topics is explored through the means by which an interior environment can affect occupants
through that respective topic so as to identify and implement the ways in which design can
more directly benefit people through their environment. The sub-section of mind, which
focuses on psychological and emotional health through design elements, is especially
pertinent to ICE habitat design.

The creation of the WELL Building Standard is not only evidence that human
factors are becoming a greater concern within the architectural profession as a whole,
but many of these measures are also supported by existing government standards or other
organizations that quantify these new styles of design moves. While the categories within
WELL guidelines are areas that should be addressed in common architectural design work,
their specific importance for ICE habitat design is compounded by environmental, social,
and psychological stressors. Industry concerns for more holistic human health issues lend
support to the notion that design solely for the benefit of individuals and their overall health
is more significant than has been acknowledged. Spending 90% of ones life indoors, or
100% of it in an enclosed habitat, demands that these spaces are capable of providing
inhabitants with a truly healthy interior environment.
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Performance

Countermeasures
Against Error

Volume Limitations

Architecture

Feeling Claustrophobia

Increased Privacy

Inadequate Free Volume

Design

Lack of Privacy

Increased Personal Space

Limited Pressurized Volume

Privacy

Irritability

More Habitable Volume

Windows
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Creation of
Potentail
Safety
Hazard

Evacuation

Stowage
Noise

Vibration
Isolation
Control

Sleep Disturbances

Earmuffs

Failure to Respond

Sleep Deprivation

Headsets

Failure to Communicate

Circadian
Desynchronization

Drugs

Failure to Coordinate

Poor Communication
Environmental Quality
Deterioration

Assignment of
Responsibilities

Teamwork

Unhealthy or Unsanitary
Environment

Teamwork

Lack of Hygiene

Improve Personal Practices

Discomfort to Others

Group Standards

Individual/Group Illness

Lack of Cleanliness

Repair Hygiene Facilities

Illness

Teamwork

Irritability to Perform Tasks

Training

Disease

Inadequate Housekeeping
or Lack Thereof

Recruiting and Training

Communication Devices

Assign Responsibilities

Breakdown in Life Support

Death

Table describing the potential stressors on a crew, and the likely results of those stressors. Countermeasures against each potential level of stressors is also shown, along with the
more final levels of extreme stress. The effective management of these issues through creative design by architects or creative response by crew will be a major factor in the success
or failure of missions.
Credit: “What Do We Give Up and Leave Behind?”, pp 8
233. Archive.epa.gov/greenbuilding/web/html “EPA Green Building”, accessed 03/27/2017
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5.7 Conclusion
The most significant difference between the drivers of architecture in daily life and
that of ICE environments could be summed up in the idea of space. The space to move
freely, to work comfortably and live happily. For an individual living in cities like Paris or
Tokyo, there is room to wander, to have a variety of relationships or interactions with others,
to visit museums or cafés or to relax or rest in a park. If one yearns for either friendship or
solitude, both are easily found; however, during winter at the poles, in outer space, or on
other worlds such things are often difficult to find. The ability to indulge in the many facets
of life is strictly limited. The social circle of an individual is constrained to those who have
come along, and if one wishes to go for a walk, he or she may need to do so using virtual
reality or even a rover for the sake of safety. The flexible use of space, creative interior
programming, and the careful design of every available habitable space is vital when the
only room inhabitants have in which to conduct their lives is highly constrained.
Ways in which architectural designers may approach using the use of extremely limited
interior spaces are varied. It is possible to imbue a greater sense of perceptual warmth or
interior variety through the use of materials, and the options for lighting are becoming more
realistic and pliable. The opportunities for inhabitants pursue hobbies, conduct research, or
relax within the habitat will come to have a great effect on interior programming or allow
inhabitants variability in the perceived qualities of the habitat interior as an expedition
continues. Flexibility is one of the greatest attributes that an inhabitable space can be given,
allowing individuals to add the necessary small touches to their experienced environment
that could never be planned for by one who is not present. Habitats that stray from the
sense of enclosed metal and can afford environmental variety, and a focus on human
factors as much as essential engineering, will enable healthier overall living at the poles or
in space.
When there exists a complex and sensitive response to the psychological needs of
inhabitants of ICE environments, bolstered by a well trained crew, humans will be able
to live healthily almost anywhere. Above all, designs must avoid monotony, and include
variability to the greatest extent possible. It is extremely difficult to offer the complexities of
life in the “real“ world within the confines of an ICE habitat, especially one that is within
outer space. The aim of architecture in ICE environments is to allow individuals to thrive
despite the dangerous environment, not merely survive. Thus, the inclusion of design moves
focusing on the psychology of inhabitants will be vital for making long-duration and healthy
habitation within ICE environments a reality.
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Increasing Your Room to Move in ICE Environments
“The way we experience the world around us is a
direct reflection of the world within us.”
Ritu Ghatourey
This chapter will look at design approaches and technology with which to address
the social and psychological issues discussed in chapters 4 and 5. The greatest obstacle
to long term health in ICE habitats is a lack of appropriate social and psychological
considerations that could enable individuals to live in ICE environments for a year or
more. With few exceptions, habitats tend to focus predominantly on the physical needs
of inhabitants and fewer resources are given to their psychosocial needs. Social networks
from the home environment are reduced significantly, with connections predominantly
maintained through phone calls or an occasional video message. Psychological inclusions
toward a more comfortable environment, such as the inclusion of diurnal lighting or warm
color materials are rare. Within habitats that contain a greenhouse, the inclusion of plants
is lightly touched upon solely in this area. ICE habitats have a tendency to be efficient and
industrial, and to give less focus to needs beyond the general physical requirements of ICE
environment inhabitants. While more consideration is being given to these less tangible
facets of life within contemporary ICE habitats, many way remain in which future ICE
habitats can become more responsive to the social and psychological needs of inhabitants.
These design considerations will become more necessary as the duration in which ICE
habitats are occupied continues to lengthen.
Contemporary trends in ICE habitat design places more focus onto human factors,
which has made long-duration stays on open-ocean drilling platforms or in the Antarctic
easier to bear for inhabitants. Design moves within the habitat, from the inclusion of
simple elements such as greater use of color to the creative use of new communications
technologies, will be required to enhance the work and private life of inhabitants. The
ways in which these inclusions modify daily life for inhabitants, and expand upon their
environment, are what is meant by the term experienced environment. The concept of the
experienced environment describes the amalgamation of experiences within the habitat
across all levels of an inhabitants experience; emotional, physical, and social.
A variety of ways exist in which the redesign of ICE habitat interiors can be approached
- new technologies are continuously being developed with a mind to reduce the size of lights
or speakers while increasing their capabilities. Materials for the construction of habitats are
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becoming lighter and more efficient, which will lead to an ability to create larger habitats
or more inclusions focused on inhabitants experience within the habitat. Contemporary
technology used to interact with the world is also undergoing immense growth, such as
with the creation of complex robotics or the use of both virtual and augmented reality. The
technology used in the construction of habitats is changing as well, with the creation of ICE
habitats out of local materials through the use of modified 3D-printers. These approaches
can be used to create habitats that are more complex as experienced by inhabitants,
helping to negate psychological issues and increase the duration inhabitants can remain
emotionally healthy while living in ICE environments.
Addressing the interior environment of ICE habitats is also relevant in response to
long running issues within contemporary orbiting habitats, such as a lack of privacy or
interiors which are heavily based on work. The ISS has had continuing complaints about
the interior architecture of the station since Expedition 1, which was the initial crew to live
aboard the station after its completion. Factors such as poor lighting design, the adjacent
placement of areas that do not necessarily compliment each other, such as private quarters
and waste storage, or excessive noise levels are among the most cited issues. The work
focused, industrial feel which defines life within many of the most advanced ICE habitats
must be addressed if these habitats are to support healthy human habitation over longer
durations than are currently attempted.
What follows within the next sections of Chapter 6 is a summation of the different
concepts and technologies that would modify future attempts at long-duration habitation,
as well as details regarding how these approaches could be incorporated within habitats
designs. This chapter is, thus, focused on the expansion of the interior environments of
habitats as experienced by inhabitants, through technological means as well as basic ICE
habitat layouts with regards to interior programming.
234

234. Baggerman, Susan D., Rando, Cynthia M., Duvall, Laura E. “Habitability and Human Factors: Lessons Learned in Long Duration Spaceflight” American Institute of Aeronautics
and Astronautics, Muniz Engineering Space 2004 Conference and Exhibit pp 5
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6.2 The Environment and Habitation
The concept of an environment describes two different aspects of living within ICE
environments, the first being the actual physical environment in which ICE habitats are
placed, such as planetary, poles or outer space. The second is the interior environment
of the habitat itself. Within ICE habitat design, the interior environment of the habitat is
broadly shaped by the environment in which it is placed. Construction methods needed for
habitats in outer space or the poles will necessitate certain basic forms for the habitat as a
whole. These initial factors for shaping a habitat can be seen in the massive architectural
design of oil drilling platforms, and the modular architecture of the ISS. An ICE habitat will
be restricted to certain basic forms dependent on the respective ICE environment in which
it will be placed.
After the basic form of an ICE habitat is decided upon in response to the ICE
environment within its chosen location, the primary focus of an architect becomes the
interior environmental design of the habitat, from material use to technological inclusions
such as diurnal lighting. These design choices are focused on the social and emotional
health of inhabitants, and begin to describe the experienced environment of the habitat.
Design choices relating to the interior environment must ensure that items within the habitat
function as intended, are easy to use, and easy to access. The initial form of an ICE
habitat, and ways in which the interiors can be made to address inhabitants needs, define
the general constraints of ICE habitat design.
The daily lives of those living within more typical environments, such as a city or
urban areas, have access to a broad and varied experienced environment. An individual
commuting to work or spending time in a public park is exposed to assorted levels of natural
lighting, weather, random social interactions, or stimulus that exists within the respective
area. The relatively high level of environmental change and social interaction available in
a quiet neighborhood is unavailable within the experienced environment of an ICE habitat.
Due to constraints on available space, extreme isolation, and an exterior environment that
is potentially lethal, inhabitants of ICE environments must rely on the interior environment of
the habitat to establish the social and psychological complexity needed to promote healthy,
safe, and emotionally sustainable long-term habitation.
235
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6.3 Benefits of Environmental Irregularity
Monotony, or an absolute predictability and routine, is a common negative element
within the experience of living in confined environments. The worlds of cities or other
human communities are full of change, of new people, of weather, and of all the vagaries
of life. In the environment of outer space or the poles, the need for variety to combat
monotony and its psychological effects such as micro-stimuli will become more pressing, as
the change which defines typical daily life is nonexistent. On Earth, inhabitants at the poles
will suffer through months of complete darkness and extreme isolation, perhaps the most
analogous terrestrial analogue to space travel. To an inhabitant within an environment that
is unchanging and confined, irregularity in daily life can prove beneficial to counterbalance
the perceived static environment.
Environmental irregularity can be created through the introduction of various stimuli,
such as natural patterns in lighting, sounds to create atmospheric sound effects within the
236
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habitat, or even simulated weather within select spaces such as a greenhouse. The ability
of a crew to shape their environment, physically and experientially, during long-duration
isolation will help to dispel monotony and address social and psychological stressors.
Modifications made by inhabitants may also center around changing social needs of crew
members at various periods during the expedition, or simply to alleviate a feeling within the
habitat that the environment has become stagnant.
As discussed in Chapter 5, the relative lack of stimulus in an ICE environment can
create many psychological issues for inhabitants, from the exacerbation of environmental
stressors to an increased sense of confinement. The inclusion of environmental irregularity
in a habitat is one of the primary means through which an ICE habitat capable of longduration habitation should be designed. However, the focus on varied environments must
also align with considerations for human factors design, which considers the basic designs
of objects or interiors and their relative ease of use. When an ICE habitat provides a variety
of experiences, while remaining intuitive to use, the daily lives of inhabitants will more
closely resemble those of their original home environments.
6.3.1 Varieties of Flexible Interiors
The interior environment of an ICE habitat can be made to change in a variety of
ways, from the inclusion of basic elements like diurnal lighting for public areas to more
complex systems like the simulation of a simulated rainstorm in the greenhouse. To the extent
possible, the flexibility or irregularity designed into a habitat should be manipulatable by the
inhabitants. Such flexibility imbued into habitat systems enables inhabitants to change their
respective environments to suit their current moods, the current state of the micro-society,
or even for cultural reasons such as a holiday. Inhabitants will often make modifications to
their environment so as to make it their own,
and allowing these changes to be easily
made with a high degree of customization will help ensure that environments will not
become mundane and are responsive to the needs inhabitants have in the moment.
The opportunity to change the interior programming of portions of the habitat is one
of the basic approaches in which inhabitants would have a greater measure of control over
their respective environment. Many options exist for manipulating interior programming,
such as through the use of panelized systems which are common in meeting rooms or
offices today. These panelized walls can allow interior space to be combined or divided,
and the use of space can be modified to match inhabitants needs. Panels may also be
partially opened to create semi-private spaces.
238,239

In this scene from Cloud Atlas, a drab concrete apartment is dramatically transformed into a neo-Asian home
complete with digital windows and modern amenities. Such technological control over an interior environment
allows for a variety of experiences to exist within a small space, or for confined spaces to appear much larger.
Credit: Cloud Atlas, Warner Bros. Pictures
236. Häuplik-Meusburger, Sandra; “Architecture for Astronauts, an Activity Based Approach”. Springer Wien New York. 2011 pp 278
237. phys.org/news, “Boredom Hardest Part of Yearlong Isolation” phys.org/news/2016-08-boredom-hardest-yearlong-dome-isolation.html, accessed 01/16/2017

238. Suedfeld, Peter. Steel, Daniel G. “The Environmental Psychology of Capsule Habitats”. Annu. Rev. Psychol. pp 245
239. Häuplik-Meusburger, Sandra; “Architecture for Astronauts, an Activity Based Approach”, Springer Wien New York. 201, pp 249
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While flexible interiors allow a reallocation of space within a larger structure, which
can imbue flexibility into the program of ICE habitats, there is still a need to consider more
subjective means by which the interior environment can be experienced. Material variety
in the construction of the habitat can have a substantial impact on the experience of those
within. For example, wood materials are desirable over concrete for private quarters, as
wood feels natural or warm whereas concrete is cold or impersonal.
Lighting is a consideration that not only addresses monotony, as it is perhaps
the easiest aspect to alter within a habitat, but directly serves both a practical and a
psychological purpose. The circadian rhythm of humans is measurably influenced by the
quality of light being experienced, both as a general sense of the passage of time, as well
as preparing the body and mind for rest. In addition to being used to recreate the effects
of natural sunlight within the habitat, lighting systems may be used to create more dramatic
colors and change the mood of a room dramatically, such as through the use of LEDs or
other manipulatable lighting.
240

Cloud lights add a touch of whimsy to private or public areas, shimmering as if full of lightening, with associated sound effects. The lights may be programmed to react to
music, which could enliven a crew celebration. While seemingly impractical, inclusions within the habitat aimed solely at inhabitant experience will have many benefits.
Credit: Richard Clarkson, Thundercloud Light, www.richardclarkson.com/cloud

Panelized wall systems enable larger spaces to be divided for private activities or recombined for group activities. Flexibility of space will make habitats feel less confining.
Credit: aecinfo.com

240. Caballero-Arce, Carolina, Vigil-de Insausti, Adolfo. “Lighting of Space Habitats: Influence of Color Temperature on a Crew’s Physical and Mental Health”. 42nd International
Conference on Environmental Systems pp2
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At the most basic level of consideration, interiors must address the needs and desires of
occupants across multiple disciplines,with each area of focus able to inform the ways in
which an inhabitant subjectively experiences the interior space. Desire for a customized
interior is most notable when considering the designs of private quarters. When compared
to a room type which exists in Western society, a reasonable equivalent could be a college
dorm. Habitat quarters are places that are often lightly furnished and minimally decorated,
and that hold one or two people. Over the duration of an expedition, private rooms become
covered with family photos, posters, art, or other individual expressions of a person to make
the place uniquely that of the respective inhabitant. Quarters within an ICE habitat may be
the sole private space experienced, so they must be able to accommodate the desire of an
inhabitant to make it feel like one’s own space.
Other areas within habitats that should be easily manipulated include public areas
such as dining rooms or lounge areas. Spaces devoted primarily to work such as labs must
128
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6.3.2 Simulated Environments

Virtually created natural environments are already the scene of successful experiential games, such as this scene from Flower, where players are a gust of wind.
Credit: Flower, thatgamecompany.com/games/flower

still have a strong focus on human factors, like ease of use, but do not require increased
environmental complexity. Work areas should be appropriately designed for the activities
to be conducted within them, whether they be scientific, labor-intensive, or other kinds
of work. Psychological benefits through environmental irregularity are more appropriate
when designed into public areas, where they can be fully appreciated and used in a
social context. A possible exception to putting human factors interventions in areas that
are not work related is their inclusion within greenhouse. Despite being primarily used
for experimentation and the growing of plants, greenhouses have often been a point of
special interest for inhabitants. The greenhouse at McMurdo has a distinct social aspect to
it, being both warm and the only source of casual interaction with plants. Within orbiting
habitats crews have long reported discovering a keen interest in gardening once aloft.
The relationship between plants and humans is one that can and should be acknowledged
when designing ICE habitats.
241

Simulation of natural environments through the inclusion of sound, lighting, or
other systems within a habitat creates a psychologically centered means through which
an ICE environment can be softened. The simulation of an environment allows for the
introduction, however basic or complex, of qualities which may be found in the natural
world. Environmental simulation can be taken to various extremes as well, dependent on
the space for which it is being designed. Within general public areas such as the dining
room, the installation of lights that mimic the changes of natural daylight is an appropriate
consideration regarding the circadian rhythms of human beings. Simulated environments
in the greenhouse offer more opportunity for variety. Speakers within the greenhouse can
give the impression that birds or a water feature are present but not seen, and lighting
complimented with misters can give the impression of a gentle storm. Enabling the watering
of plants to be an event that can be experienced, or perhaps viewed from an adjacent public
space, can provide a much-needed variation in the static environments of ICE habitats.
The creation of private rooms is another consideration that may afford inhabitants
more complex forms of environmental customization. As these areas are perhaps the sole
private spaces available, they should be flexible enough to suit an occupant’s every mood.
A sound system and speakers can be included in the design so as to allow inhabitants to
play music or simple nature sounds to add aural depth to their room. Customized lighting
or materials are also appropriate ways in which to address the design of private quarters
Public areas may be imbued with greater environmental variety through lighting
or the inclusion of natural sounds as well. During normal working hours, one may gently
change the experienced “weather” by modifying the lighting to vary slightly in intensity and
hue, or have the lighting randomized to change slightly at different times of the day. Lighting
behaving in this way can help to dispel a sense of monotony. When using lighting which
mimics natural rhythms of a day, one not only helps to prevent the habitat from becoming
dull, but can provide benefits in other psychological ways. While the most apparent benefit
to changeable lighting is the break in monotony, it would be possible to have the lighting
of a public or private space set to recreate the lighting conditions found in an inhabitants

Variations in natural light, shown on the top row, have an impact on hormone levels in the brain as well as an impact on natural circadian rhythms in humans, the static
lighting which defines illumination on the ISS, shown on the bottom row, interrupts these functions in the brain.
Credit: Carolina Caballero-Arce and Adolfo Vigil-de Insausti “Lighting of Space Habitats: Influence of Color Temperature on a Crew’s Physical and Mental Health”. 42nd
International Conference on Environmental Systems

241. Roach, Mary.“Packing for Mars: The Curious Science of Life in the Void”. 2010, Calibre Location 83.2
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hometown. If the general lighting and background noise of a room is at that moment
replaying the current weather of hometowns or even a favorite travel destination, it may
help to foster a sense of closeness with places left behind, and thus reduce the sense of
isolation. At the very least, select areas like the greenhouse or private rooms should have
the ability to mimic a variety of weather and natural sounds, for potential psychological
benefits like reproducing a day at home, but primarily to afford inhabitants a greater
variety in and control of the environment.
Lighting that simulates environmental conditions has continuously become more
complex, progressing from the simple color changes made possible by LED lights, to a perfect
recreation of the qualities of natural sunlight or more advanced simulations of weather.
While still relatively new, these lighting systems are already being used within homes and
public institutions such as hospitals to create more natural and relaxing environments.
The most realistic light for creating simulated environments is currently the CoeLux
skylight. Layering of nano-structured materials and LED lights closely imitates the Rayleigh
Scattering of natural sunlight, or the way in which an atmosphere of gas particles cause
sunlight to become the particular shade of blue humans are familiar with. This technology
allows for skylights that are thin enough to be placed anywhere in a room, and appear
to contain actual sky and genuine space within. The color temperature and quality of
light created by CoeLux are indistinguishable from sunlight to the casual observer or even
cameras, making their inclusion within habitats highly valuable; subterranean or fully
enclosed rooms would appear to have views to a sunny exterior environment, lessening the

sense of confinement that accompanies life in ICE environments. Within polar environments,
where long winters devoid of sunlight are an annual occurrence, or northern communities
in which SAD is a common issue, lights that perfectly recreate natural sunlight would have
a strong positive psychological effect on inhabitants. Mimicking natural sunlight would
be highly valued on an expedition to Mars or within an underground lunar base, where
exposure to sunlight is both dangerous due to radiation, and lacks the comforting qualities
possessed by sunlight on Earth.
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“I often find myself explaining to patients that it’s fake”
-Dr Piero Picozzi, Humanitas University Hospital
244

Other options for lighting which have less realism but more flexibility can be found in
Hue lights, which are an LED light that can be used for multiple applications, from normal
lighting to simulating the natural vagaries of sunlight over the course of a day. While
predominantly used for standard lighting, Hue lights may be programmed to change color
quality to mimic natural lighting cycles in nature, respond to sound, or act as a light alarm.
Additionally, several programs exist that allow Hue lights to mimic the feel of natural events
like thunderstorms, complete with sound, or the ambiance provided by a fireplace and other
common relaxing atmospheres. Private quarters, or public spaces such as greenhouses,
become easy to modify through lighting, depending on the desires of inhabitants.
245

6.3.3 Materiality

Artificial skylights exist which can perfectly recreate sunlight, for basement rooms or hospitals, and give the sense that one has a view to the outside. Small areas can feel much
more open, with real sunlight benefiting mood as well. In the picture on the left, a CoeLux artificial skylight is used to calm patents in a claustrophobic MRI machine.
Credit: CoeLux, coelux.com
242. luxreview.com, “Humanitas University Hospital installs CoeLux in Radiosurgery Ward” luxreview.com/article/2015/05/humanitas-university-hospital-coelux, accessed
01/15/2017
243. MacKenzie, Angus. Newatlas.com, “CoeLux skylight brings “sunlight” to windowless spaces”, accessed 01/15/2017

The materials which commonly make up the internal environment of ICE habitats,
such as panelized walls or metal, will be
a defining characteristic of those interiors
for inhabitants over the duration of a
mission. Within the private quarters of crew
members, the option of choosing a custom
faux material panel or to match personal
tastes or genuine materials such as wood
is a potential modification. The inclusion of
visually engaging bedding or even shelving
is possible to get creative with typically mundane architectural details, especially within
that may be reoriented can also make one’s Itprivate
quarters, where greater customization or unique features would make the small
space more engaging.
quarters simply feel more personalized. Credit: Filip Janssens, filipjanssens.be
244. luxreview.com, “Humanitas University Hospital installs CoeLux in Radiosurgery Ward” luxreview.com/article/2015/05/humanitas-university-hospital-coelux, accessed
01/15/2017
245. meethue.com/en-US “Phillips Personal Wireless Lighting” accessed 04/03/2016
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interventions within this chapter have yet to be tried. Rather than shy from new possibilities,
the architectural design of habitats for ICE environments should attempt to investigate and
establish new methods of creating holistically minded, livable interiors. Once solutions
for current social and psychological issues are discovered and utilized, new standards
regarding the quality of life within an ICE habitat can be realized.
6.3.4 Miegakure and Shakkei: Techniques for Modifying Space

Creative use of materials can have a dramatic effect on those living in any environment. Counterclockwise from top left: geometric wood flooring, example of step design
utilizing geometric wood flooring, a potential design made of multiple rugs which combine together, and a new design in process.
Credit: Lago.it

Within the field of interior design, specifically when considering the design of a home, the
material choices for a dwelling can often have a dramatic effect on the finished product.
Rooms that appear to be made of wood, stone, or other natural materials as opposed to
simply painted white engaging the senses and tend to be more pleasant places in which to
live.
It is also possible that the inclusion of materials for furnishing the habitat would allow
for further customization of public and private spaces. Options exist wherein carpets are
made of several individual pieces and, as such, are able to be radically altered by moving
individual parts into a new composition. Similar modularity can be given to shelving units
or floors, imbuing a habitat with the option for new crews to organize their environment
in a manner that is most conducive to personal preferences. As opposed to the typical
painting of walls, the substitution of less traditional but more flexible materials such as
white-boards or chalkboards would enable inhabitants to create art in their rooms, take
notes while brainstorming, or otherwise interact with their environment in a more tangible
way. Many of the material plays or other design choices used to experiment in making ICE
habitats more responsive to inhabitants can lead to design innovation, especially habitats
in micro-gravity.
The advent of new technologies, modular furnishings, and a more complete
understanding of human needs within ICE environments necessarily means that many of the

One of the most defining characteristics of life within an ICE environment is the
sense of confinement. Habitable volume is always limited, and leaving the habitat is difficult
due to the severe nature of the environment in which a habitat is placed. This begets a
need to use the interior space in the most efficient means possible, but also suggests that
methods for increasing the perceived interior space of a habitat would be beneficial for the
psychology of inhabitants. Forced perspective is common in art or landscape design, and is
a technique where the scales of visible objects are modified to give an impression of depth
with is not actually there. Various techniques also exist to increase the perceived space of
an area which are commonly used in Asian architecture or landscape design.
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246. Fairburn, Sue, Dominoni, Annalisa. “Designing from the Unfamiliar: How Designing for Space and Extreme Environments can Generate Spin-off and Innovate Product Strategies”. Conference Paper, April 2015. 11th European Academy of Design Conference, pp 2-3
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This view looking out from Entsu-ji shrine in Kyoto is an example of Shakkei, in which a distant view is incorporated into the local landscape to give an
impression of depth. Within an ICE habitat, this principle can be applied to trick the eye into feeling as though interior spaces are larger than they actually are.
Credit: Häuplik-Meusburger, Sandra, Peldszus, Regina, Holzgethan, Verena “Greenhouse Design Integration Benefits for Extended Spaceflight”Article, Acta
Astronautica 68 (2011) 85-90. pp 89
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Miegakure

The concept of Miegakure ties two places together through shared views or
momentary glimpses. Instead of two separate rooms, one experiences two joined
spaces, and the experiential sum of those spaces is subjectively larger than reality.

Shakkei

Shakkei is employed by appropriately framing views within each other; a small space
may be given greater apparent depth. This can be done with plants, low walls, or
other means of interrupting the line of sight of an inhabitant.

Within the field of Japanese gardening, two concepts dictating of the use of space and
forced perspective are directly applicable to the interior environments of ICE habitats.
Miegakure is the act of partially concealing an object from view, such as when one might
need to walk around a corner to get a full view of a pond, the edge of which can only be
partially seen from the current point. Programming a space in this manner is done both to
create an expectation for the viewer, while acting as a mystery to draw him or her toward
that point. These partially interrupted views are used in gardening so as to allow visitors to
be gently guided through a space, however within ICE habitat design, these partial views
may also serve to dispel the sense of being confined. Views to adjacent areas, even partial
views, lend the impression that the area one occupies is larger than it is in actuality.
Shakkei translates as “borrowed view” and occurs when objects outside of a garden
are used in the creation of that garden’s layout. A mountain in the distance may be framed
by two small trees within the garden, giving the impression that the garden is far larger than
in actuality. Both of these concepts are intended to make a garden seem larger than it is to
an occupant, and can be applied to the design of habitat interiors for similar benefits. The
presence of a partial view of adjacent areas promising a new perspective, or giving the
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impression that something in the far distance is part of the space being inhabited, serve to
increase the experienced volume of a habitat and help alleviate the feeling of confinement.
Within the architectural bounds of habitat design, Shakkei would be employed
through the use of more distant parts of the habitat to broaden the respective individual’s
experience of his or her immediate area. This type of play with space can be accomplished
through a careful planning of views, such as the use of a low wall separating a semi-private
area from a public area. Shakkei would be especially beneficial in rooms adjacent to the
greenhouse or garden where one can make a relatively small space seem larger using
actual vegetation. Perhaps the simplest way of utilizing this approach to perceived space
within a habitat would be through the use of artificial views. The most basic form of an
artificial view would be a poster or other type of art, but could also be accomplished with
video screens acting as simulated windows.
Miegakure is similarly applicable, though is perhaps more easily achieved when
designing in larger areas as opposed to the more confined spaces of crew quarters. The
primary common area within an ICE environment would be designed in such a way that
adjacent sections of the area are not separated by a complete wall, but segments or
portions of one. Inhabitants are afforded views of the adjacent places but never allowed
a direct view, experiencing constant expansion and compression of their sense of space,
before moving into an adjacent space. Miegakure is also the term that describes the quality
of being drawn to a new area, much in the way that seeing the edge of a cherry tree may
lure one around a bend in the path. Letting elements of the next interior space trickle into
adjacent spaces can act as attractive elements, guiding people through adjacent spaces
and providing constant views of other areas, even if only partial views. Through the use of
Miegakure, ICE habitats would have an amalgamation of spaces, or joined experiences,
that exist as distinct elements of a coherent overall design. Such an arrangement of views
is preferable to having and isolated box next to another isolated box, or many confined
experiences joined solely by a door or basic hallway. If the connections between areas
within a small space are created in a way that provides a partial view of one space from
the other or vice versa, each room will begin to take on the experiential qualities of a larger
space.
While the terms Shakkei or Miegakure are able to be interpreted in a variety of
ways, they are useful conceptual tools for expanding the limited experienced environment
of an ICE habitat. Aspects of these concepts, especially the careful use of Shakkei, may be
quite challenging without a garden or the volume of a larger habitat with which to employ
the technique. However, it is vital that architectural designers grasp how a given space
will be experienced by its respective inhabitants, and endeavor to make that space feel
larger than it might actually appear to be. Especially in long-duration missions, or eventual
permanent settlements, these kinds of psychological considerations will become quite vital.
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6.3.4.1 In Gardens: Perspectives and Plants
The original applications of Shakkei and Miegakure were used to describe methods
for designing gardens. These organizational concepts should thus be applied within
greenhouses or in the creation of an ICE habitat garden, and not solely in the programming
of the habitat itself. While a greenhouse may or may not have been designed to resemble
nature, it is still possible to use the space and plants within the greenhouse to create
expanded views for inhabitants. By framing views of the greenhouse using a window, or
having a large view into or out of the greenhouse in a public area, on can employ either
Shakkei or Miegakure to make the habitat interior feel more expansive.
In larger habitats, or permanent bases, the use of gardens has the potential to
become a central social area. Such a situation is already the case in McMurdo, and given
the possibility of long-duration habitats on the Moon or Mars, greenhouses could begin to
take on an even greater role as social centers within habitats. The potential applications of
gardens in ICE habitats are discussed at length in Chapter 7.
6.3.5 Plants in the Habitat
When considering plant life within an ICE habitat, aside from that of the greenhouse,
ICE habitats usually lack such natural inclusions. Reasons for this vary, with plants on
the ISS being restricted to the greenhouse module either out of necessity, or due to the
lack of appropriate places for plants to grow outside of a greenhouse in a polar habitat.
Redesigning the greenhouse to create a social space is a single significant design move, but
is one that can only directly influence the perception of places directly adjacent to it. While
providing views or encouraging the use of the greenhouse can be of great psychological
and social benefit to inhabitants, how to increase the reach of these benefits to the rest of
a habitat must also be considered.
The primary limiting factor of a greenhouse is in the resources needed to keep plants
alive. Growing a variety of plants requires hydroponics systems, specialized lighting, and
even temperature control to ensure proper plant growth. In the effort to spread plants farther
through the habitat, it is impractical to spread the systems required for a greenhouse in
order to accomplish it. The many systems required by a greenhouse would use excessive
amounts of resources like water or even habitable space. There is not enough energy or
room to transform an entire habitat at the poles or in outer space into a garden. A potential
solution to the need to make plants more present within habitats comes in how plants are
grown in the greenhouse itself.
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Contemporary approaches to
greenhouses focus on racks or tables
of seedlings being germinated and
grown before being placed in areas of
the greenhouse that are most beneficial
to individual needs as a species. These
places are often constructed as shelves,
with plants growing in large hydroponics
units.
The architectural concept of
modularity that makes an ICE habitat
possible at the poles or in outer space
can, of course, be applied specifically to
the design of a greenhouse as well, which
would enable plants to be moved from the
greenhouse and placed throughout the
habitat for the purposes of enhancing the
decor. It is possible to have the modules in
which plants are being grown be smaller
and removable. Rather than a large tray of This modular system, called Herbˆ2, takes up little space and can be used to introduce plants
areas of the habitat where a greenhouse would be unavailable. Natural inclusions
plants that must remain in the greenhouse, within
can make habitat interiors more variable.
Credit: Fabrikaat, Extra.wdka.nl/fabrikaat/team-3-foldingbending/
such trays could be made of individual
boxed units, a plant or two per unit, which can easily be taken from the tray and placed
for a time around the habitat. Nooks placed in private quarters, along communal dining
tables, or wherever a plant may be desired, would hold one of these plant modules for the
course of a meeting or meal, then returned to the greenhouse.
Creating a greenhouse with flexible design and planter units that can be moved, if
only for a time, would enable plant life to be placed around the habitat, wherever a little
greenery be desired. Thus, when considering designs for greenhouses which are included
within habitats primarily for scientific and food source purposes, a modular approach to
planter design and placement would enable social areas elsewhere in the habitat to be
enhanced, even if temporarily, with natural elements.
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6.4 HI-SEAS IV: Habitat Experiences

6.5 Virtual Reality and Applications

Within the Hawaiian Space Exploration Analogue and Simulation mission (HISEAS), the internal environment of the habitat was difficult to manipulate. Lighting was
very basic, and the only lights that could be changed in color were a strip of LED lights
in the common area. However, these lights were unable to be dimmed and provided no
simulated natural light options, being restricted to basic colors such as red, green, blue or
yellow. The habitat itself was partially translucent, in that enough sunlight passed through
the exterior wall into the habitat to allow for easy viewing, and afforded a small semblance
of natural light changes throughout the day. Certain portions of the habitat shell had thinner
layers of material, and crew members went to lengths in order to sit in areas like the rear of
the habitat or the airlock where the natural light was strongest. The main public area was
almost never used, due to mediocre lighting and a lack of privacy. In addition, this area
could not be subdivided and was directly viewable from almost every other area within the
habitat, as were the private quarters, being located on a platform over the common area.
This made it difficult to find an area where one would feel unobserved.
Habitat materials consisted of plywood for basic walls, painted white, along with
the waterproof fabric shrouding the structure of the dome being white. Little customization
of the environment could occur as inhabitants are not allowed to hang things on the walls
of the dome itself, due to it being fabric. While the walls of personal quarters could support
pictures, there was only a single small shelf for personal items and a light mounted on the
wall by the door. Neither private quarters nor public spaces truly felt comfortable for the
majority of the time, and the carpeting was a simple thin, dark carpet, while the majority of
walls were plain white. While more than capable of supporting six humans for the course of
a year, the duration would have been far more manageable and even pleasant had greater
inclusions for environmental modification and lighting been considered and included in the
overall design. Simple additions, such as soundproofing for private quarters, would have
resulted in a more psychologically and emotionally sensitive habitat experience.

Virtual reality (VR), including digital interactions between individuals with submersive
headsets, has already made a significant impact on contemporary society. Beginning
with basic digital social interaction like email or instant messaging, to the existence of
telepresence devices and cloud-based communication systems, society is reaching a point
in technological development when simulation can be used in new and creative ways.
Much of the world currently socialize on computers and cell phones, for some even more
than socializing face to face. It is possible to tour the Sea of Tranquility on the Moon or even
navigate around Mars using Google Maps, and many people have a deep connection to
profiled versions of themselves on Massive Multiplayer Online communities, which can
be influential on behavior in real life. It is difficult to argue that virtual worlds and digital
relationships have less than an a far reaching ability to influence daily life. VR utilizing
submersive helmets is a burgeoning technology that is already used in the training of
doctors and astronauts, and is currently being enjoyed for digital recreation. VR can
easily be adapted for working in remote locations, or to play a part in the training of
inhabitants within ICE environments in much the way it is currently used in the training of
astronauts.
An emerging technology that can create even more realism when working with
virtual reality environments is the idea of haptic feedback. When objects in a virtual world
may be experienced through one’s sense of touch, they are using haptic feedback. By
wearing gloves that are embedded with tiny inflatable bags, one may touch a virtual
object and have the bags inflate to create a sense of pressure on one’s hands. The pressure
felt allows one to more naturally interact with digital objects, as picking something up or
placing a hand against a wall will create pressure on the part of the hand touching the
virtual object.
While haptic feedback would make the use of recreational VR even more immersive,
it also opens up interesting possibilities when discussing telepresence or the operation
of robotics. Real world objects may be interacted with from a distance, controlled by
an inhabitant within an ICE environment while they manipulate a robot from afar. This
can allow interactions with family back home, or control a mechanical arm outside of
the habitat for repair tasks. Various types of haptic feedback gloves are commonly used
today, and there exist simpler versions of these gloves that have no physical feedback
247
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yet still allow one to interact with digital forms. The ability to use one’s hands in a digital
world creates an intuitive way to manipulate virtual objects and have a more immersive
simulated environment. It would also be possible to mix VR simulations with actual exercise
regimens, making something that is mandatory for astronauts and highly valuable for other
isolated people more enjoyable or simply less repetitive. The creation of VR integrated
clothing has also enabled users to have the motions of their bodies modeled in the digital
world. Body modeling or translating the movements of a body into the digital realm can
allow for a more realistic simulation of friends or family in a VR environment or be used for
other applications where body tracking would be of benefit, such as when engaged in an
exercise simulation.
More broadly, though, VR can be seen as a deconstruction of the confining quality of
a ship or habitat. It is a means through which people can experience new stimulus and new
interactions, or walk through an environment that is wider and more complex than can be
achieved within a habitat. It is not only physically but also emotionally and psychologically
healthy for people to go for a walk, escape from work for awhile, change their routine,
and recharge with varied experiences. Given the potentially long duration inhabitants will
need to remain confined, one’s mental health and happiness can be bolstered through
the use of simulated yet new stimulus and immersive familial interactions. When confined
to a monotonous environment, there is a limit on one’s ability to work effectively, whether
it is for weeks or months; it is a limit that has been found to exist, varying to a degree
250
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Using haptic feedback hand controls and an immersive VR headset, individuals can simulate the act of climbing dangerous mountains and cliffs digitally, introducing tension
or challenge in an often-times monotonous environment. This is one of many virtual worlds which can be created and visited using VR gear.
Credit: The Climb, by Oculus, oculus.com/experiences/rift/

The Oculus VR system in use. Shown are the submersive reality headset being used with the VR controller. These would function as your “hands” in the sample pictures.
Credit: Oculus Rift, oculus.com/experiences/rift/

Mixed reality can create a digital overlay to your physical reality, enabling immersive interactions with games, media, distant family, or providing information.
Credit: Microsoft, microsoft.com/microsoft-hololens/en-us
Using haptic feedback hand controls and an immersive VR headset, individuals can simulate the act of climbing dangerous mountains and cliffs digitally, introducing tension
or challenge in an often-times monotonous environment. This is one of many virtual worlds which can be created and visited using VR gear.
Credit: The Climb, by Oculus, oculus.com/experiences/rift/
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dependent on the individual. To enable expeditions to other worlds to remain stable on the
order of months or years, by affording inhabitants a greater measure of home or simply
environmental complexity, the inclusion of VR systems could be vital. Additionally, the use
of VR in “diffusing ideas through a network” or “fostering innovation” is under study, as
is the potential future impacts of VR on social structures. Given the potential benefits of VR
regarding a variety of facets of habitat life, the impact of these systems on quality of life for
those living off-world or in confinement may be defining.

remain sharp and that physicians or other crew members remain practiced at complex
procedures that might be needed later in a mission.
The use of VR for staying practiced at important procedures is not the only work
related application of the technology. VR allows the training of individuals in new
techniques using no resources and with no consequences. Becoming practiced in operating
robotics and machinery within the habitat, or piloting the spaceship in instances where
the habitat is traveling to another planet, can all be accomplished through VR. Simulation
technology allows for training in a risk-free environment with no loss of resources or danger
to equipment, which might be irreplaceable due to the isolation of a habitat. VR has also
been seen as having a high impact on the way in which education will be conducted in the
near future, replacing the standard classroom with smart environments that facilitates quick
learning and focused attention on students. Virtual teachers and simulated environments
would enable access to a great deal of information in ICE habitats, and allow inhabitants

252

6.5.1 Simulation and Training
One of the unique aspects when considering long-duration exploration missions is
the likelihood of encountering situations for which one cannot plan. When considering an
expedition of several years duration, it is possible for new skills to be needed by an ICE
habitat crew. Additionally, on an eight-month trip to Mars, the ability to practice reentry
procedures, medical procedures, or other skills, which can become stagnant over time,
could keep crew members practiced within their specialties. Historically, the crew doctor,
responsible for the health of the rest of the crew, has had limited options to exercise their
knowledge, a condition that has caused medics on military Antarctic expeditions to feel
useless. In this example, medics were given additional responsibilities outside of medical
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concerns to keep them occupied and contributing, yet it is still important that medical skills

The potential applications of Virtual Reality to the fields of medicine or education could be quite valuable to inhabitants of ICE environments, who may need to practice new skills for
a potential emergency or stay current on skills rarely used, such as medical procedures. On-going education is also of benefit to inhabitants confined for long durations
Credit: blog.visualpathy.com/infographic, vrs.org.uk/virtual-reality-applications

to become versed in procedures or other necessary skills.

Design or other work can be enormously benefited by having a digital overlay. Instead of modeling on a screen, you create what you need right in front of you.
Credit: Microsoft, microsoft.com/microsoft-hololens/en-us
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6.5.2 Virtual Natural Environments
VR has the potential to be used for many applications outside of training or conducting
work within a habitat. In contemporary society, the most common use of VR technology is for
immersive entertainment, gaming, and exploration of virtual worlds. Specific applications
include the Oculus Rift, which currently simulates everything from explorations of a haunted
house to rock climbing, even including hand-sets that enable users to interact more naturally
with objects in the virtual environments.
The immediate application of such easy access to VR entertainment in the habitat
is simply as a more immersive version of the escapism than that offered by books, movies,
or games. When donning a VR headset, all sight and sound within the habitat is replaced
by any digital environment that can be created, or 360˚ videos of concerts, scenes from
nature, even recordings of family gatherings. Some of the simplest ways in which VR can
be used is to make an individual feel as though they are in nature, by wearing only the
VR headset and enjoying recordings taken of nature. Videos taken in this manner are
extremely high resolution, immersive, and give the impression one is resting in a variety of
natural environments. The use of 360˚ video recordings is one of the simplest methods of
using VR gear, as the recording equipment can be purchased by anyone and used in the
same manner as a regular camera.
The ease of availability of the camera systems needed for this kind of video would
even enable family to record events such as holidays with a family member in isolation,
which can then be played at leisure by the inhabitant. Within habitats that are located onEarth and suffer no lag in communications, these cameras could allow inhabitants to feel
as though they are present at family events. A camera can be placed at the dinner table or
within the group, and an inhabitant would be able to look around, speak, and engage in
the basics of socialization with their friends and family. An inhabitant may attend a concert,
look their children in the eye, or celebrate important family events such as weddings or
birthdays. While a VR system alone would not allow family to read an inhabitants facial
expressions, or enable the inhabitant to interact physically with the world unless also
employing a virtual presence device (VPD), it is much more immersive than a face to face
interaction over a laptop, phone call, or email. The approach of offering limited, but high
quality, interaction with original social networks using VR has the potential to increase
emotional resiliency among inhabitants. A quality interaction with support structures will be
more beneficial than a higher quantity of less fulfilling interactions.
255

Virtual worlds such as this one, created by the Unreal 4 engine, can allow people living in confinement or isolation to experience outside environments
digitally. By donning a headset and “stepping outside” one may increase their experienced environment while remaining safely in the habitat. Credit:
Unreal Engine, unrealengine.com/
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Aside from beautiful natural scenes from Earth, virtual worlds can be made into anything you can imagine. Instead of exploring a meadow, astronauts
can simulate a hike across the frozen lakes of Europa, or any other destination. If you can program it, you can experience it.
Credit: Erik Wernquist, erikwernquist.com
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Another example of experiences beyond Earth for people to explore via simulation. Base jumping off the cliffs of the Verona Rupes, a 10km high cliff on
Miranda, the smallest moon of Uranus. Such unusual and varied experiences can help mitigate causes of isolation or confinement.
Credit: Erik Wernquist , erikwernquist.com
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Outside of familial interactions, the potential for VR to create environments is only limited
by what can be programmed or simulated visually. If an environment cannot be recorded
in 360˚ views, virtual environments that can be explored may be designed on computer,
and uploaded to habitats for use by inhabitants. Potential uses for the creation of simulated
environments may revolve around familiarizing a Mars crew with the site they will be
occupying on arrival, creating a computer model of an inhabitants hometown, or simply
entertaining with fantasy landscapes and interactive environments. The opportunity to step
out of a habitat digitally, and experience new and ever changing worlds, could have a
significant impact on the effects of monotony, isolation, or confinement among crew.
Many digital environments already exist, and can be explored with VR gear and a
computer by anyone interested in purchasing the equipment. The commercial market for VR
games and gear is expanding with companies like Oculus, Virtuix, and Vive creating
VR headsets, specialized haptic feedback gear, and platform specific games. These games
include extreme sports simulations, first person shooters, mind games, puzzles, and most
other mainstream genres of entertainment. Each one of these can be considered a new
environment one can explore and interact with. In addition, VR gear is easily hooked up to
computers and programs such as Unreal 4 can be used by inhabitants to create and then
explore any environment they wish.
The effect on an inhabitants psychology or social state of mind when allowed to
experience assorted environments outside of the habitat or spend time with family in a
digital manner is still being studied, but appears to offer an effectual response to needs
for environmental irregularity in dispelling monotony as well as increasing the perception
of healthy social connections outside of the habitat. The ability of VR to be used for mission
critical work such as training or education, while also enabling the crew more immersive
options for socialization or enjoying time off, makes the technology very attractive for
inclusion in future ICE habitats. Therapeutic programs also exist, enabling self guided
sessions on depression, problem solving, recognizing issues in behavior and addressing
them positively. Digital tools like VR have shown themselves to be immensely flexible
in their applications to many needs of an inhabitant, making their inclusion in future ICE
habitat designs desirable.
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6.5.3 Augmented Reality
One of the related technologies within the field of VR is augmented reality (AR), so
named as it is able to both modify the environment through a digital overlay while enabling
virtual forms of communication with friends and family back home. Unlike VR, AR does not
act to completely move a user into a digital world, but instead, to modify the view of the
inhabited environment digitally. The technology can be imagined as having the projection
of digital information floating in front of the user, either in open air or seemingly projected
onto surfaces of the habitat. Projections can be as simple as a face-to-face call being
placed on an empty portion of a wall, or as complicated as overlaying an entire digital
world onto the inside of the habitat. Another benefit to AR is that the equipment required
for it to be used is considerably smaller than with VR, often a headset which is comparable
to a heavy set of glasses.
While AR is currently a smaller market than VR, being that AR is newer to the
world of technology, many useful products have already been created, such as Microsoft’s
Hololens or high quality imaging systems, which have been developed by Magic Leap.
AR is growing into a technology designed to supplement the real world interactions of
individuals with digital information. When AR is used within an ICE habitat, it does not
prevent normal social interactions, as does VR. Work related uses of AR are expansive,
as being a technology based on visualization of data enables AR headsets to be used for
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Outside of work, AR goggles can make the experienced environment of an office, or an ICE habitat, more whimsical and varied. In this demonstration, a typical office space
is populated with realistic swarms of jellyfish, creating a beautiful and engaging environment for work or rest.
Credit: Magic Leap, magicleap.com/#/home
266. Grubert, Jens, Langlotz, Tobias, Zollmann, Stefanie, Regenbrecht, Holger. “Towards Pervasive Augmented Reality: Context-Awareness in Augmented Reality”. Article in IEEE
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6.6 Telepresence: Inhabiting Robotics from Afar

Augmented Reality creates a digital overlay on the actual physical world. In this demonstration, a gymnasium full of children would be able to see a realistic whale breaching
through the basketball court. AR goggles map out the space being inhabited, then accurately mix that reality with anything from graphic information to fantasy characters.
Credit: Magic Leap, www.magicleap.com/#/home

almost anything. Maps and information needed for geology tasks or surveying can be
projected onto table, holographic versions of friends and family can sit across from people
within the room, and leisure programs can make the habitat seem to be full of undersea life
or populated by imaginary characters. AR is potentially well suited for continuing education
and training, enabling digital overlays of information to be placed alongside actual projects.
Research has shown uses like this may be especially appropriate for STEAM fields, and
would likely be valuable in keeping training and techniques of inhabitants sharp during
long periods of relative inactivity.
Like VR, AR is based on modifying the experienced environment for users, either
with games, simulations, or work-related information. When combined, both of these
technologies provide a wealth of potential experiences for inhabitants to use in modifying
their environment. The ability to project entertainment, interact with holographic family
members, or simply modify personal quarters in a whimsical way all serve to provide a
richer experienced environment within the habitat, and supports social connections outside
of the habitat. AR, while still relatively experimental, has great potential for psychological
and social applications within ICE habitats.
269

Aside from using technology to create purely simulated worlds, it can also be used
to help maintain social connections. Telepresence is the act of using a robot or Virtual
Presence Device (VPD) to maintain social relationships over a distance, providing voice and
vision for the operator and a screen displaying the operator for the people interacting with
the robot back home. A VPD can allow people living in remote environments like the space
station or Antarctica to participate in events back home, helping to maintain a stronger
presence in original social circles from home environments.
VR through telepresence is conceptually simple; instead of making a standard phone
call, one inhabits a robotic body using a screen, essentially a video call with a physical
presence. If using VR goggles, interacting with family utilizing a full field of view instead
of watching on a monitor makes calling home a more immersive experience. Using a VPD,
one can attend family events, visit places on Earth, or otherwise engage in social activities
outside of the habitat, in almost any location on the globe.
While potentially very flexible as a social system and used around the world today,
VPD’s are limited by informational bandwidth and the speed of light. These constraints
make real-time telepresence a possibility for remote locations on Earth, in orbit, or to an
extent, the Moon. However light-delay would mean real-time interactions are not viable for
social interactions outside of the local area of the Earth. Despite this restriction, systems
exist today that enable instant communication from various places on Earth, and are used
for business, education, or physically dangerous work. Companies like Double Robotics
and iRobot have assorted telepresence
models that can be used for work in
hazardous environments, by doctors in
distant hospitals, or other applications
where one can imagine using virtual
presence to ensure human safety greater
efficiency than sending a person. If
included with the use of haptic feedback
devices, telepresence can enable
people to experience greater and more
natural interactivity through the use of
technology and will create a means to
work or socialize more naturally through
The use of telepresence devices can help maintain person to person interactions over vast
distances, creating an impression of working with an actual person, rather than a broadcast.
a virtual environment.
Credit: iRobot, AVA 500 Telepresence Device
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6.6.1 For Work
Telepresence is in use in a variety of fields today, from international business to
medicine, even in the care of the elderly. Studies have been conducted looking at the
potential success of integrating robotics into an elderly couples home to allow their son to
visit over the course of a year, with positive social benefits in the elderly. Similar devices
are used across industries for meetings or other business functions. Variations of telepresence
are also being developed for cell phones or other virtual media applications. The majority
of people currently use technology to communicate or to change the environment they
experience, as with games or instant access to information. The inclusion of robotics to
push this relationship with technology one step farther and increase immersion is a growing
trend in entertainment and education.
Studies have found the use of telepresence
in meetings to exceed the effectiveness of audio/visual communications, and found no
significant differences between telepresence and face-to-face interactions. These results
are highly suggestive that the technology, while still relatively new, is quite capable of
allowing acceptable person to person interactions by inhabiting robotics from a distance.
Within a habitat, the inclusion of robotics controlled remotely by people outside the habitat
could double as new coworkers, increasing the available social pool.
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through telepresence would enable safer working conditions. Many points of advanced
construction, on the spot decisions, or teamwork can only be handled well by groups of
highly trained people, and enabling crews to do this work while remaining physically safe
is a major potential benefit of mixing man and machine through telepresence. With the
coming large-scale projects that will be attempted on the Moon or Mars, there is going
to be a point where radiation exposure becomes deadly. Keeping people safe within a
shelter, while they build or conduct field work through the use of robots, is an extremely
practical method of keeping a human hand in base activities while keeping radiation doses
to a minimum. As this is a necessary step to what will become everyday work in space, it
is hardly surprising to realize the impact it would have on the experienced environment as
well. The use of this kind of technology, albeit in a relatively rudimentary fashion, has been
beneficial to our manipulation of robotics in space for decades.
The ability of robotics and rovers, especially given their relative imperviousness to
radiation and lack of environmental needs as compared to humans, may beg the question
of the need to send people to places such as Mars at all, the conception being that it is
much cheaper to explore such environments remotely. While the cost is inarguably more
in the sending of humans when compared to robotics, one must also take into account the
280
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Robotics may be used for dangerous work outside of the habitat as well. In cases
where a human presence is needed but the environment proves too dangerous, robotics
operated by humans through telepresence may act as a substitute. Studies of the duration
of time it would take to create a large ICE habitat on the Moon show that hundreds or
thousands of hours would need to be spent on the Lunar surface by construction crews. Even
assuming much improved suit designs in the future, this level of exposure to radiation would
be extremely dangerous, even lethal, for those being asked to construct the habitat. To
effectively allow human-operated construction through robotics will require a large step up
in the comfortable and intuitive use of those robotics through virtual reality gear. The ability
of inhabitants to stay in the relative safety of ships, a smaller habitat already completed
and protected from radiation, or even remaining on Earth, and then inhabiting the robotics
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quality and speed of work being done. Due to limits on the speed of light and the tools
that can be attached to a rover, a task such as geologic exploration can be incredibly
slow and limited in scope when using only a rover. Studies have estimated that even with
expected advances in robotics, humans are capable of working on a task at 1-to-2 orders
of magnitude than a rover. In other terms, what may take a rover on Mars six months to
accomplish, would take a geologist on-site approximately two hours. A geologist with a full
lab has been estimated at being able to do in a day what took the Opportunity rover on
Mars thirteen years to accomplish.
The ability of a human to move through terrain and make immediate decisions,
mixed with the ability to use rovers or robotics to avoid excessive radiation or conduct
less complex tasks suggests that a mix of both humans and robotics on an expedition
would grant the greatest potential flexibility when encountering new situations. Such a
collaboration would allow safer, more productive work for inhabitants in ICE environments.
283

“Key elements necessary for geologic exploration are intensive work
capabilities such as mobility, strength, manipulation, and the ability
to perform both arduous and fine scale tasks. Of equal importance is
the guiding influence of human intelligence and experience.”
Nancy Ann Budden
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6.6.3 Getting Outside: Leaving the Habitat Digitally
While the ability to use robotics to venture outside while remaining safe from
radiation is potentially vital to construction or exploration on other worlds, there is a less
obvious but perhaps equally important reason for this technology. Inhabiting a robotic body
would allow astronauts to exit the habitat for leisure or work and to decompress emotionally
and psychologically. Exploring outside with a robotic body is a leisure activity or distraction
from the monotony of daily life that is not only far more necessary in confined environments,
but the technologies that will likely be present within future habitats also make the act of
leaving digitally an easy addition. Leaving the habitat using on-site robotics is one of the
most manageable ways in which it is possible to expand the experienced environment of
an ICE habitat.
While the use of virtual reality in controlling a rover is already an immersive
method of working or conducting research, it can afford inhabitants this additional level of
experience. The chance to step outside, even in a digital manner, and experience an area
as if the operator were there personally. Exiting the habitat through digital means allows
greater duration outside as compared to the use of a suit, greater physical safety, and often
more comfort than actually engaging in an EVA, with its requisite hours of preparation and
decompression. Smoothing the connections between man and machine will be a significant
step in both making these projects a reality and allowing the people working on them to
experience the outside world.
When dealing with ICE environments, many of the potential issues can arise from
the confining aspects of habitats. It is difficult to have a sense of privacy, and interior
environments can become repetitive or stimulus-starved. While in space or on Mars it is
possible to leave the habitat, the act of doing so has varying levels of risk and difficulty.
At the poles of Earth, one only needs relatively safe weather and extreme cold weather
clothes. People go outside frequently to move between buildings or conduct work. In space,
going outside needs to be planned far in advance. Suiting up takes several hours, and
pressurizing for the EVA requires a minimum of four additional hours. Once outside, a
spacesuit restricts mobility and an inhabitant will likely be focused on work. This would be
analogous for the Moon or Mars due to environments that are also lacking in pressure and
requiring specialized suits. In all cases, there is rarely any time for oneself outside.
With a rover, or immersive virtual reality worlds, one requires only a headset and
haptic gloves to immerse themselves into a new experience. While today the required
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While the landing of rovers on another planet is a tremendous accomplishment, the distance covered by rovers is paltry compared to what could be accomplished with a human
geologist on site. The amount of work which can be accomplished by a human on-site is also far beyond the capability of a rover. While more expensive and inherently risky,
human-based exploration is far more likely to result in advances and new discoveries.
283. Glass, B and Briggs, G. “Evaluation of Human vs. Teleoperated Robotic Performance in Field Geology Tasks at a Mars Analog Site” NASA Ames Research Center, pp 7
284. Budden, Nancy Ann. “Virtual Presence: One Step Beyond Reality”. Article, To The Stars, January 1997. NASA-TM-112481, Lunar Planetary Institute (LPI) Contribution 875.
pp 32-35
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equipment is still fairly bulky, it is far less so than an EVA suit, which can weigh 300
pounds or more. While it is possible to explore outside a habitat with an available rover
and feel as though one has left the habitat, it is likely explorations with VR gear would be
done most often within immersive virtual worlds. Digital experiences could be anything
from environments taken from Earth, other places in the solar system, or even pure fantasy
creations. If applied to an expedition as lengthy as a Mars mission, it would be possible
to have these digital environments grow or change as the astronauts explore them. Entire
worlds could be experienced as they change through seasons, and new experiences can
be programmed into the world over time to create diverse and expansive environments.
Essentially, virtual worlds would be allowing for an escapism similar to that of games or
shows enjoyed by people on Earth but with far more immersion. Engaging in these types of
digital activities during leisure time would address potential emotional and psychological
issues as well as entertain.
While the applications of VR are still being explored, it is likely that simulated
environments will become an intrinsic part of many future habitats in ICE environments. The
ability of VR and AR to modify the experienced environment digitally and allow inhabitants
to work in relative safety, or even play games that remove one from the confines of habitat
life, are unique. The ability to digitally modify an ICE habitat with AR or escape it entirely
for a time using VR, while employing gear that takes a minimum of space, makes the use
of this technology very attractive. That it can also be used for education, telepresence, and
conducting work in dangerous environments through robotics suggests that VR and AR
systems will be a technology that comes to serve many roles.

The Experienced Environment

6.7 Conclusion

287

The needs of inhabitants stray across psychological issues like stress or confinement,
extreme social isolation, and long-term physical requirements. Addressing the majority of
issues through habitat design will require holistic analysis of inhabitant needs and design
interventions that meet more than one requirement at a time. ICE habitats by necessity only
have so many resources, so much space with which to work. Creating environments capable
of responding to the physical, social, emotional and psychological needs of inhabitants
while being confined to a habitat will necessitate that design inclusions can address more
than one potential issue simultaneously.
There are many ways in which the interiors of ICE habitats can be made more
responsive to the needs of inhabitants. Partitions in walls can be used to create open
public spaces or an assortment of smaller private spaces, lighting can be standard white
for working or changed to simulate weather or respond to music. Inclusions of VR can
enable inhabitants to immerse themselves in virtual worlds, spend time with family, or keep
necessary skills sharp. The inclusion of AR has the potential to dramatically shape the
way in which work within the habitat is conducted, as well as being useful for connecting
with relatives outside of the habitat or simply changing the perception of the habitat itself.
Advances in technology have made the construction of contemporary habitats possible,
and will continue to redefine how inhabitants conduct themselves while living within them.
ICE habitats will be the environments within which inhabitants will spend virtually all
of their time, often amounting to months and potentially years. These environments must focus
on more than the basic requirements for physical survival in various extreme environments
- habitats should be able to function as homes, workshops, and social spaces. ICE habitats
must be able to change along with inhabitants, and have the subjective environmental
complexity necessary to ensure mental health over long durations. The combination of
creative internal programming, technological inclusions such as AR, and consideration
of human factors in design such as simulated weather or forced perspective will enable
habitats to meet these needs. When the social and psychological issues of living in ICE
environments can be designed for through the experienced environment of ICE habitats,
survival will become habitation.

The potential applications of Virtual Reality in entertainment are expansive, able to be utilized for exploration, games, recordings from home, or other forms of immersive escapism.
Business is a similar application, using telepresence to experience more natural face-to-face interactions or training. Both allow inhabitants to experience a new digital environment.
Credit: blog.visualpathy.com/infographic, vrs.org.uk/virtual-reality-applications
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7.1 New Applications of the Greenhouse

in this chapter are presumed to be built in a space that has some level of gravity, making
tending to plants significantly easier. As bases on Earth, potentially on other planets, and
on future spaceships would have gravity to one degree or another, the inclusion of gravity
will remain a basic starting point with regards to designing the greenhouse.

Making Nature an Intrinsic Part of Home
“It is amazingly pleasant onboard to look after plants and to observe
them.(...) They are simply essential to men in space.”
-Valentin Lebedev, Salyut 7

7.2 The ICE Greenhouse Today

Plant life exists as a fascination for society as well as a vital part of what maintains.
Encompassing everything from small gardens in homes to massive fields growing what
civilization needs to survive, or planet’s flora is intricately intertwined with human life.
Gardens are common throughout the world and across cultures, both for aesthetics and the
growing of foods. As such, there is a global appreciation for enjoying parks, preserving
national forests, or just relaxing outside on a sunny afternoon.
In all of these examples, from a flower along the windowsill to the national park
system, one sees a part of the ecosystem that keeps humanity alive. By creating oxygen,
recycling wastes, providing food, and even in the manufacturing of medicines, plant life
heavily influences human life on Earth. Complex life rests on a foundation of simpler organic
processes, and humans will always need plants to survive, both directly and indirectly.
This simple fact is the basis for the consideration of including greenhouse systems in
ICE environments, especially within closed environments such as spaceships or extraterrestrial
habitats. Greenhouses make living in habitats such as these a more pleasant experience, in
addition to their providing life-sustaining resources. The McMurdo Station of Antarctica has
a relatively large greenhouse of 649ft2 that provides a sustained amount of fresh food to
inhabitants. The greenhouse is productive enough to create 250lbs of produce per month at
peak cycles, enough to feed 230 people a salad every four days. This growing space is
also treated as an informal lounge, as people often relax and converse among the plants,
which is the most natural area available within the station. The same approach to including
plants, albeit in a smaller manner, has existed on space stations for decades. One of the
more popular ways in which to spend rest time while in space is tending to the plants.
Plant life or even gardening is a salve for severe psychological conditions, and can thus

A vital component to many ICE habitats, and a mandatory one for future long
duration stays almost anywhere, will be the greenhouse. This component will come to exist
more like an ecosystem in future designs, but the small greenhouse designs today and the
larger designs being studied both have applications in ICE environments. A greenhouse
provides fresh produce and acts as a psychological salve in the sense that nature soothes
the human psyche. The act of tending to the vegetation within the greenhouse can become
cathartic; growing plants often becomes a hobby for those in contemporary space habitats
and provide an important means of conducting scientific research as well.
In regards to scientific practice, the greenhouse is predominantly a place of study,
especially within orbiting habitats as this allows study of micro-gravity effects on plant
development. Such micro-gravity research may involve exploring how gene expression or
other physical aspects of plants change in micro-gravity, but also provides inhabitants with
the rare fresh vegetable or leafy greens. In terrestrial habitats, greenhouses tend to be
larger than those in space. Even the common greenhouse one might see in a neighbors yard
is usually a single room, and when constructed in remote habitats, they are still usually large
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provide many benefits to those living in ICE environment communities.
As a greenhouse can be an inclusion in the design of ICE environments providing
food, fresh air, and even social spaces, the focus of this chapter is the various potential
applications of the greenhouse, from that of the preferred place to relax, to standing as
a vital component of the overall systems keeping everyone alive. The designs discussed
288. Schundler.com, McMurdo, accessed 04/10/2015
289. Mary Roach, “Packing for Mars” Epub location 75.4
290. Van Den Berg, Agnes. “Gardening Promotes Neuroendocrine and Affective Restoration from Stress”, Journal of Health Psychology pp 3

Current greenhouse designs focus on the efficient use of a small space above all else. While this would still be an enjoyable space for observing plants or
relaxing, it is not programmatically joined to the habitat, and facilitates few activities aside from science.
Credit: NASA
291. Stuster, Jack. “Bold Endeavors: Lessons from Polar and Space Exploration” Naval Institute Press pp 240
292. NASA.gov, Meals Ready to Eat, accessed 02/05/2017
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enough to walk through. While there are no examples of greenhouses that are providing
enough food to support inhabitants entirely, current greenhouses within ICE environments
do supplement the diet of inhabitants to varying degrees. An added psychological benefit
is simply one’s being able to enjoy the atmosphere created by the plant life, a common
assertion among those living in McMurdo.
While much smaller in orbit, the greenhouse has been a common space station
element for decades. Exploring the ways in which organisms react to micro-gravity,
radiation, or other unusual environmental conditions has long been a part of the space
program. The creation of new varieties of grasses or grains has also come out of this
research, species that may provide resources on future expeditions. Today, work is being
conducted on the use of plants within a closed system, which is a self-contained system
that does not require additional resources from outside sources. The creation of such a
system would make the greenhouse a more vital part of the habitat systems. Plants are
grown while entirely contained within a life support structure, recycling air in the hopes of
finding ways in which a self sufficient or even regenerative system could be created. The
goal of this research is to make a greenhouse capable of supporting, at least partially, the
physical needs of inhabitants. While a working closed system is still in the future, astronauts
today have enjoyed the first space salad and have grown flowers for both science and
pleasure. The experiential need for plant growth facilities are also receiving increasing
recognition, focusing on topics such as nutrition and psychology. Physical benefits such as
food taken with the psychological benefits of growing plants are aimed “...to allow crew
members to eat space-grown vegetables [and] to maximize crew mental health”. As these
systems become more efficient, they will lead to a greater inclusion of fresh produce in the
diet of anyone living in ICE environments, and inhabitants will enjoy a greater inclusion of
nature within the habitat.
Still being developed, research being conducted on the modern ICE greenhouse
is a first step towards self-sufficiency in resource use by inhabitants. These greenhouses
are being integrated into the functional systems of a habitat as well, undergoing tests
at various simulation facilities. The goal of this work will be to create a greenhouse in
which a breathable atmosphere comes from a garden, as opposed to a tank. Water is
recycled through the hydroponics systems, and food is grown on site instead of shipped
to the habitat. The creation of such a closed system would enable greater self-sufficiency
in regards to the obtaining of necessary resources, along with reaping the social and

psychological benefits that come from spending time in a garden. As greenhouses become
more complex and capable of sustaining the life within them, their uses will expand to
include resource management in the habitat as well as those for science, making them vital
components to the next generation of ICE habitats around and beyond the world.
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7.2.1 Explorations Into Self Sustainability
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More than an area to study plants or environmental systems in space, a greenhouse
has the potential to be used as a system for providing resource independence to inhabitants
in space or on other worlds. In much the way that the complex ecosystems of Earth enable
life, a greenhouse in space would use plants, a simple hydrological cycle, and other natural
means to recycle water, manage the composition of the atmosphere, and create resources
out of waste products. This system is broadly referred to as a Biological Life Support System
(BLSS), and many distinct approaches exist for the creation of such a system. A BLSS
can be created through the use of a simplified natural system, essentially mimicking the
ecology found on Earth, or be composed of extremely complex machines simulating natural
processes. The ultimate goal of a functioning BLSS is to take waste created by the crew and
convert it into usable resources. A closed system capable of recycling waste products in this
manner would result in far less dependency on supplies from Earth.
In addition to lowering the cost of supplying a station or base outside of Earth,
which would result in enormous reductions to mission costs, a BLSS that enables resource
independence expands mission opportunities. A crew would no longer need to remain
within a certain distance of Earth for resupply but would be able to indefinitely explore
the solar system or live on other worlds. Technology like this will become a prerequisite
for colonizing planets beyond our own, or sending spaceships deep into the solar system.
It is also possible to use the understanding gained about natural systems to become more
economical in resource use on Earth itself.
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7.2.1.1 Biosphere 2
The Biosphere 2 project, located in Oracle, Arizona, was a serious attempt at
creating not only a self-sustainable ecology in a closed environment, but also a relatively
complex one that acted as a miniature version of Earth itself. To date, Biosphere 2 remains
the largest closed ecosystem ever created and is composed of five areas defining different
biomes of Earth, an agricultural area, and a living and work area for inhabitants. The
environments contained within Biosphere 2 are a 1,900m rainforest, 850m ocean with
coral reef, 450m mangrove wetlands, 1,300m savannah grassland, and a 1,400m fog
desert. These ‘lands’ were supplemented with a 2,500m agricultural system, a human
habitat, and a below-ground infrastructure.
While the level of architectural complexity within Biosphere 2 allows for the creation
of dynamic environmental systems, managing those systems became extremely challenging
during the course of the Biosphere 2 mission. Agricultural systems produced up to 83% of
the diet required by inhabitants, in an effort to mitigate the simulated weight of food that
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would otherwise have to be added to a mission. However, managing an agricultural system
and several unique biomes proved too complex. Excess condensation from the atmosphere
made the desert too wet, there was an explosion of greenhouse ants and cockroaches, and
morning glories overtook the rainforest, endangering other plants. There was also a need
to pump fresh air into the habitat after microbes in the soil began creating an excess of
CO2, and the daily fluctuation of CO2 was unexpectedly high due to the rhythms of plants
undergoing photosynthesis. Increasing the intensity of light creates more oxygen, which
also must be removed and replaced with less oxygenated air for continued plant growth
These ecological problems mixed with interpersonal challenges and issues of management
ultimately caused the project to be canceled.
While the Biosphere 2 experiment ultimately proved a failure in its intended mission
to create a lasting, self supporting ecosystem for a variety of reasons both scientific and
interpersonal, many lessons were learned. The complexity of managing several biospheres
created both environmental variety and excess variables that need to be controlled, which
proved too difficult at the time. While the mission did manage to reach complete sufficiency
in food production, the accumulated issues of the mission as a whole still ended the
experiment. A great deal was ascertained from the mission despite operational issues, in
how crews can unravel and a biome can collapse, and these lessons can be applied to
future BLSS projects.
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The interior environment of BIosphere 2, this is a view of the Ocean ecosystem as seen from the Savannah ecosystem. While this project ultimately failed, it did come close to food
self-sufficiency during the second mission. Despite not managing to become truly self-sufficient, many pitfalls were discovered which will inform future CES efforts.
Credit: Colin Marquardt, blogs.britannica.com/2011/09/years-glass-biosphere-2-mission
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7.2.1.2 MELiSSA Closed Ecological System
Research by the European Space Agency (ESA) into the possibility of regenerative
life support systems for future space missions has led to the creation of the Micro-Ecological
Life Support System Alternative (MELiSSA). Unlike a more common greenhouse design
focused on racks of higher complexity plants such as vegetables for the creation of food
and oxygen, plants in the form of grain act as a smaller component of the MELiSSA project.
The majority of the Biological Life Support System (BLSS) system is based on bacterial and
chemical interactions, styled on the processes that describe a simple aquatic ecosystem.
The final result of the MELiSSA process is the creation of simple nutrients from the broken
down or reprocessed initial wastes, which then help nourish plants and create oxygen. The
plants used in MELiSSA are not the primary component of the system as is typical in other
BLSS designs, but are used to take advantage of the newly created resources created by
the recycling system.
The closed ecosystem loop that describes MELiSSA operations is broken into four
compartments, the first being a liquefying
compartment that anaerobically transforms
habitat waste into simpler components
such as H2, CO2, and ammonium. These
waste products are then transfered into a
photoheterotrophic compartment, which
breaks down the volatile fatty acids that
make up the remainder of the waste products.
The third step is the nitrifying compartment,
which cycles NH4+ produced from waste to
nitrates. The end product of this chemistry
enables higher plants such as soybean or
potato in the fourth compartment to use the
nitrogen as part of their growth cycle and
produce oxygen. Algae is also colonized in
the fourth component, effectively completing
the cycle. When perfected, such a system
would need only the input of energy to While the MELiSSA system can process wastes back into usable nutrients with a high
the machinery to run the project is quite large. As a closed ecological system
theoretically continue indefinitely producing efficiency,
becomes more and made more compact, they could conceivably be used to clean air and
water in an extraterrestrial ICE habitat, making inhabitants resource independent
food and air from waste. While such a Credit: ESA
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The energy and recycling system of MELiSSA is a closed loop, but has yet to reach a point where it could sustain a crew. As opposed to a biological system such as a greenhouse,
this system focuses on chemical interactions between stages to simulate the natural processes of a simple aquatic ecosystem.
Credit: MELiSSA: Micro-Ecological Life Support System Alternative

system would need to be closely managed in order to respond to the changing activities
of inhabitants, the successful implementation of MELiSSA or a BLSS like it would result
in resource independence of ICE habitats in outer space or on other worlds. Resource
independence would not only mean longer or even permanent exploration missions would
become possible, but the costs for supplying such missions would drop enormously.
7.2.1.3 Moon Palace 1
The Moon Palace 1, also called Yuegong-1 and constructed in Shanghai, is a 2014
closed ecology simulation experiment testing the techniques required to create a partially
self sufficient Moon base by the 2020s. The initial test mission lasted for 105 days, from
February 3, 2014, to May 20, 2014. The habitat interior is composed of 160m2 of floor
space with 500m3 of habitable volume, composed of two 58m2 vegetation modules and
one 42m2 personnel module. Partially stocked with supplies, the remainder of needed
air and food are created through a Controlled Ecological Life Support Systems (CELSS),
308
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growing grains, like wheat and soybeans for food and air, as well as vegetables and fruits
such as carrots, celery, and strawberries. The remainder of the plant stems or inedible parts
after harvesting are to fed yellow mealworms, which were used by the crew to supplement
their diets with a source of protein. Missions goals were to create 55% of required foodstuffs
within the greenhouses, and to create all of the required oxygen.
This simulation successfully demonstrated that an insect based diet could provide
high levels of protein, and greenhouse systems in general were able to perform functions
such as the filtering of water and maintaining an atmosphere. When the simulation began,
Moon Palace 1 was one of the most advanced enclosed ecosystems built to date, and the
results of the simulation support the goal of making orbiting or Lunar ICE habitats at least
partially self sufficient. Were such self sufficiency to be reached, it has the potential to save
governments billions of dollars over a long-duration mission due to reduced food payloads
needed to establish a livable habitat. A fully regenerative BLSS has yet to be successfully
designed and tested; however, continued work in this area will likely come to enable fully
resource independent habitats in the future.
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Lunar Palace 1 explored the use of high protien insects as an inclusion to the BLSS system. Much of the required nutrition and all of the required oxygen were created by this system.
While some approaches, such as the use of mealworms to break down inedible plant leftovers, are less accepted in Western systems, it is a creative solution to CES issues.
Credit: Beijing University of Aeronautics and Astronautics (BUAA)
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7.2.1.4 Deep Space Ecology
In the effort to create a truly resource independent ICE habitat, Deep Space Ecology
is committed to realizing the goal of a resource-independent expedition capable of using
biological systems to support itself and is perhaps the company closest to being able to
do so. Deep Space Ecology employs a simplified version of an ecosystem, as opposed to
Biosphere 2’s complex set of ecosystems. The company also favors the use of natural plants
and simple ecological systems over the highly engineered approach to a BLSS as seen in
the MELiSSA project.
The greenhouse being developed by Deep Space Ecology is based on a Three-Zone
model of organization. These zones closely mimic the way humans have lived alongside
nature for most of human history: a habitable zone where people live and play, surrounded
by an agricultural zone to grow foodstuffs, which is then surrounded by an ecological buffer
zone. An ecological buffer zone can be described as the wild, where natural processes
are essentially unmanaged and species undergo competition with one another. This buffer
311

The BLSS system devised by Deep Space Ecology uses a Three-Zone model to balance the CES naturally. At the center is a habitable zone, or the most cultivated land for human use.
Surrounding this is the agricultural ring, growing food. The largest portion of the greenhouse is an ecological buffer zone, where natural competition keeps the system balanced.
Credit: Deep Space Ecology
311. Deepspaceecology.com, accessed 02/12/2017
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zone is absent from the other ecological systems discussed in this chapter, and is the largest
part of the Deep Space Ecology greenhouse by area. The ecological buffer zone is left
untouched, and largely populated by scrub grasses and other hardy plants, which create
a built-in competitive redundancy. Essentially, the natural variances in ecological systems
that confound most contemporary attempts at closed ecosystem designs are made a natural
part of the system.
While potentially the most adaptive and promising system currently under development,
the required area for a greenhouse to operate a Three-Zone ecology capable of supporting
eight inhabitants is estimated at 22,500m2. This amount of space can provide resources
for inhabitants to live independently of Earth, but requires an extensive construction phase
before human habitation is possible. Such a scale requires that this approach to a CES be
used only on other worlds or on Earth, as it is far too large to be used on a spaceship.

50% of created waste, the expedition would only require half of the initial supplies. The
reduced weight in required oxygen, water, and consumables can amount to hundreds of
millions of dollars or more depending on length of stay.
The variety of plants grown within each respective greenhouse may expand over
time as well, with the greenhouse being a source of not only fresh greens, but medicinal
plants. In more advanced designs, the greenhouse could even support simpler animal life,
with large designs such as the Three-Zone greenhouse by Deep Space Ecology hosting
rabbits. Highly efficient at turning plant matter into protein, the inclusion of animals would
be both a psychological balm to inhabitants and provide a more complex diet. Animal
life is an expected next step in an advanced CES, which will move designs ever closer to
a complex and contained ecology. At its most complex, a CES is a miniaturized version of
the environment on Earth, with an assortment of flora and fauna permanently sustaining a
population of inhabitants.
The underlying concept of the greenhouse is the creation of the simplest viable
ecosystem capable of supporting human life without outside resources. The smallest, pared
down amalgam of an Earth-like biosphere possible. When viewed as a whole, the Earth is a
closed ecosystem. The planet does not receive air or water or supplies from anywhere else.
All resources on Earth have been recycled constantly or exist in a finite supply, and have so
far managed to support billions of inhabitants. When well tended, it is estimated that the
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7.3 The Greenhouse Tomorrow
As the greenhouse becomes a larger part of habitat programs or are integrated into
life support systems, it will come to be the most significant habitat component of life in an
ICE environment. Capable of providing food and air and recycling waste, the greenhouse
would become a BLSS that enables resource independent living for inhabitants, removing
the need to have resources shipped from Earth. Removing dependence on Earth is desirable
for a number of reasons, perhaps the greatest of which is that once a closed ecological
system (CES) is created, there is no more need to engage in expensive resupply missions.
Everything required to sustain life is already contained within the system, and waste is
recycled, never thrown away. This technology has been under development for years, and
the ESA is currently working on refining it for future regenerative life support systems.
A CES is a more general term for describing a variety of self contained ecosystems or
resource regenerative systems, and it describes a BLSS as well as any other closed loop
system that may provide resource independence.
While the development of a CES has been under development for years, as seen in
the MELiSSA or Biosphere 2 projects, there has yet to be a system that has reached full selfsufficiency. While this goal is the ultimate one for greenhouses within ICE environments in the
future, a perfect CES is not required to make living in such an extraterrestrial environment far
less expensive and more enjoyable for inhabitants. A CES capable of recycling a portion of
the waste created by inhabitants would remove the need to send excess supplies, initially.
If an expedition is to explore the Moon, and is equipped with a CES capable of recycling
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312. Ibid
313. ESA, Our Activities, Human Spaceflight “Advanced Life Support” accessed 01/28/2017

More enjoyable for inhabitants than simple racks of plants in an enclosed space, future habitats will likely employ a BLSS which defines a major portion of the habitat. Utilizing the
greenhouse in this manner both provides the resources necessary to live in an ICE environment indefinitely while providing a pleasing environment for inhabitants.
Credit: Bryan Versteeg, bryanversteeg.com
314. Wintergerst, Steven “Mars Meat” Red Colony, redcolony.com/art.php?id=0307070#Mars_Meat, July 7, 2003, accessed 03/18/2017
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Earth could indefinitely support a population of approximately seven billion inhabitants,
which is slightly lower than the current population and based on much more sensitive care
of the environment. How small can these natural systems be made and remain viable? And
to what extent can a closed environment be controlled or balanced against human needs?
How can an understanding of these systems be used back on Earth to support a growing
population? A greenhouse will be the best response to resource independent living in orbit
or on other worlds, as efficient regenerative life support will require biological processes.
When a CES is designed so it successfully reproduces the simplest required life cycles of
Earth, it will enable a truly permanent ICE habitat; one that is capable of growth, in both a
literal and figurative sense, with the greenhouse expanding along with population.

for the purpose of science, and their inclusion within designs will likely expand as progress
is made regarding the use of a garden area as a CES. By employing a mixed interior
program inhabitants would be able to experience the greenhouse directly, enjoy gardening
as a hobby, or invest time in this part of the habitat out of appreciation for a pleasant social
space. In the future the greenhouse may become the garden, the park, an arboretum.
Establishing a permanent presence on another world will find this space to be vital for many
reasons, from the recycling of air or water to a place to rest. Natural systems such as a BLSS
can increase in scale as well, being biological, and may expand to support additional
inhabitants over time. As a habitat grows in scale, a BLSS would be able to expand
accordingly. While the best systems today are unable to operate fully independently, they
are capable of accommodating a portion of the resource load in a habitat as shown
by the Moon Palace 1 simulation. Even partial resource independence can dramatically
reduce costs associated with an expedition. The potential of a future CES that is capable of
complete resource independence, and expanding as the habitat does, will be the step that
allows permanent ICE habitation.
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7.3.1 Racks of Plants to the Habitat Park
In contemporary habitats on Earth and in orbit, the greenhouse is at its largest
a rectangular or cylindrical space with enough room for several inhabitants to work
simultaneously. Rare examples, such as the greenhouse at McMurdo, are larger but such
scales are generally an exception to the trend of small greenhouses. Due to the central use
of contemporary greenhouses being research-based instead of used to enable resource
independence, their sizes are relatively restricted. Greenhouses are spaces which have
been optimally designed for plant growth, or maximum utility, and afford little in the way of
room to move or enjoy the space as a garden. Time spent within the greenhouse may still
be enjoyable, but it is not currently designed as a social space, or made an integral part
of the experience of the habitat. When considering a long-duration habitat, the opportunity
to use the greenhouse for social or psychological purposes would be of added benefit to
inhabitants as a natural environment for socializing or relaxing. Current programming often
places the greenhouse in an auxiliary portion of the habitat, secluded from inhabitants. But
as natural systems becomes more integrated into the design of an ICE habitat, it follows that
the greenhouse should be more integrated into the experience of the habitat as well.
The use of careful interior programming would allow everyday passage through
the greenhouse, in addition, placing smaller supplementary gardens in less central areas
would provide psychological benefits. Greater inclusion of the greenhouse for a BLSS would
enable more creative display of plants as well, not solely as racks of plant but as grass
floors or areas reminiscent of a garden. Plants may be grown as much for their experiential
value as the resources they may provide.
A greenhouse exists as an element that is already extremely common in ICE habitats

7.3.2 Storms in the Garden
Discussed in the previous chapter on the experienced environment, the simulation
of weather may provide psychological benefits to inhabitants of ICE habitats. Creating
such simulations as focused within the greenhouse is perhaps the most appropriate way
of creating the perception of a complex natural environment. The inclusion of natural
sounds, misting or sprays when watering the plants, and programmed lighting can come
together to simulate the natural world. Utilizing the greenhouse as the primary weather
simulation within a habitat would make it the hub of experienced environments, affecting
the ambiance of adjacent areas as well. In terms of complexity or variability, such natural
simulations would likely be the most sought-out experienced area of the habitat, being the
closest approximation to Earth available. On truly long duration missions, the gardens, with
fresh produce and analogue weather, could be a key to overall psychological health for
inhabitants. The natural inclusions, or simulated natural inclusions, within a habitat would
greatly expand the variability in the experienced environment. This irregularity within the
gardens or greenhouse area would create the most natural or Earth-like conditions possible,
offering an escape from the harsh ICE environment.

315. Aral, Mustafa M, “Climate Change and Human Population Dynamics”, Water Quality Expo Health, link.springer.com, pp 9
316. Ch. Paille, R. Filali, “Femme: A Precursor Ecosystem on the Moon”. Advanced Space Resources, Volume 23, No. 11, pp 1857-1860
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7.3.3 Potential Greenhouse Programming
When considering the possibilities of deeper integration between the greenhouse
and habitat, there are varied ways in which such integration can be approached within a
space-limited environment. While it would be ideal to have a variety of natural inclusions
in all common areas, this is unrealistic as the available space and resources for so many
plants would be unmanageable. How then, can the programming of an ICE habitat make
maximum use of the available greenery? While keeping a greenhouse in one or two
modules, given the limits of construction in ICE environments, enabling adjacent modules
free view or easy access of the greenhouse is the best available option
Many potential locations for a greenhouse exist within a respective habitat, from
placing it at the center of daily activity to using it as a buffer space between public and
private areas. The design that makes a greenhouse the most interactive part of a habitat
is to incorporate it as the hub. Ideal spaces for this approach can be found at the central
node of a linear habitat, or at the intersection of a cross. Whichever design is used, placing
the greenhouse at the programmatic or physical center of a design would likely make the
greenhouse the social center. This placement also enables the greenhouse to be visible from
the majority of the habitat, or requiring inhabitants to pass through it in order to get to other
areas.

Redefining the Greenhouse

One of the potential applications of the greenhouse can be achieved by placing
it to separate the programs of work and leisure within a habitat. The reasons for such
separation have been discussed in the sociology chapter: using a natural buffer to create a
psychological break for inhabitants between work and leisure time would be a beneficial
sociological inclusion. Private areas are given a separation from the noise and responsibility
of the typical work areas, and the garden can also act as a transition space. Inhabitants
who are off duty may relax, while those on duty will have a pleasant natural addition to the
work space. This configuration treats public/private and work/leisure as separate interior
programs, and offers the greatest potential disconnect between the two. Work and leisure
will always be adjacent within ICE habitats, but employing the greenhouse as a social
buffer allows it to exist as the greatest opportunity to create distance between public and
private areas. Such separation will imbue the private areas with a large psychological
distance from the rest of the habitat. When considering long-duration missions, this attribute
would be extremely beneficial to the social and psychological health of inhabitants.

Diagram of Buffer Orientation

In this example, the greenhouse acts as a social and experiential buffer and splits the habitat programming into public and private areas. On the right, in red, is the work area,
whereas on the left, in blue, are the private areas. With a programmatic split using the greenhouse, an ICE habitat will be able to afford a greater measure of privacy and
psychological relaxation to inhabitants within private areas.

In the diagram on the left, the greenhouse is used as a transition space separating the habitat as a whole into two distinct sections. This can be done to provide additional privacy to
a certain area. On the right, the greenhouse is used as a social or experiential node that acts to join the major areas of the habitat around a common center.

A third configuration would be to place the greenhouse on the opposite end of the
private areas, using the private area as a buffer between public areas and the greenhouse.
This design has the benefit of making the garden space uniquely isolated, which would
allow for people to enjoy the gardens completely free from the activity and noise of the
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working areas of the habitat. While such a placement of the greenhouse does remove
most opportunities to include garden related benefits or views within the public areas, it is
perhaps the most direct way to make nature a recuperative force. An inhabitant may pass
through the private areas, one of the more peaceful locations in the habitat, and rest or
socialize in an isolated garden. Read a book, talk with friends, or make a video for family
back home. A larger habitat may have green spaces in more than one location, but given
the current limited sizes of habitats, it is likely that one of these three configurations will
need to be selected.

of a greenhouse within a habitat have assorted pros and cons, the programming of the
greenhouse interior is also important.
While the psychological benefits of plants for human beings are established and
the inclusion of an area dedicated to plant life in an ICE habitat will be beneficial for
inhabitants, the way in which people and nature interact will necessarily affect their
relationship. Racks of plants and grow lights offer a more economical use of space, but are
less naturally pleasant than that within a standard garden. Straight rows of vegetables are
less engaging than a curving path or other atypical arrangements of foliage. As the role
of the greenhouse in ICE habitats expands from purely science based to a means of life
support and psychosocial consideration, the ways in which inhabitants interact within the
greenhouse will change.
The layout used almost exclusively to date is designed for efficiency. Plants are
organized in rows along shelves or tables, racks thick with plants and narrow paths running
between them. Dominated by lights and watering systems, these are the most efficient
configurations for growing plants. This use of space would be most efficient where food
production or other resources related processes are concerned. While ICE habitats on
Earth would be less rigid in use of space, in orbit room to move is at such a premium that
moving away from organization for maximum efficiency would be unlikely. To make up for
the lack of response to human factors, it could be possible to use the same amount of racks

Placing a greenhouse module on the opposite side of the private area (in blue) would create an extremely private garden, used solely by those off-duty or working within the
greenhouse. While this would provide a very relaxing space in which to socialize or decompress, it would remove the benefits of the greenhouse from the majority of the habitat

Part of the consideration for greenhouse placement will deal with the style of the
interior programming of the habitat itself. In an ICE habitat that has given special focus to
human factors such as lighting or materials in its design, it is likely that the greenhouse would
be placed where it can do the most psychological good for the people living there. Analysis
of where inhabitants will spend the majority of their work or leisure time would inform the
placement of the greenhouse, to ensure inhabitants are often exposed to the greenery. If an
ICE habitat is instead focused on economy of resources or space, the greenhouse would
likely be located in or directly adjacent to the modules responsible for systems regulation.
This placement makes construction of larger habitat greenhouses simpler, especially in
examples where the greenhouse is the life support system. While the various placements
173

The majority of greenhouses are organized for efficient use of space, with as many plants as will fit while still growing well. Linear racks of plants, with basic circulation to ensure
that all plants can be appropriately tended to, define this approach to greenhouse organization. While productive, focus here is on number of plants or science over inhabitants.
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for plant growth, but to organize them in a manner that would encourage their exposure
to the crew, create semi-private areas, or separate certain areas of the habitat. In microgravity, it would be possible to create greenhouse programming that would not be possible
on Earth as well.
A step beyond the rigid organization of rows is the creative organization of rows
to allow for interesting spaces. More natural organizations can also be supplemented
with the subtle introduction of other organizational schemes to begin moving away from
the orthogonal greenhouse layouts. The central area of a larger greenhouse could offer
resting areas, a pond, or places to socialize. The space between this small area and the
standard rows of plants could hold organically shaped shelves or act as the start of simple
landscaping. This slightly more inhabitant-focused design would not be as efficient in terms
of resource creation or use of space, but it would offer a boost to the psychological health
and happiness of the crew. While such considerations for inhabitant comfort are often
ignored for short-term missions, the potential benefits this might have for inhabitants living
for months or years in an ICE environment could begin to outweigh the small drop in
resource production. This approach will require careful consideration before use but is a
potential option for extending the time long-duration expeditions will be able to maintain a
healthy and thriving atmosphere for inhabitants.
The completed version of an ICE habitat garden would be of a scale that is large
enough to accommodate resource needs while being designed with a focus on the

experience of inhabitants. In keeping with a greenhouse continuing to function as a BLSS,
the organization of these layouts would be aimed at recreating the experience of a natural
environment to the greatest degree possible. View lines are broken with landscaping to
give the illusion of greater space through the principles of Miegakure or Shakkei, and
landscaping provides assorted areas to socialize or rest. A greenhouse of this scale would
only be possible within permanent ICE habitats using a complex and large BLSS, but such
scale and complexity remains an option for potential future designs when considering
human factors in long-duration ICE habitat designs.
Because an organic or natural layout would be less efficient than a more rigid design
in terms of resource use and space, the approach would likely be a very expensive addition
to a long-duration spaceship or more likely part of a permanent colony. When a place is
going to be inhabited for years or decades, this natural complexity and escape from the
static materiality of the habitat could become vital for maintaining psychological health.
When considering a base on the Moon or Mars, where durations can be extremely long
and ICE habitats are able to invest in large garden spaces, areas devoted to inhabitantfocused plantings may begin to see trees or higher plant life. The final goal of a large
greenhouse would have complex, dynamic ecosystems that closely mimic nature on Earth.
Greenhouses of this scale and complexity could eventually lead toward the first steps of
terraforming.

A simple path through a greenhouse, even a relatively small one, would start to serve as a transitional space or act as an appropriate buffer between two areas of the habitat.
When one is within the center of the greenhouse, a sense of solitude may even be enjoyed as the rest of the habitat would be out of line-of-sight.

Using a more random, natural shape can be less efficient in the growing of plants, but serve to create a less rigid place in which inhabitants may socialize or enjoy time spent with
the plants. In the above example, a roughly shaped gathering area exists in the center of the plants, acting as a small escape from the rest of the habitat and those in it.

175

176

Redefining the Greenhouse

Redefining the Greenhouse

7.3.4 Diagram of Systems Integration

7.4 Holistic Benefits of the Garden

The ways in which a BLSS can be incorporated into a habitat are extremely varied.
The examples of closed loop recycling systems given above each have a unique way
of being incorporated into an ICE habitat and performing the necessary work to keep
inhabitants alive. This can be done through the use of very complex machinery creating an
analogue to a biome through chemistry, or by creating a biome capable of supporting itself
and inhabitants within an ICE environment. Currently no system has been developed which
can successfully recycle all wastes into resources, which maintains the current reliance on
open environmental systems such as that used on the ISS or other contemporary spacecraft.

The handling of plants and observing them grow has been shown to provide a link to
Earth for inhabitants in extraterrestrial ICE environments. Having a small part of the home
environment within a habitat or even the growing of personal plants is an obvious benefit
to a environment. Tending to other living things within a habitat can also provide emotional
benefits similar to that of pets. According to Valentin Lebedev, plants were “like pets”
and were given a great deal of attention. This was also true of astronauts or cosmonauts
who had never had an interest in gardening while on Earth. On Salyut 7, plants were
said to color the “machine filled hall” and were a beneficial addition to the mission.
The popularity of gardens in general culture, and especially when in ICE environments,
indicates that tending to gardens can have dramatic benefits on psychosocial well being or
general emotional health.
317

318

319

“Cities built for a wholesome life...not for profit or speculation, with
the living green as an important part of their complex will be the first
interest of the future town-planner”
Jens Jensen
320

This is the current version of life support processes employed by the US Space Program on the ISS. While capable of supporting life for weeks or months, it requires resupply of new
materials as some wastes are vented into space, and the system itself is not 100% efficient. Within a functional CES, the energy cycle would experience no venting, and the energy
cycle described in this diagram would remain closed. A system of this efficiency is still in the process of being created, but will be required to enable true long-duration habitats
Credit: NASA, “Reference Guide to the International Space Station” September 2015 Edition, pp 44, accessed 03/17/2016

As the habitat will be the sole environment capable of being experienced by inhabitants for perhaps years, enabling interiors to feel like home would be a vital psychological
design inclusion. Artificial sky, the inclusion of plants around as much of a habitat as possible, and interiors which feel more like a home or park than an office.
Credit: Bryan Versteeg
317.
318.
319.
320.
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Robert Zimmermann “Leaving Earth: Space Stations, Rival Superpowers, and the Quest for Interplanetary Travel” 2003
Ibid
Ibid
Corner, James “Terra Fluxus”. Landscape Urbanism Reader, Princeton Architectural Press, 2006. pp 24
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Aside from the act of growing plants, there is the associated sensory enrichment that
comes with them; the feel of leaves or the taste of fresh spices the smell of clean air and
growing things, and the visual variation added to interior of the habitat. In an environment
that can be extraordinarily monotonous and lifeless, plants have a wealth of experiential
benefits. One may arrange them creatively around the habitat as tiny modular gardens or
simply enjoy them in the garden as ambiance. Places that are adjacent to the greenhouse
and are afforded a view of it allow inhabitants to enjoy the benefits of nature. When an
environment has a concentrated, highly controlled design placed adjacent to a naturalistic
setting, this creates both tonal and spatial depth. This juxtaposition can allow for areas to
feel more complex, less static, and larger than they actually are.
As expeditions move farther away from Earth, certain activities will become more
difficult. One of the preferred methods of leisure on the ISS, photography of Earth and
looking out the window, will become impossible. Due to the constant sunlight that defines
open space, the environment is devoid of visible stars or anything save for the sun, there is
only an endless black to view. Communications will also become more asynchronous as
distance increases between inhabitants and Earth. The limits of the speed of light make real
time communication impossible and sunlight voids the window as a means of experiencing
something outside of the habitat. The only available stimulus must come from within the
habitat. Gardening becomes an activity that can help address this social and psychological
loss, tending plants as a hobby, or through their creative placement as in the use of “green
windows”. The positive effects of exterior views in isolation are acknowledged, and
creating framed views of nature to both provide a sense of opening in the space as well as
an engaging view.
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7.4.1 A Little Slice of Earth
In addition to the chosen layout for the ICE habitat or ship that is built, there are
modifications to the garden area that both assist in the function of the greenhouse and
promote a health psychology. These benefits stem from the environmental irregularity that
inherently exists within a garden, an aspect that would be more effective as disorder in a
greenhouse increased, but are a boon to the crew regardless.
The greenhouse is the most conducive space within a ship or other habitat
in which simulated weather can be used to create more complex environments. The ways
crew can benefit from complex environments are varied, from creating a habitat interior that
simulates the passage of a day and dispels monotony to offering an escape from the static
environment of the habitat with movable panels. Perhaps the simplest way a greenhouse
can be made more varied is through the inclusion of natural sounds. Speakers hidden
throughout the room may create birdsong, running water, or the barest breezes. Sounds
can be supplemented with randomized fans or misters, the inclusion of smaller “wildlife” in
more advanced greenhouses such as rabbits, or other means of creating the impression of
a natural environment.
Another fundamental aspect of the greenhouse will be lighting, which was discussed
in the prior chapter and is especially relevant to natural settings within a habitat. Lighting is
not solely to enable plants to grow but can mimics natural sunlight for inhabitants. The ability
of the CoeLux skylight to perfectly mimic the look of the sky and sun along several different
latitudes on Earth would be beneficial in treating conditions such as mild depression or
seasonal affective disorder (SAD). Coelux is widely considered to be the most accurate
replication of natural sunlight to date, and would benefit not only the experience of the
garden, but the psychology of inhabitants as well.
Less realistic but more flexible lighting solutions exist as well; Hue lights are an
option that is already commercially available and can create extremely variable lighting
in any space, especially the greenhouse, due to weather simulations which have been
programmed into the lights themselves. Among the weather which can be simulated by
Hue lights are lightning storms, an experience which when placed in the greenhouse would
provide an exciting change to the normal conditions of the habitat. While Hue lights can
vary in intensity to virtually any required brightness, and have excellent color reproduction,
More than that, they are programmable. The illumination of the greenhouse can be a bright
blue in the morning, brilliant white in midday, and when people are resting after work,
transition into oranges and reds like a setting sun. These are lights that mimic the natural
light changes found in a day on Earth.
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Green windows are an option for making the interiors of habitats feel subjectively larger. Artificial sky (shown in blue) supports plants grown specifically for inhabitants. Along the
wall, one is able to look through plants which partially obscure a distant blue sky. While artificial, such inclusions can serve to lessen a sense of confinement within ICE habitats
321. Valentin Lebedev, “Diary of a Cosmonaut: 211 Days in Space” 1st Edition (Phytoresource Research) 1988, pp 130
322. Mansfield, Steven “Japan’s Master Gardens: Lessons in Space and Environment” Tuttle Publishing (2011) pp 18
323. Roach, Mary “Packing for Mars: The Curious Science of Life in the Void”, Calibre Location 76.4

325. Melrose, Sherri “Seasonal Affective Disorder: An Overview of Assessment and Treatment Approaches” Article, Depression Research and Treatment, 2015 pp1-3
326. 2.meethue.com, accessed 04/03/2016

324. Kaplan, Rachel “The Nature of the View From Home: Psychological Benefits, Environment and Behaviour” (2001) pp 507-542
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7.5 Conclusion
The greenhouse or garden is an element of ICE habitat design that will be placed
in a greater role in next generation habitats. The benefits that stem from a well-designed
greenhouse are far reaching, capable of enlivening the social atmosphere of a habitat
and contributing heavily to the functionality of habitat systems. In contemporary use,
greenhouses enable an understanding of how life adapts to various environments through
various research, while occasionally providing fresh foods as well. When conceived of as
a functional BLSS, the greenhouse will become a system which could indefinitely support
human life in space or on other worlds.
The intangible effects of a well designed greenhouse are difficult to measure
quantitatively, but can have a far-reaching effect on the mission as a whole. Those who
have a place to rest, to escape from work, or to simply socialize outside of the monotonous
environment of life in a confined space will be healthier emotionally, psychologically, and
socially. Inhabitants will be better able to focus on work, handle greater stresses, and
respond more smoothly to the pressures of life in a habitat. Many aspects of the mission will
likely see improvement, and withstand the conditions present to a greater degree when an
area like a greenhouse or garden is provided for the crew.
Even discounting the social and psychological benefits of a greenhouse, their utility
in making habitats resource-independent is key to long-duration habitation of other worlds.
When considering a mission to Mars on the order of years, a fully integrated BLSS could
save tens of millions of dollars in food or other supplies that no longer need to be shipped
to another planet. Resource-independence is one of the most valuable characteristics
that an ICE habitat could have, enabling longer duration expeditions or even permanent
settlements. Atmosphere is scrubbed by the plants, water is recycled through the soils
and waste becomes resources again. Perhaps the most enticing aspects about this kind
of biological system is that it can grow, literally. The ability of a colony to expand its life
support systems as a population grows is going to be a fundamental requirement of future
explorations. An ICE habitat that strives to enable a permanent presence independent of
Earth will require the resources to keep it functioning or allow it to grow. As expeditions
move farther from Earth, the ability to ship supplies to a habitat drops enormously and the
cost to do so rises by incredible amounts. A fully functioning BLSS will be a massive one
time investment, that immediately enables ICE habitats to become resource independent
and slowly expand over time.
While still under development, the benefits of an advanced greenhouse span human
factors, environmental systems, and the vital capability of resource independence. The
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inclusion of advanced greenhouses in the next generation of habitats will expand the ability
to inhabit harsh environments for a greater length of time, and have the potential to make
true long-duration missions financially viable as well. In the farther future, colonies on the
Moon or Mars will almost certainly rely on closed environmental systems, not only for the
necessary biological systems to run habitats, but because this approach enables those
systems to grow with population. The final stage, where these systems become integrated
into permanent habitats in lava tubes or other geologic features, marks the beginning of
human beings attempts to terraform other worlds.
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8.1 Methods of Construction and Expansion
Building a Home in the Arctic or Outer Space
“I only work in black, and sometimes, very very dark grey”
-Lego Batman
Building ICE habitats is a unique challenge. The locations in which these structures
must be used are remote, defined by severe climates, and require a specialized architectural
response and interior programming in order to make healthy human habitation of any
long duration a possibility. When considerations for the unusual needs of architecture in
outer space are included, such as the maintenance of artificial atmospheres or radiation
shielding, ICE habitat design encounters an entirely new and additional set of restrictions.
Developing new ways to construct ICE habitats which respond to these restrictions, and
enable habitats to expand as populations or need grows, is the focus of this chapter.
The greatest operational difficulty when building habitats in ICE environments is the
act of transporting a habitat to the site. Unlike a common plot of land where vehicles may
drive up and deliver supplies, the avenues through which humans travel to ICE environments
are relatively expensive, and limited in what can be transported. Accessing the Antarctic
requires the use of a ship, often an ice breaker, followed by traveling overland, for perhaps
hundreds of miles if a site is inland. Building a shelter at sea, such as an oil rig, is a
challenging project for engineers to design and place a habitat. Each rig requires enormous
financial investment due to the scale of the habitat and transportation to the site, as well
as design considerations for the physical challenges of the environment it must operate in.
ICE habitats in orbit or on other worlds are limited in scale by the lift capabilities of modern
launch vehicles, and unique conditions of the space environment. Radiation, micro-gravity,
and a need for complex environmental control systems continuously challenge designers
and engineers in pursuit of durable and functional ICE habitats in outer space. A major
challenge imposed by these constraints is placing a habitat into orbit and constructing the
ICE habitat once there. How to get a structure where it needs to be, given the extraordinary
environmental constraints and difficulties regarding transportation, are as essential to ICE
habitat design as are the considerations for human factors within the habitat.
ICE habitat design has responded to difficulties in transportation in a variety of ways.
Oil rigs are buoyant and may be slowly towed to the location for which they are required.
Habitats in the Antarctic or in outer space are shipped in modules and assembled on site.
Recent shifts in the approach to habitat construction are being advanced by organizations
such as Bigelow or NASA from the use of inflatables, which allow a small module to
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become a larger habitat, to construction on site out of in-situ (on-site) materials such as
clay, water, or sand. These approaches to construction in remote areas of the world include
the 3D printing of basic structures using concrete or local materials such as mud. Similar
approaches are using extremely fine dust analogous to samples taken from the Moon or
analyzed from Mars, and are being explored for their ability to be used in basic habitat
forms. The exploration of these materials is helping to make in-situ resource use a reality,
which would forgo the transportation costs of bringing major portions of a habitat to a site
off-world from Earth.
The methods that are currently utilized in the construction of habitats in ICE
environments are as important as the designs themselves. Creative means of building a
habitat, such as the 3D printing of modules or inflatable modules, enable projects that
otherwise may have been impossible to imagine due to size, cost, or shipping constraints.
Given the ways in which habitats are able to be transported to a site or constructed in-situ
out of local materials become more advanced, the feasibility of living in ICE environments
for long durations will increase. Such advances enable habitats to grow to accommodate
more people, provide advances to interior programs, and support more varied activities
in the habitat. Thorough understanding of how to design for inhabitants as well as the
means through which such habitats will be built is a basic requirement for successful ICE
habitat design. When the human requirements for long-duration habitation are paired with
a greater ability to provide interior space and flexibility in construction, ICE habitation will
be able to support healthy human communities in virtually any environment.
8.2 Habitat Construction, Growth, and Basic Concepts
Chapter 8 reviews design options which need to be considered when building in the
extreme environments of Earth, outer space, or even on other worlds. The constraints that
currently exist regarding travel to an extreme environment, whether located in a remote area
such as Antarctica or a difficult-to-reach location such as low-Earth orbit, heavily influence
habitat design. In part due to the environmental conditions, as well as the limitations of the
vehicles able to travel to ICE environments, the foundation of habitat designs aside from
massive constructs such as oil rigs must be modular in nature. To be quickly constructed,
and easily transported, contemporary habitats are constructed from the amalgamation of
many smaller units brought together on-site to create the finished habitat. Similar to the way
in which a house is a collection of rooms, modular architecture seeks to assemble that house
by creating each room separately before sending it to a site. These rooms are then combined
into a single larger structure quickly, avoiding the need to send construction equipment and
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large crews to an ICE environment. Modular construction provides operational benefits such
as relative ease of shipping and construction, but also creates certain limitations in design
of the actual habitat. Modularity can make it difficult to design a large open space into a
habitat, as it must fit within the size constraints of a module so as to be properly shipped.
The programming of the interior space will likewise be based on the constraints of modular
design, with rooms and passages restricted to configurations that can be built through the
combining of modules. More than other types of architecture, the construction of habitats
using modules is sharply restricted by designs can be realized out of prefabricated individual
units, or 3D-printed structures composed of in-situ materials. Designing how these units will
go together, will be powered, will be inhabited, and will work as a finished building to
create a livable, healthy environment is a primary consideration for ICE habitats. Chapters
5-7 discussed the considerations for human social and psychological health, and how it
may be addressed through the experienced environment of the habitat. The final design of
an ICE habitat as well as the interior programming will rest on the means available for its
construction. The relationship between quality of life in an ICE habitat, and the techniques
with which that habitat was created, can be closely tied.

the use of huts for shelter, enabling the ships which brought inhabitants to Antarctica to sail
North during the winter, negating the potential for a ship to be crushed in the ice.
During these initial expeditions to winter over, shelters or habitats did not grow
because they were being consistency used to allow an expedition to survive a winter while
conducting climate research; construction was focused on basic survival. Inhabitants stayed
in the ships used to initially reach a destination, or inhabited shelters on land throughout
the winter months. However, while these habitats were constructed to be modular for rapid
assembly, designs did not allow for habitats to grow larger. A single hut or collection of
huts was constructed, but these buildings never grew in size. As technology progressed and
the ability of a habitat to shelter expeditions became more advanced, the need for habitats
larger than a single module or hut became necessary. Large prefabricated buildings and
habitats made of smaller units became more common, and eventually grew in complexity
to become the ICE habitats used today.

8.3 Historical Practice
When expeditions to ICE environments still relied on wooden ships for exploration,
often the only available habitat was the ship itself. The use of the ship as a habitat was the
case in the Belgica Expedition, in part due to a lack of preparation for the Antarctic winter.
Wooden sailing ships were already designed to house a crew during transit across the
open ocean, and could continue to serve in this capacity upon reaching a destination. The
use of a sailing vessel as the primary means of ICE habitation in Arctic or Antarctic climates
was standard practice until 1898.
However, expeditions to ICE environments began to supplement using ships as the
primary habitat using simple, pre-fabricated huts or basic wooden shelters as expeditions to
Antarctica or the Arctic became more common. Crew members would remain on ship while
these structures were being built, and move in once completed. The huts allowed expeditions
to conduct climate research, fix survival gear or scientific equipment, and socialize during
the dark winter months when these huts were inhabited. Construction materials were basic,
often consisting solely of wood, and were simply divided into a common area and quarters,
with perhaps a single room for photographic or other light-sensitive work. While members
of the first expeditions survived Antarctic winters within their ships, this approach shifted to
327

The “Tenements”- bunks in Winterquarters Hut, of Lieut Bowers, Mr Cherry-Garrard, Captain Oates, Mr Meares, and Dr Atkinson. October 9th 1911. Such conditions were
common in the first Polar huts, as usable space was at a premium. While habitats have become much larger and more comfortable in modern times, the basic approach of
supplying a base and leaving the crew during the winter season is still in use.
Credit: Scott Polar Research Institute, spri.cam.ac.uk
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8.4 Modern Practice
During the twentieth century, the practice of creating a shelter away from shore and
allowing a crew to winter over without a ship changed little. The technology regarding the
building of ships and ICE habitats has continued to improve while the general approach has
remained the same. This trend has resulted in larger ships and more complex habitats, which
are capable of delivering more people and supplies to ICE environments and supporting
greater numbers of inhabitants once there. Contemporary ICE habitat design is primarily
focused on making the habitats in the Antarctic or Arctic more capable of addressing the
mental and emotional needs of inhabitants through digital communications and sensitive
human factors design. The most recent ICE habitat trend is considering ways in which these
needs can be met in harsher ICE environments such as outer space or other worlds.
Initial habitat designs in the 1950’s and 1960’s focused on surviving in outer space,
a practice which mimicked the use of wooden sailing vessels as the primary habitat from
the beginning of the century. Initial space programs such as Gemini or Apollo showed
that humans could live in outer space or conduct safe exploration of the Moon by utilizing
the ship itself as the ICE habitat. Size of habitats and their inclusion of human factors
considerations have been slowly improving since the first launch of a manned capsule in
1961 by the Soviet Union. The initial Gemini capsules used in the early sixties by NASA
had just enough room for a crew member to sit, while today, astronauts enjoy the relatively
spacious interiors of the ISS.
The room to move on the ISS, and the polar habitats on Arctic and Antarctic bases,
is due to the ability of modern habitats to grow or be expanded upon. Instead of using
modular construction to rapidly create a single habitable volume, as in historic polar huts
or initial space-born capsules, single modules of a structure in space can come together to
create a larger habitat than could be launched. Such constructions enable an ICE habitat
that may consist of a single module to be combined with others and expand the livable
space available for inhabitants as needed. While the ISS is spacious compared to most
prior orbiting habitats like the MIR or Skylab, it is also composed of 14 pressurized modules,
each relatively small. This approach of combining smaller pieces into a larger habitat
allows contemporary habitats to grow indefinitely. As long as new modules can be added
to the structure a habitat can be expanded to accommodate more functions or crew.
In the near future, the advent of heavy-lift rockets such as the Falcon Heavy will
allow for the reintroduction of single-module ships such as the Interstellar Space Transporter
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In the top image, a view of the interior of Gemini 4 in 1965 shows the cramped conditions which defined early attempts at exploring and living in outer space. In the bottom
image, a view of the interior of the ISS shows the room to move afforded to contemporary astronauts. While utilitarian, habitats in space are becoming more comfortable.
Credit: NASA

329. NASA.gov/mission_pages, “Gagarin Anniversary” NASA.gov/mission_pages/shuttle/sts1/gagarin_anniversary.html, accessed 01/24/2017
330. NASA.gov, “Space Station FAQ” NASA.gov/centers/johnson/pdf/569954main_astronaut%20_FAQ.pdf, accessed 01/05/2017
331. SpaceX, “Falcon Heavy”, spacex.com/falcon-heavy, accessed 02/12/2017
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(IST). This vehicle is large enough to act as an entire complex habitat, despite being a
single module. While vehicles like this may be necessary in order to place humans on Mars
or more distant worlds, ICE habitats built on these worlds will require ways to grow if they
are to accommodate an influx of inhabitants over time. New and creative ways in which
ICE habitats can be made more expansive while on-site will be necessary to enable the
accommodation of larger numbers of people and the healthful accommodation of greater
numbers of individuals and the healthful accommodation of those already present.
332

8.5 Methods for Expansion
In order to move humanity off-Earth, or make ICE habitats for early exploration
missions larger than a single module, architects and engineers will find it necessary to
explore and perfect various ways of expanding the size of ICE habitats in outer space and
on other worlds. The expansion of ICE habitats at the poles is relatively easy due to there
already being at atmosphere, gravity, and lack of radiation. New modules are constructed
and brought out during the polar summer, then assembled on-site. As it is common practice
to expand upon Antarctic or Arctic habitats, the major focus of chapter 8 will be on the
methods for expanding orbiting or extraterrestrial ICE habitats. Methods of expansion,
which may also be used at the poles, will be noted.
It will be necessary to expand or add modules to habitats for reasons including
the accommodation of more crew, creating the required mechanical complexity for a fully
functioning habitat, or to include new modules for specific scientific experiments. Due to
the limitations of contemporary launch vehicles, being able to transport modules that must
fit in the compartment atop the vehicle, the ability of a space-based habitat to grow will
be mandatory. Several modules would be required to create even a minimally-sized longduration habitat. Habitat expansion can be achieved through the addition of more modules,
new types of modules that literally expand into a larger form, or the building of habitats out
of in-situ materials and local geologic features.
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8.5.1 Modularity
The term “modular” is commonly used to define the construction of hard-bodied
habitats such as the ISS or other orbital stations such as the Tiangong station being
assembled by China. The term also applies to most polar stations, such as McMurdo,
as well as Amundsen-Scott or other stations which are farther from the Antarctic coast.
While these habitats are all constructed in a similar manner, through the use of metallic
modules containing portions of a complete habitat, modularity as an approach defines the
amalgamation of smaller components into a larger whole. The concept of modularity may
also define a method of construction, when a single small unit is built of pre-fabricated parts
for easy assembly.
Modularity is one of the defining characteristics of contemporary architecture in ICE
environments, though the concept can be broken down into different approaches. While
the most apparent modular habitats are the hard-bodied spacecraft such as the ISS, the
use of inflatable habitats is becoming an increasingly attractive option and is in the final
stages of testing for use in next generation habitats. Inflatable-based modular ICE habitats
are assembled in the same manner as hard-bodied habitats, but provide much greater
habitable volume per unit. When several independent structures are located adjacent to
each other, connected by corridors or other path, their respective layouts may also be
considered modular.
333

8.5.1.1 Hard Bodied Modules
The most common extraterrestrial ICE habitat module in contemporary use is the
hard-bodied module. These are primarily made of titanium, steel, and aluminum. Modules
are scaled to fit on a launch vehicle, and usually contain a single major function such as
a greenhouse, workshop, or science modules which are mission specific. The ISS made of
hard-bodied modules, with each individual module focusing on crew quarters, materials
science, or simply the ability to view Earth. The Cupola module was created to allow
astronauts to observe Earth from space, making the station feel less cramped and enabling
greater investment in hobbies such as photography. The only module on the ISS which is not
hard-bodied is the Bigelow Expandable Activity Module (BEAM) and is acting as a test-bed
for new approaches to inflatable modular architecture.
Hard-bodied modules were the first design approach used in the space program,
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dating back to initial attempts at flying in space such as Gemini and Apollo. Habitats in
this era were often a single module with room for one to three people, with two connected
modules being used during the Apollo missions to enable a module to separate and land
on the Moon. This style of module is still the preferred approach to habitat design into
contemporary times, the hard-bodied module has been heavily used in every space-born
ICE habitat from Skylab to the ISS.
Despite the prevalence of hard-bodied modules, several limitations are inherent in
the use of a rigid body for the creation of a module. A launch vehicle may only carry so
much into space, both in terms of weight and volume, which often limits the delivery of
just one module at a time into orbit. If a station such as the ISS or a base on the Moon
were to require a certain amount of habitable volume, it would take multiple launches to
assemble the modules required to reach this volume. In assembling the ISS, with its 15
pressurized modules, solar arrays and multiple other components, dozens of launches have
been required since construction began in 1998 in order to get the ISS to its current level
of completion. Despite this effort and number of modules, habitable volume in the ISS
3
3
measures out to only 931m , averaging just 66.5m per module. Improving upon this
figure would result in more habitable space made available per launch, a benefit that is
being explored in new approaches to contemporary module design by Bigelow Aerospace
and NASA.
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Hard bodied modules are the current standard for orbital habitats and define most of the modular architecture on Earth as well. Are limited in available habitable volume.
Credit: European Space Agency, esa.int/Our_Activities/Human_Spaceflight/Columbus/Columbus_laboratory

In the last 40 years especially, there has been an increase in the habitable volume of spacecraft, with contemporary orbiting
habitats spanning the length of a football field. While still cramped in many respects, the ISS is a massive construct.
Credit: NASA, Space.com, Smithsonian National Air and Space Museum

336. NASA.gov, “Reference Guide to the International Space Station” September 2015 Edition, pp 26-43, accessed 03/17/2016
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8.5.1.2 Inflatable Modules
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However, while inflatables are a concept that has been explored for decades, the
approach is only recently receiving the industrial backing that would make inflatables as
common as an aluminum hard shelled module. Prior attempts to use this approach in ICE
habitat construction can be seen with Transhab, which were quite successful but were
banned by the 106th Congress. As the infrastructure for the construction of inflatables
progresses, the space industry will likely see inflatables replace traditional rigid modules
in most applications. The ability to ship more inhabitable space for less money while
providing greater durability make inflatables very appealing. However, these modules are
not capable of reentry while inflated, and when used on Earth must be secured to the
surface upon which they are deployed. While inflatables modules may never completely
replace rigid modules, the next several decades will potentially see them dominating the
field of space travel and finding greater use on Earth as well.
342

Research into durable mixes of materials which can also fold and hold pressure
against a vacuum has led to the creation of inflatable modules. These are capable of
surviving the outer space environment, and while not literally inflatable, modules are made
of composite layers of fabrics and airtight materials that are densely folded into the payload
bay of a rocket. Once in orbit, these modules are filled with atmosphere, causing them to
unfold and expand to dimensions larger than can be achieved with hard-bodied modules.
The creation of inflatable habitats is being led by Bigelow Aerospace - a private company
looking to improve on the current designs for ICE habitats in space. Bigelow has been
lauded for the creation of modules ranging in size from the BEAM, currently attached to
the ISS and offering 16m3 to prove the technology, up to the experimental BM 2100 that
offers 2250m3 of habitable volume. Inflatable technology is offering the potential to more
than double the entire habitable volume of the ISS in a single module, as compared to the
15 modules making up the station currently. The current volume of the ISS could also be
matched with the launch of just three BA330 modules, each capable of providing 330m3
of habitable volume. While several more launches would be required to furnish the modules
and transport people aboard, utilizing inflatable modules for ICE habitats in orbit or on
the Moon or Mars has the potential to dramatically reduce the cost of habitat construction
while increasing the livable volume. As the module is deflated for launch and inflated once
in orbit or otherwise on site, the size constraints that currently limit the use of hard-bodied
modules are much less restrictive.
The physical properties of inflatable modules are superior to those of hard-bodied
modules as well. In an effort to save weight, the thickness of walls in traditional hard-bodied
modules may be as thin as 10cm . While made of titanium, aluminum, and other metals,
modules are rigid and take the full impact of a hit from space debris, though shielding exists
to minimize impacts. A Bigelow expandable module averages 46cm thick and will flex
under impact. The physical properties of an inflatable module, in addition to the Kevlar
and materials which provide additional durability, allow impacts to be absorbed. Tests on
the ground have shown inflatable modules to be up to twice as resistant to impacts as hardbodied modules. While modules will flex with an impact to dispel kinetic energy, this is
only the case in high energy collisions. To the inhabitants of an inflated module, the walls
will feel as strong as concrete.
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The B330 is an inflatable module capable of encompassing 330m2 of volume in a single unit. This allows for an increase in the available habitable space that can be sent into orbit,
allowing larger habitats with fewer launches. Inflatables thus provide more room to move for otherwise confined inhabitants.
Credit: Bigelow Aerospace, bigelowaerospace.com/b330
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8.5.2 3D-Printing
A contemporary trend in habitat construction that is especially pertinent in offworld architecture involves technological advances being made in 3D-printing. Printed
three-dimensionally is done through the additive creation of an object or structure by
depositing a substrate in layers to create a more complex form. A variety of objects can
be created by this kind of manufacturing, from something as simple as a fork to the basic
structural components of an ICE habitat, and many objects between these scales. Additive
manufacturing is capable of forming objects across many scales and can use materials
from plastic to metal, or even local materials such as basalt. Additive manufacturing differs
from other forms of building, such as the casting of form-work or reductive manufacturing,
where an object is created by carving away at a larger mass. Both of these forms of
manufacturing create excessive waste in form-work that is destroyed during the creative
process or materials that are lost during the shaping of an object, qualities which are
undesirable in the resource-limited environments of ICE habitat. Additive manufacturing
creates far less waste than these methods of construction, and is much faster. These qualities
enable 3D-printing to be both a technology that can inform the planning of expeditions by
changing the use of resources within a habitat, or be used to print a habitat itself.
The ISS is the current test-bed of means and methods for 3D-printing objects while in
a micro-gravity environment, with NASA attempting to switch from a reliance on spare parts
or machined tools shipped from Earth to a system that is entirely based on low-weight ABS
plastic and an on-board 3D-printer. Removing the need for spare parts on the station frees
346
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up volume currently being used for storage for other uses, which is beneficial in extremely
confined habitats like the ISS. The printer is functioning as an experimental trial of additive
manufacturing to explore the limits of the technology and prove its applicability to future
design projects. Created by Made in Space, the Zero-G 3D-printer passed parabolic
flight trials and is currently being used successfully on the ISS. As 3D-printing is scaled
to create larger objects, and the range of potential additive materials is expanded, the
technology could prove fundamental to long-term habitation on other worlds.
The potential applications of 3D-printing technology for both habitat construction
and inhabitant life in ICE environments are expansive, as the technology can create small
amenities within the habitat or be used to . The benefits of 3D-printing when designing and
constructing within ICE environments range across the economical, due to the immensely
reduced costs of certain kinds of construction, to the practical, such as the ability to print
objects as needed. In the creation of a single-use part for a specific function within a
habitat, the cost of that part would be the electricity required to operate the printer and the
substrate used in printing. The cost of creating a part as-needed is cheaper as compared
to that required for a company on Earth to create a machined part through molding or
subtractive manufacturing. Printing a part also negates the transportation cost of shipping
that part to the habitat. For example, on the ISS the cost of spare parts that are currently
in reserve on the station, to include their manufacture and shipping costs, is roughly 1.2
billion dollars. These finances could be used for other needs within the space program,
especially given that the majority of these parts have never needed to be used and exist
solely as redundancy. Additionally, when spare parts are not in use, they still occupy space
on the ISS. Spare parts which needed to be sent into orbit, had high manufacturing costs,
and will likely never need to be used. The financial and available volume issues of creating
and storing unused spare parts would be resolved through the application of additive
manufacturing to create those parts as-needed. Benefits imparted by creating objects ondemand is especially true of printing in space, in which the cost of shipping the weight
of a brick to a relatively close location such as the Moon could cost well over one million
dollars. The unique opportunities for habitat design in space are extraordinary when
3D-printing can streamline the use of materials or create design solutions on site due to
reduced or zero gravity. The potential forms of projects based in outer space or around
an on-site 3D-printer could change the design of a project dramatically.
3D-printing technology also imparts an inherent flexibility to an expedition;
discounting the creation of tools or parts for habitats, to say nothing of the creation of
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Members of the Made in Space 3D-Printing company test the ability of a small additive manufacturing device in the simulated weightless environment of a parabolic flight. After
successfully passing these trials, the printer was installed on the International Space Station and is currently used for the create of spare parts or other needed items.
Credit: Made in Space
346. Cooper, Kennethe. Johnston, Mallory M. “3D Printing In Zero-G ISS Technology Demonstration”, AIAA SPACE 2014 Conference and Exposition, pp 1

195

347.
348.
349.
350.
351.

NASA.gov/mission_pages/station/research/experiments/1115.html “3D-Printing in Zero-G Technology Demonstration” accessed 03/17/2017
Snyder, Michael. Dunn, Jason. Gonzalez, Eddie. “The Effects of Microgravity on Extrusion Based Additive Manufacturing”, AIAA SPACE 2013 Conference and Exposition
Made in Space, presskit, accessed 02/04/2016
Ibid
Ibid

196

Methods of Construction and Expansion

habitats themselves, the technology can enable a far safer existence outside the support
structures found on Earth. Similar to the methods by which one can print a common
object such as a fork, additive manufacturing may also be used in the creation of medical
implements for many procedures that may become necessary on a long-duration mission.
Minor surgeries such as an appendectomy, or other relatively common health issues, can be
managed by trained crew without the weight or cost of including spare medical instruments
made of metal. The same can be said of braces, casts, or even something as benign as
eating utensils. The use of additive manufacturing to supplement medical needs is another
example of the options available for reducing the cost of a mission while simultaneously
enhancing the ability of a crew to respond to circumstances they may find themselves in.
Flexibility will become a vital quality as the duration and distance of missions increase, and
can even benefit inhabitants on Earth, such as McMurdo. For months out of the year this
base is completely inaccessible to the outside world, and the use of additive manufacturing
has the potential to enable the individuals living there to more aptly respond to unique
situations or print new tools of ABS plastic or other materials as needed.
Potential future applications of additive manufacturing will allow for 3D-printing
using new materials, even including the materials of the site itself. While contemporary
3D-printers use a substrate, often ABS or other plastics, variants of additive manufacturing
are possible which use found materials like basalt as the required substrate instead.
Multiple studies have been conducted that explore the use of Lunar or Martian regolith
as a material for 3D-printing, or even the ice found below the surface of other worlds like
the Moon or Mars.
A 3D-printer capable of using these resources would enable the
in-situ and relatively inexpensive construction of ICE habitats when compared to the costs
of transporting modules to site. New habitats or extensions of habitats could be printed as
needed, and the cost of shipping materials to the site would drop by significant amounts .
While the use of 3D-printing entails a slightly larger initial investment in the transporting of
printers to the Moon or Mars, production facilities would quickly break even in economic
terms, and become more efficient as time goes by. Initial projects on Earth or the Moon
would focus on the printing of simplified structures for humans to inhabit, but also have
the potential for the creation of basic industry. As 3D-printers become more advanced,
construction using local elements could eventually lead to the creation of spare metal or
other useful byproducts, which would begin to lay the foundations for more sophisticated
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In this example, powdered Martian regolith is heated and cast into a foundation. From there, successive rings are printed using sintering and built into whatever basic form is
required for construction, in this case, a dome. These units can then be inhabited and fully sealed by human crews.
Credit: Imhof, Barbara; Universität für angewandte Kunst Wien; Cowley, Aidan; European Space Agency. “Our Future is Cast in Lava”. 3D Printed Habitat Challenge

manufacturing. When taken in the context of permanent bases on other worlds, more
complex materials leading to the foundations of metallurgic industry would expand an ICE
habitat’s ability to be resource independent from Earth.
While 3D-printing promises to be one of the more adaptable technologies used in
contemporary space exploration, the technology is suitable for specific kinds of missions
more than others. Aside from requiring more advancement in the technology, the use of
3D-printing in the field of architecture only makes economic sense when considering longer
term missions. Of the available habitat designs for long-duration, those built with printers
require the greatest initial investment. Creating a viable ICE habitat requires sending
3D-printers to the site, with basic support systems for the printers such as mobile robotic
platforms to allow them to move around the site during printing. Before humans arrive, these
structures must be printed, tested for safety, and furnished for habitation. Once the primary
construction work is complete, inhabitants can begin to finish interiors and conduct work
related to the mission. While inhabitants could arrive at an ICE habitat that is essentially
ready for use, printing is initially slower and more expensive than having humans on an
expedition inhabit a ship.
Despite the higher initial investment in printers and robotics, bases constructed
using a 3D-printed approach can be custom made for specific tasks, which can be more
challenging or impossible to include in the ship used for reaching the ICE environment. The
opportunity to print support structures, garages, or roomy personal quarters is more realistic
than sending a ship to the site with these elements already included. The 3D-printers stay
on-site once construction of the initial habitat is complete, allowing for the expansion of
359
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the habitat or creation of other required structures without requiring them to be sent from
Earth. 3D-printers simply need solar power or another source of energy to operate and the
material with which to print. Renewable energy and local materials provide an ICE habitat
or colony greater resource independence from Earth than would otherwise be possible.
An example of the potential uses of in-situ resource use and 3D-printing technology
can be seen in the ATHLETE, the All-Terrain Hex-Limbed Extra-Terrestrial Explorer. The
ATHLETE is a mobile robotic prototype capable of taking materials found locally, specifically
analogue lunar regolith, and creating structures that can then be quickly completed and
inhabited by humans. The ATHLETE also uses solar power to meet its energy needs, and when
combined with its reliance on local materials, enables the possibility of building structures
on-site that are far larger than those which could be sent to the Moon. This construction
would be done for a lesser cost than would be required for sending habitat modules, and
due to the simplicity of printed designs, much faster once printers were established on site.
Structures which are far beyond the capability of launch vehicles to transport may be built
as well. In contrast to a contemporary single, pressurized habitat that needed to be sent up
from Earth at great expense, printed designs would have a complex of modules that could
be expanded upon as needed. ICE habitats that can react to the needs of inhabitants
would enable longer term, healthy habitation by rapidly accommodating new needs and
affording increased mission flexibility.
The example of using robotics to print structures before humans arrive at a given ICE
site offers an additional benefit. Due to removing the need for support from Earth which
would be required for human workers during construction of an ICE habitat, the cost of
constructing ICE habitats becomes dramatically lowered. When constructing an ICE habitat
on a location such as the Moon, the building required to house and care for a construction
team would potentially be larger than the habitat project itself, a fact which makes the use
of humans in certain ICE environment construction projects unrealistic. The use of remotely
operated 3D-printers also allows the dangers to human life presented by the environment
to be mitigated, such as exposure to radiation, accidents at an incredibly remote site, or
other unique hazards. Humans are not present to get hurt yet may control printers or on-site
robotics remotely, ensuring difficult work is completed and construction issues are handled
immediately. The use of robotics also avoids relative human frailty when compared to
machines: robots can work for as long as there is power, require less attention, and can
be successfully operated from a distance. Much like a printer one might find in an office,
one can assign a task and then move on to other more complicated work while the printer
continues to work.
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The ATHLETE uses in-situ resources and solar energy to create a variety of structures, for enormously less cost than shipping them from Earth. Multi-building complexes can be built,
and astronauts arriving to the Moon or Mars can land to find buildings that are ready for occupation. Given the distance and cost of getting to Mars especially, such tools would
prove vital to human colonization of space.
Credit: Howe, A. Scott, PhD. et al“Faxing Structures to the Moon: Freeform Additive Construction System (FACS)”. Jet Propulsion Laboratory, California Institute of Technology

Perhaps the greatest allure of 3D-printed architecture is that it is potentially the only limitless
construction method available. As long as the machine has power, ranging from solar to
nuclear, it can use locally available substrate to continue working. The process by which
it prints is similarly free from the need for outside material. Unlike concrete on Earth, with
its required aggregate and cement in order to set, 3D-printers need only dust and energy
to create a form. Regolith is gathered and formed into usable structures through a process
called sintering, or the use of extreme pressure or heat to lock fine powders together.
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This process can be used in environments that are lacking an atmosphere or have minimal
gravity, as the process is rapid and not dependant on chemical processes. This is also a
technology which can be used on virtually any rocky world. The Moon or Mars are both
covered in immense amounts of powdered regolith, available for construction projects,
making them unique suited for the use of 3D-printers. A site that is picked for its wealth of
finer sands would ensure access to appropriate raw materials. Due to the cost of shipping
and even traditional manufacturing of habitat modules, in-situ resource use will likely be a
requirement for eventual manned habitation on the Moon or Mars. The cost benefits are
extraordinary, crews working locally have freedom to change designs as conditions require,
and completed based are afforded great flexibility in the creation of habitat extensions
or future construction projects. The sintering process has been proven to work effectively
in demonstrations on Earth. Once the capabilities of these machines are proven and
reliable, they will likely form an important component of off-world expeditions.
3D-printing exists as a technology that has the ability to dramatically change how
living in extreme environments is approached by designers. As long as there is energy and
a usable substrate the cost of construction drops enormously after the initial investment,
as the initial costs of using 3D-printers are tied to their creation and transportation to the
site. Safety during construction is also increased, along with a beneficial independence
of the workforce. Issues such as food or housing cannot delay construction, as they could
in a project that is being constructed solely by humans. In addition, everything created on
site has no more mass than is required for the job at hand. Removing the need to design
objects to withstand launch results in the creation of efficient, lightweight structures that are
more efficient that those shipped from Earth. While 3D-printing is still a new technology that
needs to go through many trials, the potential applications for ICE habitat construction are
enormous. 3D-printing, whether used for printing spare parts on the ISS or in the creation
of an entire Lunar base, will likely come to define the near future of space exploration and
habitation. The technology is being used on Earth as well, used for varied applications within
industry such as prototyping designs or even architecture. Widely available 3D-printers are
in common use around the world for hobbies or modeling by the general public as well.
While additive manufacturing in general is becoming increasingly popular on Earth, the
cost benefits of in-situ production in space are especially attractive. With the lightweight
design of objects and task flexibility of construction work, additive manufacturing is a
technology that is uniquely capable of enabling human habitation in the ICE environments
of outer space.
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8.5.2.1 Regolith
Regolith is the primary building material that will be used by 3D-printers for ICE
habitats on the Moon or Mars. The material composes the majority of the surface of both
planetary bodies, and is called Lunar Regolith or Martian Regolith depending on which
astronomical body is being discussed. The sands, powdered basalt, small rocks, or other
loose surface material constitute regolith. Regolith on both worlds is similar to the soil of
Earth, but devoid of almost all water and any known biologic materials.
Regolith is different from soil on Earth in that it is made of finer particles. Due to the
lack of a hydrological cycle or active climate, the surface of the Moon and Mars has
changed very little for millions or even billions of years. Asteroid impacts, or extremely
light winds in the case of Mars, are among the few means of erosion. These processes
have left an extremely fine layer of powdered regolith on the surface that can be used
as a substrate in laser-based 3D-printers. When undergoing sintering, powdered regolith
can be heated and compressed into a cement-like substrate without the use of binders.
Sintering can occur when regolith is subjected to a laser, fusing the particles together,
or are otherwise exposed to a high level of pressure and heat. 3D-printers would be fed
a constant stream of the finest powdered regolith, which would exit the printer at 1200
to 1500 degrees Celsius and cool into a single piece of hard basalt rock. This process
enables the creation of simple structures, such as the modules or other major components of
an ICE habitat, to be made in-situ. Techniques capable of binding regolith using less energy
intensive methods are also being explored, which are able to print simple building forms at
a horizontal rate of 2 meters per hour. This speed would enable an entire building to be
completed in approximately two weeks, dependent on size and complexity.
Aside from inclusion as a material in 3D-printing, loose regolith may be placed over
ICE habitats on the Moon or Mars, effectively burying them. This shields ICE habitats under
a layer of radiation resistant material, with deeper coverings resulting in more radiation
protection. Covering habitats with regolith is an inexpensive and simple way to ensure
that habitats placed in ICE environments on the Moon or Mars remain safe from excessive
radiation. Regolith brought back from the Moon substantiated the theory that even a
modest covering of regolith over a habitat would substantially reduce the level of GCR
energy passing through the habitat. Protection against radiation will be a vital step in
ensuring the physical safety of inhabitants in the ICE environments of outer space.
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8.5.2.2 Water
The ICE environments on the Moon or Mars are some of the most challenging
places for human habitation, but such environments allow otherwise impossible design
solutions due to the conditions that make them extreme. Below-freezing temperatures define
these environments almost continuously, a characteristic that allows water to be used as a
construction material. While summer near the equator on Mars, or direct sunlight on the
Moon, would be too warm for this construction technique, many places exist on both worlds
that are continuously below freezing. A sufficiently cold environment enables 3D-printers
to utilize ice as a primary construction material in the exterior walls of ICE habitats.
Using water or ice as a construction material is not a new concept, being practiced
by indigenous people in the Arctic for potentially thousands of years. Contemporary
examples of specialized applications of water in construction have been shown in a 2016
3D-printing competition sponsored by NASA. First prize was given to an entry called Ice
House , whose design was based on extruding water/ice into the form of a dome then
coating the ice with an Ethylene Tetraflouroethylene membrane to prevent the ice structure
from sublimating in the thin atmosphere of Mars. The use of water allows for the creation
of structures made of ice, which can block radiation while still allowing natural light into the
habitat. As little as 10 inches of ice is capable of reducing the ambient radiation on Mars to
levels safe for humans, and the Ice House design employed a layer thicker than 10 inches
throughout the entirety of the project.
Building with ice has potential psychological benefits as well. While a habitat
constructed of ice would be just as confined as any other created with 3D-printers, the
materials used in construction are translucent, allowing natural light into the habitat and
affording views in many directions. Natural light will help reestablish diurnal rhythms in
occupants, a task made easier by the length of the day on Mars, which is only 41 minutes
longer than a day on Earth. On the Moon, psychological benefits would lessen due to
the fact that the only places cold enough for ice-based architecture are eternally dark areas
near the poles. While a usable construction technique within this environment, the expansive
views provided by above-ground architecture on Mars would be replaced with darkness.
Direct sunlight on the Moon immediately creates a temperature of several hundred degrees
Fahrenheit, which would destroy ice based architecture.
While ice is a useful building material for Mars habitats due to its radiation shielding
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The Mars Ice House is an extremely creative use of local materials. It is capable of providing a place to live and due to the inclusion of ice as a construction material, has high
radiation resistance. Interventions using water in this way will experience benefits to the psychological health of a crew.
Credit: Mars Ice House
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In the interior one can see the machinery used to create and maintain the ice structure. These robotics are one example of the uses 3D printing may have on other worlds.
Credit: Mars Ice House
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and translucence, building with water requires access to a water source somewhere within
the ICE environment. There are areas on Mars, such as the poles, that are likely to have
relatively easy access to a great deal of ice or subsurface water, but exploring these areas
would require an impetus aside from just the establishment of an ICE habitat. Any site used
in the exploration of Mars or the Moon will need to have the materials available for in-situ
habitat construction as well as close proximity to areas of interest for climate science, the
search for life, or whatever the chosen focus of the expedition will be.
Projects are also being considered that would employ ice architecture in the Antarctic.
While these would not use 3D-printing in the construction of habitats, the projects allow
for contemplation of another approach to using the local landscape, and ice in particular.
One concept involving a subterranean base constructed into calving ice shelves has been
put forward by MAP architects, which would allow 100 inhabitants to conduct scientific
observations for seven to ten years while the ice melts. When the mass of ice in which
the base is located begins to melt in the ocean, the habitat would be cleaned out and
abandoned, leaving no trace of having existed. Similar to the use of regolith being used to
cover a habitat to provide simple radiation shielding, ice may be used in its found state to
provide shelter as well.
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8.5.2.3 Basic Geometry
While the applications of 3D-printing are potentially beneficial to the creation of
habitats from ICE environments, this type of additive manufacturing is still a relatively new
technology that is still being improved upon, and is, thus, fairly limited at this time regarding
the construction of habitats. The variety of shapes that can be formed exist as only those in
alignment with basic geometry, such as simple walls, arches, vaults, or domes. As structures
made from regolith are predominantly basalt, the physical properties of 3D-printed structures
are similar to that of concrete. Load-bearing forms are ideal when using 3D-printers, as
these forms take advantage of the strengths inherent to the material and support themselves
naturally while in the process of being printed. While there is some variability in the form of
the potential final product, designs cannot include cantilevers or forms which project from
a structure without supports, such as a wide, flat roof. In the same way that concrete will
break under its own weight without interior steel supports, 3D-printed regolith can fracture
and must remain in a load bearing configuration.
Designs using ice face the same handicap, as ice has no tensile strength, only
compressive. A habitat made of ice would need to be created out of catenary arches or
382

Examples of simple geometric forms which are stable under their own weight. Basic structures like these would be ideal when created with a 3D printer, as they take advantage of
the inherent characteristics of sintered regolith and can be scaled to various sizes or combined in assorted patterns. Initial printed designs would be based on simple geometries

similar forms to those used in printing regolith, which are reinforced by their own weight.
Despite the geometric limitations inherent in 3D-printed architecture, there still exist
many benefits, as the load-bearing forms that are mandatory also allow for a great deal
of weight to be assumed by a structure. Strong compressive forms will ensure that an
appropriate amount of regolith can be placed atop printed habitats for radiation protection
while remaining structurally sound. While limited, a great variety of forms still exist that
are based on arches or other load-bearing structures. Habitats that are 3D-printed on other
worlds will have a variety of forms, depending on mission requirements or even potential
inhabitants’ preferences.

381. Maparchitects.dk, Iceberg Living Station for 100 People
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8.5.3 Lava Tubes, Skylights, Craters
Throughout terrestrial and extraterrestrial environments, forces of geology often
create a complex landscape of tubes, craters, and rifts in or under the surface. Throughout
the planetary bodies that are likely to be explored by humans in the next ten to twenty
years, these formations are relatively common due to a lack of weathering, which erodes
them on Earth. The Moon and Mars have surfaces defined by craters, lava features, gullies,
and caves, which all exist as when they were first created. Geologic features on these
worlds are also able to exist on a much grander scale, due to the negligible forces of
erosion and lower gravity. When inside an extinct lava tube or otherwise sheltered from
the sun, radiation levels drop to negligible amounts. With the appropriate preparation, it
is possible for an expedition to build an ICE habitat in these protective features.
A great deal of focus is necessarily given to the design of ICE habitats, whether
hard-bodied, inflatable, or printed, but it is also important to consider precisely where
ICE habitats will be built. The natural features of an ICE environment can be incorporated
into the selected design of an ICE habitat, in certain situations a natural feature may even
become the predominant feature of an ICE habitat. While the inclusion of natural features in
habitat design is rarely used on Earth due to the planet’s relatively hospitable environmental
383
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conditions, a high likelihood exists that they would be included in habitat designs for
outer space or on other worlds. This is primarily due to the protection from radiation that
natural rock provides. In high radiation environments such as the Moon or Mars, a habitat
that is built into a tunnel or lava tube provides an innately physically safe environment for
inhabitants.
Potential placements of ICE habitats within the geology of other worlds include
craters, skylights and lava tubes. The surfaces of the Moon or Mars are defined by many
scales of impact craters due to several billions years of bombardment by asteroids. Placing
ICE habitats within such a feature can provide shelter from radiation, especially near the
poles of the Moon, where some impact craters can provide constant shadow. A lava tube
is a long, roughly cylindrical tunnel created when molten lava once flowed through the
landscape. As the exterior face of the lava cooled, the interior stayed molten, continuing
to flow. After a time, molten lava would completely drain away, creating a tube system
with variously sized bulges and channels along its length. On Earth these lava tubes are
often large enough for a human to walk through, and in many cases, could safely shelter
an entire built structure. On the Moon, due to the lower gravity, there are lava tubes that
are predicted to be hundreds of meters wide, which could shelter entire communities. A
skylight is a portion of a lava tube that has collapsed along the ceiling, creating a gap that
allows in light. Collapses like this can alert humans to the presence of a lava tube, and can
be the only means of entrance to these subterranean systems.
In addition to providing protection from radiation, placement of ICE habitats within
natural features of the land prevents damage from micro-meteoroids, which are fast moving
pieces of rock which may be as small as a grain of sand and can puncture structures. The
natural geography can also protect against and Solar Particle Events, or SPE’s. An SPE
is a flare from the sun or other cosmic body that can produce enough radiation to cause
lethal radiation poisoning for humans within 10 hours, and they are a significant hazard
to ICE inhabitants on other worlds which lack a strong gravitational field like that of Earth.
However, while placing habitats inside of a natural formation in the environment provides
many benefits, it can also be limiting to an expedition. The boon of creating habitats within
natural features is that they already exist, and provide a great deal of natural protection
when utilized. However, expeditions to the Moon or Mars are likely to have a wide range of
scientific and exploratory goals. Locating a suitable natural formation that can reinforce the
protection of an ICE habitat while also being adjacent to resources, areas of interest, or other
deciding factors in the planning of an expedition may be challenging. Natural formations
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The use of local geography, or even the material properties of the land, allow unique architectural interventions on Earth as well. In this example, an Antarctic base is carved out of
an iceberg or ice shelf, then inhabited for several years until a project is completed. This avoids a need to ship in heavy and expensive modules to remote locations.
Credit: David Garcia/MAP Architects, maparchitects.dk/portfolio/item/iceberg-living-station-animation-made-for-icelab-exhibition
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can provide much needed protections on an expedition, but the lack of flexibility inherent
in the placement of geographic formations, being randomized, makes their inclusion in
an expedition potentially difficult. It is likely that a cave or lava tube would be of potential
use during exploratory missions or be well placed for a long-duration expedition, but lava
tubes might be given more attention on following expeditions focused on colonization or
establishing permanent bases within ICE environments.
Benefits provided by placing habitats underground or within geologic features,
especially given the implicit protection from radiation, will encourage natural integration
as a fundamental part of long-duration habitation. It is desirable to place inflatable habitats
or traditional modules within these features for the sake of inhabitants’ protection. However
if an ICE habitat design approach were to consider living in an area for a long duration or
even permanently, new options arise in how to integrate an ICE habitat into a local feature.
Using a geologic formation such as a caldera or lava tube not as a shelter in which to place
a habitat, but as the body of the ICE habitat itself becomes an option. More than a simple
radiation shield or a prime location for geology, these natural formations can become
integrated at various levels into the construction of the ICE habitat.
The first step in making one of these features habitable is to ensure it is airtight.
For an example, utilizing a lava tube, this action would involve sealing off both ends and
performing tests to confirm that the surrounding rock can maintain an atmosphere. The
concept behind the creation of inflatable habitats can be use in such circumstances, with
the possibility of sealing off an area of a lava tube by stretching a membrane across the
interior of the feature, or being used to seal the entrance to a cave. Instead of inhabiting
structures within the lava tube, the available habitable volume becomes the tube itself. This
can be done in lieu of a traditional habitat by using seals to create a volume that is roughly
equivalent to that of a habitat, or even scaled up to create larger volumes of habitable
space within the geologic feature. Instead of a confined habitat with a handful of rooms, a
sealed lava tube may allow for dozens of rooms with multiple levels and open public areas.
While this particular approach to design continues to have many developmental hurdles,
it is plausible as a means of living within a lava tube or other subterranean feature. In the
case of a natural skylight, the feature could be domed or otherwise sealed with transparent
materials such as an ice dome, creating a source of natural light. Appropriately selected
geologic features would have access to sunlight important for solar energy and the growing
of plants, while keeping the habitat safe from SPE’s.
After an expedition has managed to create a simple sheltered structure out of a
geologic feature, it becomes possible to integrate habitats more fully into the geologic
feature. When a larger space has been made available through the pressurizing of a
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Simplified examples of the three major types of local geologic feature into which ICE habitats may potentially be built.
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geologic feature, the style of ICE habitat required becomes more variable. While an initial
habitat design would likely be a more confined pressurized and confined module due to the
size constraints of a launch vehicle, within a larger pressurized space it is possible to use
more traditional approaches to architecture, such as the inclusion of operable windows or
larger indoor spaces. When the major environmental issues of another world, such as the
lack of a breathable atmosphere or the presence of radiation, are negated by a pressurized
natural feature such as a lava tube, buildings inside may begin to resemble more common
structures on Earth. Living within an ICE habitat of this scale would reduce the sense of
confinement, allow inhabitants to spread out and regain privacy, or generally address
many of the psychological pressures that tend to come from living within ICE environments.
While the definition of what constitutes the ICE habitat has expanded to entail a much larger
volume, and is currently situated within an ICE environment, interiors as experienced by the
ICE inhabitants daily life will have become less confined and psychologically stressful.
As the size of sealed habitats become larger within a tube or crater systems, it is
inevitable that the habitats will become more complex. As larger sections of lava tube
are sealed and used as an ICE living and working space, the opportunity to create a
closed ecological system (CES) within that space becomes plausible. While a CES could
be included within the initial ships or habitats used to explore ICE environments as part of a
Biological Life Support System (BLSS), such systems will necessarily be as small as possible
due to space constraints within these habitats. Once established on a planetary body, and
within an ICE habitat constructed as part of a lava tube or other large contained space, it is
possible to use a CES in the creation of a small ecology. As ICE habitats become permanent
parts of the landscape, and given enough light and warmth to support plants and a basic
ecosystem, a lava tube can start to become analogous to an Earth environment by simulating
the environment found on Earth. Buildings within the lava tube may be surrounded by open
air, with plants up to and including trees, while flowing water recreates streams and a basic
hydrological cycle. Using a CES to begin recreating the natural environment of Earth would
require a carefully managed closed system, but would begin to provide more than a mere
simulation of a home left behind. Moving past the technologies of a digital environment into
an actual home where a community could live permanently. As populations increase, these
habitats could be expanded farther along the geologic feature in which they were first built,
with ice domes covering skylights along the lava tube for natural light, or even expanding
into large domes built on the surface. This level of integration into the natural features of a
planet would be a first step towards terraformation on a small scale, creating pockets of an
Earth-like habitat around the Moon or Mars, while leaving the majority of the environment
untouched.
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Each geologic feature has unique ways in which they may be sealed and then inhabited. This approach to habitation can provide a great deal of habitable volume.
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8.6 Conclusion
Many ways exist in which ICE habitats may be constructed or expanded upon while
established within ICE environments. The most common contemporary techniques involve
modular design for reliability and flexibility. Assembling different styles of module using
smaller components has proven a useful technique due to the ease with which habitats
can be constructed within ICE environments, as well as the relative ease of transporting
segments of a habitat to those environments. Many ICE habitats also offer the ability to
expand over time, as more individuals travel to a respective ICE environment, and this
requirement is met through the inclusion of more modules. While hard-bodied modules
are currently the preferred design type being used by every space program, the advent
of inflatable habitat modules has the potential to replace hard-bodied modules due to
increases in available habitable volume, durability, and ease of transport. Current research
being conducted to advance the field of 3D printing and additive manufacturing may see
this form of construction and habitat expansion used more extensively in the future for ICE
habitat construction. Use of additive manufacturing on the ISS with desktop 3D printers is
already changing the way in which expeditions are supplied and operate. The final step in
ICE habitation would involve the creation of an interior environment which is analogous to
Earth within the geologic features of other worlds, independent from outside resources and
able to grow.
While each method of construction and expansion has benefits and challenges due
to established practices or technological hurdles which still need to be overcome, each of the
described approaches will likely be used during future expeditions to the poles or off-planet.
Future ICE inhabitants will have the opportunity to live in inflatable habitats and 3D-print
new shelters as needed, while working to make an identified lava tube inhabitable. It is
likely that as humans push out from Earth, a collaboration of different habitation techniques
will be employed based on the state of technology at the time and size or duration of the
mission.
The goal of design for ICE habitats is to provide the inhabitants with not only a
physically safe space, but also one that begins to approximate life back home, with varied
environments, social connections, and considerations of human psychological needs. As
the ability to create and furnish larger habitats expands, these human considerations will
come to define ICE habitat design to the same extent as physical considerations. While
At an appropriate stage of advancement, a CES can begin to provide an Earth-like environment for those living in ICE habitats. Most major typologies of geologic features can be
made inhabitable, though the technology to do so is still theoretical.
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many factors regarding human physical and mental health, especially social considerations,
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must exist in a digital format due to the isolation inherently involved with ICE environments,
habitats that are large enough to support a closed ecology can begin to approximate life
on Earth. While an ICE habitat would require a community of hundreds or thousands to
recreate the complexity of the life left on Earth, geologic formations exist on the Moon or
Mars that could in theory support communities of this size. The creation of an analogue to
Earth within an ICE environment stands as a primary goal of ICE environmental architecture.

“Sailors fighting in the dance hall.
Oh man look at those cavemen go
It’s the freakiest show.
Take a look at the lawman
Beating up the wrong guy
Oh man wonder if he’ll ever know
He’s in the best selling show
Is there life on Mars?”
David Bowie
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9.1 Is There Life on Mars
Inhabiting Other Worlds, Applying the Discussed Topics
“Of what practical use is a newborn baby?”
Benjamin Franklin
An understanding of the human factors requirements of an ICE habitat must be
had in order to construct a habitat capable of meeting those needs, however integrating
these responses appropriately into a habitat is necessary for them to be effective. The
prior chapters have discussed aspects of psychology and sociology, as well as the ways
in which these may be addressed through technological or programmatic means within a
habitat. This chapter explores the fundamental ways of conceptually programming spaces
within Polar, Lunar, Martian, or space-born habitats, followed by an analysis of the use
of space within the HI-SEAS habitat. As an ICE habitat constructed in the future will be
responding to unique project or environmental needs, the primary focus within this chapter
is programming. The organization of space-use within an ICE habitat will be fundamental
to addressing inhabitant need in later design stages.
The conceptual design portion of this dissertation will be increasing the experimental
fidelity of the HI-SEAS Mars analogue by expanding the current habitat. Construction will
be done in a manner consistent with the environment in which an actual Mars habitat would
be constructed, while inhabitants are in-sim. The infrastructure required to support habitat
construction on another world, as well as enable habitat expansion, are still imperfectly
understood. In order to explore approaches to construction management in ICE environments
and gain applicable experience in their use on another world, the HI-SEAS habitat will be
expanded upon over the duration of four construction phases. Beginning with a redesign
of the HI-SEAS habitat itself, based on input from prior crew, these phases will look at
programmatic additions as well as new technological inclusions to the habitat. The central
theme of each phase will be constructing the additions while in-sim, in an effort to employ
contemporary technology and construction methods in an analogous ICE environment.
In addition to field testing equipment that might be used on a real mission, such as a
3D-printer utilizing basalt, this habitat expansion will provide working experience with the
infrastructural requirements of ICE habitat construction. By developing best practices for
managing inhabitants, resources, conducting survey work, or the variety of other activities
required to construct and manage an ICE habitat expansion on other worlds, future
expeditions will be better prepared to survive. Managing a project of this complexity while
working to include human factors within an ICE habitat will also serve as an exploration of
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the necessity of an architect within construction projects based in ICE environments.
The primary focus of an architect is both the efficient construction of a habitat,
and the techniques through which a complex human life or society may live within one.
An understanding of site, materials, construction methods and environmental conditions
is paramount to the realization of an ICE habitat. Careful inclusion of designs addressing
inhabitant psychology and sociological needs, especially on other worlds where one may
be far removed from outside support, is vital to successful inhabitation of that habitat.
Successful long-duration habitats must be constructed with sensitive human factors inclusions,
from basic programming elements to complex technological inclusions aimed at the holistic
well-being of inhabitants. ICE habitats must incorporate the full range of human experience
if healthy, safe, and emotionally sustainable long-term habitation is to become a reality. This
will require both an understanding of real-world difficulties surrounding the management of
construction in ICE environments, and the sensitive hand of an on-site architect.
9.2 Site Selection
The environmental constraints and opportunities which define ICE sites throughout
the solar system will have a large influence on the design required of the habitat to be built
there. An understanding of potential hazards, geological considerations, ease of access to
resources, and proximity to areas of interest all serve to inform how a habitat is constructed
and the site it should be placed upon within a given ICE environment. The selection a
site will be one of the primary factors to influence a mission and the architecture used to
accomplish it.
9.2.1 The Poles
The relative ease with which it is possible to inhabit the poles allows for flexibility
in the selection of a site. Factors such as proximity to areas of scientific interest or ability
to reach the site will be more significant than environmental concerns. There is a healthy
level of air pressure, no radiation, and temperatures can be lethally cold but are the most
manageable when compared to the ICE environments of space or other worlds. Habitats
must keep inhabitants warm and out of the immediate environment, but do not need shielding
or a pressurized interior.
Aside from clearly dangerous areas of the poles described by crevasses or calving
glaciers, an ICE habitat may be placed in virtually any area. Habitats are raised on stilts
to prevent the accumulation of snowdrift and provide a means to level the structure as ice
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shifts over time. There are also certain construction approaches which utilize the ice itself as
material for a habitat, enabling habitat construction to occur virtually anywhere in the Arctic
or Antarctic, or even on large icebergs. Presuming the ability of an expedition to reach a
specific site and supply it for an Arctic or Antarctic winter, the selection of a site for an ICE
habitat is primarily based on the desire of an expedition. A site with ideal conditions for
astronomy or climate research will likely be selected for those reasons above environmental
considerations.
9.2.2 The Moon
Picking a site on the Moon will be highly based on the goals of an expedition
and the available technology for the construction of habitats. Due to the high radiation
environment, any habitats will need to be covered with lunar regolith, 3D-printed of sufficient
lunar regolith to provide radiation protection, or placed in local geographic features for
protection. As these conditions can be met virtually anywhere on the Moon, more pressing
considerations such as proximity to scientific areas of interest or resources will dictate
habitat placement. Missions focused on geology will need to find appropriate features to
explore, while astronomy focused missions will need to find appropriately dark sites on the
far side of the Moon.
A secondary consideration for placement of a habitat on the Moon will be
communication. There is not a global network of satellites such as those used by Earth,
which means communications must be directed to an orbiting ship or the habitat must
remain in line of sight with Earth. As human presence expands on the Moon it is likely a
small network of communications satellites will be placed in orbit, however initially a need
to stay in contact with Earth will likely keep long-duration on the near side of the Moon.
While direct communications, scientific or other objectives, and technology will restrict sites
to certain geographic features or other sites on the near-side, there are still a variety of
potential sites available.
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9.2.3 Outer Space
Space is the only setting reviewed in this dissertation which exists outside of the
common conception of a site. There is not a place on which a habitat may be situated, but
an endless environment of assorted radiations, lack of pressure or gravity, and potentially
damaging debris. A habitat will exist in a void, orbiting the Earth, Sun, or other astronomical
body.
As there is no physical location in which to consider, only environmental conditions
which must be mitigated, the major focus of habitats in space will be on crew comfort
and safety during the transit to other worlds or the duration in which a habitat will remain
in outer space. This may be for a few months when in low-Earth orbit, or for years in the
case of generational starship or other exploratory craft. Taken simply, the site in question is
designing to the needs of inhabitants, and how well those needs may be met while in the
space environment.
Habitats in space will suffer limitations due to an extreme lack of resources
outside the habitat and a harsh environment, but will enjoy unique design opportunities
afforded by a lack of gravity and an endless supply of solar energy. The addressing of
human considerations in design and environmental opportunities due to the micro-gravity
environment will blend to define a habitat in space.
9.2.4 Mars
Mars, being a rocky body with a geology broadly analogous to the Moon, has many
of the same constraints when deciding an appropriate place to build a habitat. However,
communication no longer plays a role in deciding where on the planet a base may be, as
light delay due to Mars’ distance from Earth already prevents real time communication.
The distance to Mars also means that any habitat on the planet is extremely isolated, far
beyond help, and must be kept as safe as possible to prevent against an emergency. This
will primarily be addressed through habitat design itself, but can be augmented with a site
which affords some physical protection as well. Craters or lava tubes are examples of sites
which would afford greater protection from radiation, or a site rich in loose regolith would
enable a habitat to be partially buried.
While physical security is important, an expedition must also select a site which
ensures proximity to areas of scientific interest, and possible resources such as water. A
potentially ideal location for a Mars habitat using these constraints would be within a lava
tube with local access to the surface and nearby ice features. The inclusion of 3D-printers
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for habitat construction would add a further level of safety and enable habitats to expand
wherever they might be located or otherwise respond to unique situations.
Aside from initial environmental considerations to ensure habitat safety, the major
constraints on the selection of a Martian site will be related to the goals of the expedition.
Pre-mission studies on geology, sources of water, or other resource and scientific objectives
will inform site selection perhaps even more than construction needs. Reaching Mars will
require an incredible amount of effort and time, making the satisfaction of expedition goals
a primary concern for habitat design.
9.3 Polar Base Design
Polar bases may take many forms, as the environmental requirements of the Poles
when compared to the other ICE environments of this dissertation are relatively mild.
The comparative ease of access to the Arctic or Antarctica means that modules may be
shipped in, or larger modules may be built on-site. Of the ICE habitats discussed within this
dissertation, the cost of a Polar habitat is far less than any other kind, as there is no need
to send modules into orbit or provide specialized life support equipment.
The duration of time a polar base is inhabited by any one group of individuals is also
relatively limited. While spending an Antarctic winter in isolation is a difficult proposition,
every polar base is resupplied and crews exchanged during the warm season. In the event
of an inhabitant working for a summer and winter rotation, the maximum amount of time
required would be around one year. This is greater than the average durations spent within
orbital habitats such as the ISS, but far less than would be required for an expedition to
Mars.
Polar habitats have several options with regards to the experienced environment
which would not be typical in other ICE environments as well. Perhaps the greatest is that
due to being located on Earth, there remains access to a global communications network.
This translates to entertainment, digital interactions with friends and family, news, or access
to the Internet. This will have a large effect on the lives of inhabitants during polar winters,
as many crew are serving as cooks or technicians and do not have a large variety of work
to stay occupied. The opportunity to use digital inclusions to the habitat, such as VR or AR,
are perhaps most easily included within polar habitats, to help combat long periods of
monotony. Systems to increase the experienced environment would make living within this
ICE environment more manageable for a high number of individuals, especially if those
inhabiting oil-drilling platforms or ships are taken into consideration.
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9.3.1 Diagram of Polar Base Design
Floor 3
Conceptual design
programming for the interior
of a Polar base, focusing on
engaging interiors and design
responses which address
the discussed psychosocial
issues explored within this
dissertation. These are
preliminary concepts of space
use only, and would need to
be more carefully integrated
into a real-world habitat based
on many design constraints.
Shown are ways in which to
broadly program a habitat.
These are diagrammatic only,
not module design.

Floor 2

Floor 1

Indigenous Lifeforms
Semi-Private

Section

Storage
Greenhouse
Private Quarters
Public Areas
Research Areas
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9.3.2 Design for Orbiting Habitats

Floor 3

Floor 3

Floor 2

Floor 2

Floor 1

Floor 1

Section

Section

Floor 3

Floor 3

Floor 2

Floor 2

Floor 1

Floor 1

Section

Section

These are alternative generalized layouts which may also be considered; clockwise from top
left is programming focusing on an expansive public space splitting work and private areas, placing
semi-private areas opposite work areas, integrating the garden more heavily into the programming
of the base, and creating a programmatic split between work and leisure using the garden.
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Orbital habitats, or those that are traversing between worlds, have an enormous
amount of variety in the ways they may be inhabited. This is partially due to the lack of
gravity, which enables habitat configurations that would be unrealistic anywhere else, and
creates unique design opportunities within a habitat as well. Outside of the confines of
gravity, space can be used in extremely efficient and creative ways, as there is no point of
the habitat that cannot be reached with ease. This effect may be mitigated through the use
of symmetrically aligned modules which are then rotated about a common access, if there is
an operational need for gravity on the habitat. While this is more complex to achieve, and
introduces the design limitations which accompany gravity, it can be extremely important
for maintaining physical health on long-duration expeditions.
The environment of space is also without question the most barren, being a literal
vacuum, and the most dangerous. The only “environment” which describes the nothingness
surrounding a habitat is high levels of radiation, occasional GCMs, or micro-meteoroids.
Distance from familiar bodies such as the Moon or Earth, along with constant unobstructed
light from the sun, mean there is nothing which can be viewed outside; there is only
infinite black space. This dangerous, empty environment, is devoid of stimulus and can be
psychologically overwhelming. To that end, the design of orbiting or transit habitats should
include a special focus on human factors. Entertainment, emotionally warm materials,
simulated weather systems or other interventions which provide constant and irregular
change to the experienced environment of the interior.
Unlike habitats located on an actual site, orbiting habitats must also contain
propulsion, as they are in essence ships as opposed to stationary buildings. This mandates
that at least a small portion of any orbiting habitat must be devoted to navigation and
other control systems. Time may also be spent in transit, or in orbit especially, working
on assorted scientific experiments, astronomical observations, or other research. While
the interplanetary vessel may very well focus heavily on simple conveyance of people
and goods, habitats made only to orbit Earth are dedicated to a wide variety of scientific
explorations, including on the inhabitants themselves.
The design of an orbiting habitat will also be highly dependent on its intended
location. When discussing the ISS, it is a relatively simple matter of using rockets to resupply
the station with new personal, supplies, or whatever else may be required. But a ship going
to Mars will be unable to receive any support, essentially being cut off from all possible aid.
This will mean all supplies must be brought along, and extremely managed carefully. This
constraint must also be designed for to ensure as successful a mission as possible.
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9.3.3 Diagram of Orbiting Habitats

Design Solutions for Earth and Other Worlds

Navigation/Comms

Below is shown a basic conceptual approach to the organization of space within a
Bigelow module, which would be aimed at addressing human factors issues in outer space.
This is only a single module, and more complex designs become possible as modules are
connected together into working stations in orbit or on the ground. Details such as solar
arrays are for appearance only, these are diagrammatic, not suggestive of design.
Navigation/Comms

Science
Greenhouse
Private Quarters
Public Areas
Exercise
Life Support

Science

Storage/Supplies

Greenhouse
Private Quarters
Public Areas
Exercise
Life Support
Storage/Supplies

The above diagrams show
additional arrangements which
can potentially be had within
an inflatable structure. These
may exist in space, or on the
ground after a module has
been secured on site or buried
under the local regolith. These
modules may also be combined
to provide more complex and
effective habitat programs.
At right: modules may be linked
together in a ring formation and
spun, creating artificial gravity
for inhabitants living in space.
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9.3.4 Design for Lunar Habitats

9.3.5 Diagram of Lunar Habitat

Lunar habitat design has the advantage of being a few days transit from Earth,
while also being forced to contend with many of the most difficult environmental factors of
the various ICE environments discussed in this dissertation. The Moon lacks any protective
atmosphere or magnetic field, making the surface as radioactive as open space and subject
to the same environmental “weather” and lack of atmosphere that must be dealt with in
orbiting habitats.
While being affected by the most dangerous of potential environments, the Moon
also offers many of the same resources which are likely to be found on Mars. This includes
regolith for the additive manufacturing of basic habitats and a variety of geologic features
which may be used for habitation or scientific exploration. Water also exists in areas of
the Moon, which may be used as resources or construction materials. These conditions
essentially force Lunar habitat design to respond to the harshest environmental conditions,
while offering fewer natural resources than might be found on Mars, while being relatively
close to Earth. This is an ideal environment with which to experiment in habitat design.
The Moon offers 1/6th the natural gravity of Earth, which creates a common orientation
for inhabitants that can be lacking in orbital craft, but which define architectural design on
Earth. However this much-reduced gravity allows for unique design solutions as well. Spans
may extend far beyond what is possible on Earth, and due to a lack of atmosphere, may
even be supported by the interior air pressure of an inhabited space. This has the potential
to allow for incredibly vast open spaces to be built, capable of housing people, supplies,
or enough greenhouse space to even make a base self-sufficient. The reduction of gravity
also causes the geologic features of the Moon to be scaled up, enabling the creation of
lava tubes which far exceed those found on Earth. Evidence suggests the possibility of lava
tubes large enough to house small cities, which would begin enabling a return to Earth
architecture within a larger pressurized environment.
In the near future, habitat design on the Moon will likely be a testbed of approaches,
using traditional hard-bodied modules followed closely by inflatables. While it is likely that
every form of module discussed in this dissertation will be used in some capacity on the
Moon, for this example focus will be on the use of additive manufacturing. The Moon has
high levels of sunlight, a radioactive environment, and an endless supply of regolith with
which to print. This is an ideal environment to prove new technologies and experiment with
habitat programming in anticipation of future missions.
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Potential habitat programming of structure created
using additive manufacturing. Due to the nature of the
construction process, a 3D-printed ICE habitat can be
organized as needed, with wide variety in structural form
and scale. Shown is a suggested general program which
orients major habitat functions around a large centralized
greenhouse. This would serve to both
separate elements of the habitat
while providing a garden area.
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Public Areas
Research Areas
EVA/Rover Garage
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9.3.6 Design for Martian Habitats
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9.3.7 Diagram of Mars Habitat

The design of Martian habitats may at first be quite similar to Lunar habitat, as the
initial attempts at reaching other worlds will likely use inflatable modules supplemented with
3D-printing to create basic yet flexible shelters. While the Moon is a prime site in which to
practice these techniques, Mars is an environment which forces habitats to accommodate
greater variety in program and strive for higher levels of self sufficiency. The distance
between Earth and Mars is so great that for any ICE habitat to appropriately support humans
over a long duration, natural expansions through the use of 3D-printing or integrating local
geology will become commonplace. This is not only to provide inhabitants room to move,
but to allow for population growth, the greater inclusion of nature, or simply as redundancy
should a portion of a habitat fail.
To this end, the Martian habitat reviewed in this chapter will be a more advanced,
long-duration design that is capable of growth and presumes the inclusion of several
developing technologies such as air-tight membranes or the perfection of printing with ice.
This will enable the habitat to exist within a lava tube, supplemented by a capped skylight
to provide additional light and psychological benefits. This also supports the creation of a
closed ecology, a component which will become vital in ensuring the permanent habitation
of other worlds by making habitats resource independent. This will require large domes on
the surface and/or expansive subterranean landscapes, all of which must be maintained
by the crew as part of their resource recycling and life support systems.
Independent Martian habitats will also require the ability to fabricate more complex
structures or materials on-site, such as membranes for sealing a lava tube or the manufacturing
of solar panels. This will be in addition to the basic ability of additive manufacturing to
create simple habitat forms as needed. These printed modules may be on the surface,
within lava tubes, or used to cap skylights.
The work of the architect in enabling this kind of permanent habitation on another
world lays as much in the management of habitat infrastructure as in design. Creating
programs capable of adapting to new circumstances, planning the next phase of expansion,
even managing the rough urban design of larger habitats to ensure that they run smoothly
and are responsive to the unique needs of people living on another world. In the same way
that communities and their associated infrastructure may best support people through the
careful planning of architects and designers, permanent human habitats on other worlds
which are capable of expansion require careful consideration of well-versed designers
to be successful. The following diagram shows one of many potential configurations of a
Martian habitat, as the volume available within a lava tube allows for great flexibility.
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9.4 HI-SEAS Habitat Analysis
The HI-SEAS habitat is composed of a dome supplied by Pacific Domes International,
with an interior two-story structure designed by V. Paul Ponthieux of Envision Design, and
was built by Blue Planet Foundation of Honolulu, HI. The geodesic dome is 36 feet in
diameter , enclosing a volume of 13,570 cubic feet. The ground floor has an area of 993
square feet (878 square feet usable) and includes common areas such as kitchen, dining,
bathroom with shower, lab, exercise, and common spaces. The second floor loft spans an
area of 424 square feet and includes six separate staterooms and a half bath. In addition,
a 160 square foot workshop converted from a twenty-foot high steel shipping container
(SeaCan) is attached to the habitat.
The layout of the interior is open-plan, which is beneficial in that it makes a relatively
space-limited volume appear larger than it is in actuality. This supplements the two available
windows in providing a sense of open space, although each window is roughly the size
of a pizza. Views to the outside, as they would be in an actual Martian habitat, are quite
limited. Rounded exterior walls also give the impression of continuous space, despite being
interrupted by interior walls, which further serves to reduce the sense of confinement. While
there are several analogues for Mars in use, such as the Mars Desert Research Station
(MDRS) or the Mars500 mission, the HI-SEAS project is likely the simulation sporting the
greatest feeling of open space within a habitat. This would have beneficial effects on a long
duration crew, a sentiment based on my own year living there.
Materials of the structure are relatively simple, being primarily constructed of
386

387

388

A conceptual look at the HI-SEAS habitat if it were to exist on Mars. Ghosting the dome itself to allow a perspective view of the interior gives one a better sense of the true scale of the
structure, and the limitations within which design must constrain itself. As of this writing, the HI-SEAS dome is serving its 5th mission, of an 8 month duration.

386. Pacificdomes.com, accessed 03/02/2017
387. Blueplanetfoundation.org, accessed 03/02/2017
388. hi-seas.org/?p=1278, “The HI-SEAS Habitat”, accessed 03/03/2017
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lumber and plywood, which is then painted white. This allows for quick construction, and
is relatively easy to modify between missions or employ for new construction by current
crews. The SeaCan, as the most resilient part of the structure, holds the bulk of supplies
and protects the habitat batteries and electrical components. It may also serve as a shelter
in the event of a hurricane. The dome itself, while being two layers of weatherproof fabric
over a geodesic frame, is surprisingly strong. High winds can be experienced on Mauna
Loa, with the region experiencing hurricanes as well. While conditions have yet to reach
these extremes, the HI-SEAS dome is rated to withstand 150mph winds. In the event of more
severe weather than this, crew can retreat to the SeaCan, which is essentially invulnerable
to weather. The potential for a lava flow also exists, however the active areas of Mauna Loa
are on the opposing side of the mountain, and the habitat is specially placed to be shielded
from and located above any potential flows as well. Safety is a major priority.
The research done at HI-SEAS consists of using the dome as an analogue for a long
duration Martian habitat. Simulated astronauts spend periods of time ranging from four
months to a full year living in complete isolation from the rest of the world. All communications
are subjected to a twenty minute time delay in both directions, making the dome a singular
point in the experience of inhabitants. It is possible to leave the habitat, on limited duration
extra-vehicular activities (EVAs) which need to be scheduled with the ground at least a day
beforehand. While this allows for the study or exploration of the local area, excursions
must be planned and cannot happen immediately, preventing this from being as useful in
alleviating a sense of confinement. This study is focused on the social and psychological
reactions of a small community living in an extreme environment, with the infrastructure
of the habitat and mission support designed to facilitate this goal. This is an ideal setup
for researching human sociological responses to a Mars-like environment, despite being
dissimilar from Mars in other respects.
My personal experience on HI-SEAS IV has allowed me a great deal of time to
consider alternative means of designing the interior of the habitat, as well as experiencing
the qualities of an ICE environment firsthand for the duration of a year. While the HI-SEAS
dome is well made and performed extremely well during my tenure, there is always the
next step in design or implementation of those designs to increase the abilities of a habitat
to serve its inhabitants.
This portion of the dissertation will analyze the dome as it was when missions
began, and compare the ways in which sequential crews modified the interior, performed
construction, changed basic programming, or otherwise altered the environment. This will
be paired with firsthand knowledge of potential human factors issues within the dome itself,
as well as personal discourse with other members of my own mission and prior missions.
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This review will enable a greater understanding of how people may wish to change the
current space, simple modifications which could be done to the habitat to make it more
comfortable, and even a basic redesign of the interior to alter the programming towards a
greater sensitivity for human factors in the habitat.
Following review of prior missions and reprogramming of the interior, the HI-SEAS
project will be re-imagined as a high fidelity mission simulation of a future Mars base,
expanding in a manner similar to the ideas proposed within this dissertation. This will be
done to expand the scope of science being done, create larger human factors inclusions
for crew comfort, and ultimately train larger crews in an attempt to simulate a high fidelity
Earth-based analogue for Mars habitation. Within this scenario, means and methods for
living on Mars will be tested on Earth, including explorations of the required architectural
infrastructure that would be required to make projects like this a reality on other worlds.

9.4.1 Initial HI-SEAS Habitat Design
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9.4.2 HI-SEAS I
The initial HI-SEAS mission was a four month study based around a food, looking
at ways in which the amount and type of food may effect the experience life in the habitat.
The primary effect of this was that the dining area was always set for meals, as crew were
required to spend each meal together as part of the research. This prevented the space
from being used more dynamically as was common on the later missions.
HI-SEAS I was also the mission which set up many of the spaces within the habitat.
Simon Engler was responsible for creating the work area within the SeaCan which is
heavily used by all missions, and this mission initially placed many of the items which would
be moved by later missions. The treadmill, perhaps the most moved item, began adjacent
to the stairs and was thoroughly used by all crew.
Desires for modified use by HI-SEAS I crew have included a wish to expand the scale
of the Biolab, as they and future crews have found it to be cramped. A great variety of
experiments involving plants, bacteria, soils, or other work take place here, and the scale
being increased would facilitate this work. A greater desire for privacy was also expressed,
with the work tables available to crew being considered too visible. A lack of partitions or
semi-private areas for crew to work led to a feeling of micro-management, and the majority
of the crew spent work hours isolated in their private quarters.
Crew also described a desire for the addition of a greenhouse, as this would both
expand the capabilities of the Biolab and provide a more natural space for enjoying plant
life. Whether this greenhouse were to take up currently available floor space or be built as
an addition to the habitat was not clear, but a desire for greater plant life was underlined.

REPLACE ME 11x17

“I think the open concept of the habitat was extremely good.
MDRS by comparison felt kind of like a prison”
Simon Engler, HI-SEAS I
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9.4.3 HI-SEAS II
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The second HI-SEAS mission was eight months long and focused on collecting data
about team cohesion and performance, as well as methods for mitigating a sense of isolation.
This was done with sociometric badges, VR studies, and asynchronous communications
with family and friends.
The crew did little to modify the interior of the habitat during their mission. The
treadmill was moved under the stairs and remained there for the duration of the mission. A
pedicycle, present on all missions to date, was placed by the window in the dining area.
There were two tables in the common area, both used to store suits and radios for EVAs.
In front of the stairs were a string of purple lights, normally used for growing plants,
and were used to illuminate the habitat at night. A large blue marble flag was hung on the
wall above the dining area.
In the evening, HI-SEAS II crew enjoyed using the projector set within the dining
room to watch movies as a social activity. This was also an opportunity to inflate the couch
and armchair, as well as make popcorn. While crew enjoyed playing with the LED strips,
they expressed a desire to have an actual greenhouse to grow more plants.
Additionally, crew expressed a desire for greater inclusion of semi-private areas,
to allow for subgroups or individuals to more easily find privacy away from the rest of the
crew.
“No matter how well groups of humans get along,
separateness and personal space is important for
individuals AND smaller subsets of the crew.”
Ron Williams, HI-SEAS II
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9.4.4 HI-SEAS III
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The HI-SEAS III mission was the second to occur over a period of 8 months, and
engaged in the greatest amount of habitat modification of all the missions, though each
modification was relatively small scale. These modifications were primarily focused on
introducing new components to the interior of the habitat, but also were made purely to
change the experience of the interior by the crew. The most famous example of this is the
creation of the TARDIS, which involved decorating the first floor exterior wall of the bathroom
to resemble the front panel of the TARDIS from Doctor Who. A function-less addition which
was well-kept by the next crew and now appears in media photos of the HI-SEAS project as
a whole. Artistic additions to a habitat like this should be expected in future missions to any
ICE environment. A related activity was the dedication of half of a table in the Biolab for
use as an ongoing board-game, where crew played Axis and Allies for the last four months
of the mission. This was done despite a constant lack of space experienced in the Biolab,
suggesting that social pursuits were more highly valued than work space. A final social use
of space which defined daily life was placing a single large speaker on a tray table by the
kitchen, with music being selected by whomever was the cook of the day. This ensured a
constant variety of auditory stimulus.
“We had an on-going game of Axis and Allies set up on the right side of the lab table for a
good chunk of the second half of the mission :-) It didn’t get in the way too much.”
Martha Lenio, HI-SEAS III
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Plants within social spaces also came to be a dominant interest within the crew.
The work tables on the ground floor each had several plants, including nonessential but
easier to raise varieties such as wheat grass or flowers. The table closest to the airlock also
played host to a beta fish, and additional coffee cans of wheat grass, creating a miniature
greenhouse for the central public area. The doorway to the airlock itself enjoyed a high
level of natural light compared to the rest of the habitat, and cans of plants were mounted
here as well.
A large portion of the work done to the habitat involved small modifications to the
way in which crew utilized equipment. The 3D-printer saw a great deal of use, creating a
mounting frame for an iPod by the kitchen, a charging station for electronics used daily by
the crew, and assorted clips and hooks which were scattered throughout the habitat. The
kitchen iPod was installed as a means to immediately check on all habitat telemetry at a
glance, enabling crew to keep constant track of power usage, changes in weather, or
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water usage. These micro-additions also involved mounting straps for hanging yoga mats
under the stairs, the installation of power strips around the habitat, and the installation of
hooks in the airlock for hanging up EVA suits.
More noticeable additions to the habitat came in the form of workshop shelving for
the SeaCan, in an effort to imbue organization to the stacks of dehydrated foods.
Before this addition several months worth of supplies were kept in large plastic bins. This
made finding supplies difficult. Office shelving was installed in the airlock as well, to store
radios, headsets, flashlights, batteries and other gear often used on EVA. Shelving was also
installed in the kitchen, with the nook by the teleporter door having several rows of shelving
installed and the enclosed storage previously held their moved to the opposite side of the
kitchen. The kitchen sink itself was modified to accept a reverse osmosis and filtering system
as well, as several crew felt the water supply to the habitat wasn’t pure enough.
One of the most variable-use parts of the habitat was the dining area. While this
was left untouched by the first and fourth missions, the third mission completely folded and
stored the dining room table daily, creating enough space for the whole six person crew
to engage in exercise together. During this activity the treadmill would also be folded up,
where it rested adjacent to the dining room window.
A final modification was located within the personal quarters, and involved the
reorganization of furniture in the room. Due to crew height and personal preference, the
location of the bed in the back of the room proved unsatisfactory, due to the downward
slope of the roof of the dome. Three crew chose to move their beds parallel to a side wall,
and push their desks into the back so as to be more comfortable when sleeping.
The HI-SEAS III crew modified the habitat significantly, introducing many of the
shelves, 3D printed accessories, and other additions that I presumed had always been
there when I began the HI-SEAS IV mission. It is interesting to note that while the second and
third missions were both of an eight month duration, it was the third mission which went to
such lengths to modify the habitat.
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The HI-SEAS IV mission included experiments with plants as well as a crew preference
for attempting to garden, which resulted in a larger inclusion of plant life than other crews.
This resulted in the creation of a second informal greenhouse built into the teleporter area
at the back of the habitat, as well personal plants in private quarters and work desks. Aside
from the plants dedicated to soil studies or other experiments, fast growing wheat grass
or seeds sent from home were popular inclusions within private quarters. There were also
attempts to raise cyanobacteria cultures and phosphorescent mushrooms.
Like many of the prior missions, a focus on exercise resulted from attempts to keep
busy and allay a sense of confinement. Exercise preferences of this mission resulted in the
treadmill being placed by the sole public window, allowing the jogger to enjoy the most
open views available in the habitat. This was also done because of issues the prior crew
had placing the treadmill adjacent to the window; crew members would stumble while
looking to the side and out the window. As with prior crews, the second window was used
for supplementing plant growth within the BioLab.
In order to accommodate the placement of the treadmill, the dining table was moved
closer to the kitchen, which while cramped was accepted by the crew as the majority used
the treadmill daily. The common areas were further modified with the creation of a foldable
table out of spare plywood, which hosted many plants which were tended by lights installed
on the underside of the stairs. This inclusion was constructed of spare parts at the halfway
point of the mission, when a need for more storage space precipitated the creation of
additional furnishings. The first floor also saw the installation of several cabinets, installed
in the kitchen and the BioLab, which made the first floor of mission IV highly modified.

The size of the habitat as well as its basic design does not provide a great deal of
semi-private or private areas, with private quarters being one of the only places a person
may find some semblance of privacy. This led to people using the rooms in pairs to watch
shows or socialize in a more private setting, or using semi-private areas of the habitat to
an excessive degree. The room by the habitat entrance, used as the airlock, was one of the
few places which could be zipped closed while also providing a relatively high amount of
diffuse natural light. While just large enough to hold two people and quite pleasant, this
was highly disruptive programmatically. People needing to access the shipping container
for supplies or to attend to mechanical issues had great difficulty moving around the
people relaxing in their bucket chairs in the airlock. There was also the social pressure of
respecting privacy which prevented casual use of a major portion of the habitat when the
area connecting them was being used for privacy. A similar problem could occur at the
back of the habitat, with people relaxing at the door to the kitchen, restricting access to the
communications room or the washer and dryer. Programming to include more private and
semi-private areas would have been of great use during this mission.
Whether due to crew preferences or the duration of the mission, HI-SEAS IV
engaged in a substantial amount of habitat modification, especially in the areas of storage
and plants. The top of the private quarters, still several feet below the arch of the dome,
became filled with rarely used items and acted as general storage. Reorganizing the racks
of supplies in the SeaCan created additional free space, but was still extremely cramped
for months at a time. It is possible that some of the lack of space was caused by oversupply,
but was also potentially caused by a lack of flexible storage space giving the impression
of a lack of storage space. Use of public space also suggests more privacy focused interior
programming would be useful.

9.4.5 HI-SEAS IV

“Designing habitat spaces that are adaptable is essential. Your needs for a specific part
of the habitat changes over time, so being able to use the space as desired is vital”
Carmel Johnston, HI-SEAS IV Commander
Mission IV had a stationary bike and a pedicycle. These were both used for exercise,
and the stationary bike was light enough to move around the habitat as needed. This made
it easier for multiple people to exercise at the same time, a common occurrence, or for one
to move the stationary bike into the airlock for a greater sense of privacy. Another example
of flexibly using items in the habitat was the single chair assigned to each crew member. This
served as the work chair, dining room chair, or chair for one’s private quarters. Wherever
a seat was needed, the one provided chair was rolled to accommodate.
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9.4.6 HI-SEAS Mission Comparison Diagram
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9.4.7 HI-SEAS Mission Review and Modifications
Without a major addition or reconstruction of the habitat, there are several ways in
which the subjective experience of inhabiting the HI-SEAS dome may be improved upon for
future crews. A basic set of modifications to the habitat would improve the quality of life for
inhabitants, focusing on certain operational issues as well as qualities of the experienced
environment. The modifications which are not visible within a floor plan will be discussed
below, and simple programmatic changes to the habitat will be reflected in the floor plan
on the next page.
Visible
• Programming for private space: The HI-SEAS habitat has very few private or semiprivate spaces available, making it difficult to enjoy solitude or spend time with others in
a comfortable environment. The introduction of walls and reprogramming of portions of
the interior can serve to create more areas in which crew may take a break from each
other or enjoy time in the company of fewer people.
•
Connection to the SeaCan: The popularity of the Airlock as a recreation space and
being the sole entrance to the SeaCan creates friction between working and resting
crew. Using both ends of the SeaCan for access would negate this programming conflict.
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•

•
•

•

Invisible
Naturalized lighting: Currently the habitat has a mix of standard white lights and
LED lights which can be changed to several basic colors. A large part of the habitat
illumination during the day comes from natural light filtering through the habitat walls,
though this is poor quality, low levels of diffuse light. The introduction of Hue Lights or a
comparable product to mimic natural changes in daylight would be beneficial.
Soundproofing: For the private quarters especially, the inclusion of adequate
soundproofing would dramatically increase a sense of privacy in personal quarters.
Energy use in the kitchen: The highest energy use area of the habitat is the kitchen,
which can easily overwhelm the circuit breaker and shut down that portion of the
habitat. Rewiring to allow the use of multiple kitchen implements such as the microwave
and oven simultaneously would make cooking easier, with fewer short circuits.
Insulation and warmth: The habitat is at an elevation of over 8000ft above sea level.
In the morning and during winter months this can make the habitat uncomfortably cold,
especially within the SeaCan, which is far from any source of heat. The inclusion of
insulation or space heaters to combat the chill would make the habitat more comfortable.
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The design moves taken in the prior diagram are an example of ways that an ICE
habitat can be make to react positively to known psychosocial stressors within ICE environments.
Issues addressed which cannot be shown diagrammatically include greater insulation and an
expansion of the heating and electrical systems. The current white-painted plywood that defines
the interior will either be stripped and stained, or replaced with a similarly psychologically warm
material.
Shown are several programmatic and architectural changes, including:
• Both ends of the Sea Can have been attached to the habitat, creating a loop. This negates
the dead end experienced in the original configuration, while allowing a way around crew
members who may be enjoying the increased sunlight of the airlock.
• In addition to the soundproofing in the walls of the private quarters, soundproofing will be
introduced into the floors, as well as the walls of the habitat in general.
• A rectangular section of the wall separating the kitchen from the lab will be removed, and
a light shelf for the growing of plants installed. Used to expand the capabilities of the lab,
this will also allow additional light into the kitchen and provide a green window that will
introduce plant life into the heart of the first floor of the habitat.
• The whole of the upstairs shall remain carpeted, which a higher quality, modular carpet
which can be changed at will. The central public area will utilize the same carpet. Other
portions of the habitat shall be hard floors. This will enable easier cleaning, and a tactile
variety for inhabitants who predominantly remain indoors.
• Hue lights or an equivalent system will be installed within the private quarters and most
public areas of the habitat. Lights within private quarters will be directly controlled by each
inhabitant, while public lights will be defaulted to mimic daylight changing with the sun. All
lights can be used with accompanying sound to mimic weather or to accompany music.
• The guardrail along the stairs and protecting the landing of the second story will be filled
in, so as to prevent viewing of a person below the waist while on the stairs, or any view of
the second level from the ground floor. This will solidify the disconnect between floors and
increase the sense of privacy experienced by inhabitants on the second floor.
• A panelized wall system capable of separating the kitchen and dining area from the general
public area. In times when crew would prefer additional semi-private areas to conduct work
or be social within smaller groups, these panels may fold out from the wall and create a
temporary semi-private space. Interior flexibility for changing desires of inhabitants.
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9.5 HI-SEAS “Bowie Base 1” Simulation Redesign
This conceptual redesign of the HI-SEAS project into a high-fidelity simulation of an
advanced Mars habitat will explore several topics. The most salient is being an exploration
of the infrastructural requirements of an actual Mars base. In addition to testing human
psychosocial design considerations, the Bowie Base 1 project will explore the methods
involved in expanding n ICE habitat, utilizing local geography in construction, and adding
more complex programming onto an existent structure. While valuable as a proving
grounds for the means of constructing an ICE habitat within the local geography, it is also
an important exploration into the role of the architect in managing the infrastructure of a
project. Material limitations with in-situ construction and adapting interior programs to new
needs depend on the ability of the architect to manage a project’s infrastructure.
The full scope of the Bowie Base 1 simulation is a phased expansion of the HISEAS habitat on Mauna Loa. While the current habitat accommodates six people within a
single dome, the completed Bowie Base 1 habitat would support several dozen inhabitants
in a variety of different structures. Accomplishing this requires construction to occur in
three major phases. The first phase will be a relatively simple expansion of the current
habitat to include an equally sized greenhouse module. This will be used to introduce
the presence of a simulated BLSS to the project. The second phase will be the creation of
an underground connection to the immediately adjacent skylight, refining techniques for
drilling and making habitable the raw geologic features of another world. This will be a
fundamental exploration of the role of the architect in managing the infrastructure of a
mission towards accomplishing major construction, and enable crew to double in size. The
third phase will continue the procedures of the second phase, drilling into the northern half
of the quarry and inhabiting the remaining three skylights. The fourth phase will entail a
challenging expansion to a group of skylights in the bottom half of the quarry, artificially
expanding the lava tube theorized to exist. This will heavily test the crew and serve as a
final
The primary goal of this expansion is to gain a fuller understanding of the issues
that will arise when attempting to construct an ICE habitat in-situ, and learn the ideal way
in which to manage a project of this complexity. This must be fully understood before
attempting such work in the ICE environments of space or other worlds. The second major
goal is increasing the fidelity of the simulation; Resource management using a closed
ecosystem, rotating crew within the habitat with fresh crews on the ground, and planning
and implementing more complex programming and mission goals which take advantage
of the expanded habitat design.
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9.5.1 Phase I Habitat Advancements
The initial phase of design for the Bowie Base 1 project will be a relatively simple
programmatic extension consisting of a simulated BLSS. This will be done in conjunction
with the habitat redesign suggestions from the conclusion of the HI-SEAS habitat analysis
section. The initial expansions of any habitat on another world would likely be based
around the capability of life support systems to maintain that new space, requiring an
increase in output of the BLSS in order to provide a breathable atmosphere to more volume
within a structure.
Placed adjacent to the current dome and located just NW on the site to optimize
sun exposure will be a duplicate of the current dome. The construction of this dome will be
of translucent materials, imitating the sense of an Ice Dome for 3D-printed habitats. This
will allow the creation of a greenhouse dome which would act as an expansion of the life
support systems of the habitat. Additionally, the photo-voltaic array powering most habitat
operations will be expanded so as to accommodate the machinery needed to operate
the simulated BLSS, as well as grow lights and the general increase in power required by
expanding the habitat. A relatively small outbuilding will exist within the greenhouse dome,
to protect machinery and offer a workshop for those tending the plants.
The creation of a greenhouse of this scale, far beyond what is currently in existence
at HI-SEAS or even McMurdo, will have several purposes within the mission. Increasing
the fidelity of the mission is a primary focus of all expansions, and it is highly likely that
ICE habitats on Mars or the Moon will require a BLSS in order to become financially
acceptable or obtain resource independence from Earth. While an additional dome is much
smaller than the structure demanded by true resource independence, it begins to simulate
a BLSS. Additionally, the greenhouse is a multifaceted component of an inhabitants life.
The experienced environment of the habitat would be made more complex, a green space
is a psychological salve to those far from home, and gardens within ICE environments are
already noted as preferred social spaces in many instances.
Phase 1 of the Bowie Base expansion is geared at increasing the fidelity of the
simulation and introducing human factors considerations which are currently absent. Once
this phase is complete, the habitat will be more representative of the probable design of a
long-duration exploratory Mars base. This phase will support 6 crew, as in the initial design,
as the program has not yet expanded to accommodate additional crew. The expansion
may occur between missions, or be the focal point of a construction-focused mission, to
explore the difficulty of greenhouse construction while in a simulation.
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9.5.2 Phase II Habitat Advancements
Phase two will see an expansion underground into an adjacent skylight, which is
part of the lava tube system traversing the length of the quarry. This will be topped with
a translucent dome to admit light, and the lava tube system below will be capped at the
entrance/exit of the skylight to allow a contained vertical stack in which to build. Lava tubes
at times run far under the surface, resulting in deep skylights. A quick analysis will show
how many floors may fit into the skylight, and the ideal types of programming for inhabiting
it. An ideal setup would make the top level a greenhouse, extending across even the top
two levels of the skylight. Below this, programming of the habitat would revolve around the
needs of the new expansion, which may include an expanded science program, increased
storage, new lounge areas or simple expansion of the original program. Private quarters
may even move underground and out of the habitat for increased safety, as the portions of
habitat below-grade are now heavily shielded from radiation.
Tunneling beneath the quarry to access the adjacent skylight and lava tube system
is a complex yet fundamental necessity to habitation on other worlds. This is partially due
to the protection from radiation that is afforded by a solid rock that can be meters thick,
but also due to the increase in habitable volume. Utilizing local geography as opposed
to bringing all requisite materials from Earth is a massive cost savings, making possible
designs that would otherwise likely be impossible. Using the quarry at HI-SEAS as a means
to test approaches to conducting a geological expansion will inform future expeditions to the
Moon or Mars. Attempting this style of habitat expansion while on Earth will not only serve
to increase the safety of the initial exercise, but inform the required infrastructural design
approaches of attempting extraterrestrial construction. The role of the architect in ensuring
these spaces are sensitive to the unique needs of ICE inhabitants while also optimizing the
construction of the habitat as a whole will be explored during this phase of the project.
Due to the increased habitable space, two gardens, and expanded program, Phase
II of the Bowie Base 1 expansion should be able to support a crew of 12 or more researchers.
This will be necessary not only to maintain the systems which will make up a habitat of this
size, but serve to increase the social complexity of the habitat. Longer duration expeditions
will be possible with larger crews to bolster social health, and allow for the inclusion of
rotating crews to allow permanent inhabitation. Instead of replacing an entire crew at the
end of an expedition as is done currently within the HI-SEAS project, Phase II simulates a
permanently inhabited structure on Mars, allowing shifts of crews to overlap, train each
other, and change roles over time.
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In addition to the discussed benefits of drilling into the quarry to make use of the
available skylights and lava tube, Phase II is an exploration of the infrastructure required
to conduct this approach to habitat construction. What is the minimum required machinery
necessary to successfully create a habitable tunnel and what are the most efficient methods
for capping a skylight as well as the lava tube on either side of its base? How can the walls
and floor be smoothed to allow the integration of architectural components? What is the
ideal programming of such a unique style of habitat?
These are issues relating to both design and infrastructure, requiring an understanding
of the technical issues of construction as well as sensitivity to the human factors needs
which would define the interior of such a space. Even if advanced engineering techniques
successfully close off the volume, designers will still be required to make interiors habitable
and not merely a shelter.
Phase II is an attempt to find the best solution for both creating access to the lava
tube system, and exploring the needs of mission infrastructure in order to make such an
expansion possible on another world. The HI-SEAS quarry is an ideal location to prove the
technology and approaches that will be required in order to make use of geologic features
on future expeditions to Mars, as they closely resemble features thought to exist on Mars.
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Phase II would focus on the methods needed for
drilling underground, while also modifying an
existing feature for habitation. This would require
heavy machinery, and a customized structure
built over the skylight in order to cap the feature.
Once complete, the habitable volume of the
dome increases dramatically while also providing
radiation protection in the event of a SPE or other
hazard.
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9.5.3 Phase III Habitat Advancements
The third phase of expansion in the Bowie Base 1 project will be modifying and
repeating the techniques used in phase II to expand the habitable volume of the initial skylight
into the adjacent skylights within the northern half of the quarry. The lava tube connecting
the skylights throughout the quarry would also be modified to be airtight and provide
additional storage, living space or serve other programmatic needs. A habitat of this scale
would require dozens of people in order to properly manage the greenhouses topping
each skylight and ensure that systems throughout the rest of the habitat are functioning. A
rotating crew of 26 or more simulated astronauts could comfortably inhabit a building of
this scale, although the resources required to support them would exceed the scale of BLSS
include within the project.
Phase III will be the greatest challenge for the architect in managing the infrastructure
of a project, as these expansions would take several years and multiple crew rotations to
complete. At this stage of the mission, it is likely that crew living spaces would be relocated
to the base of the skylights or within the lava tube itself for shelter from simulated radiation,
leaving the programming of the original HI-SEAS dome to be focused on research or
geologic work. The necessity of having facilities above ground for EVA and supply needs
while accommodating the more numerous crew would require the installation of a third
module at the initial habitat site. This third above-ground module for this simulation would
be a Bigelow 330 or 2100 module, as these will likely be a standard inclusion for future
interplanetary habitats. Secondary goals of the project would include using the greenhouses
to function as a simplified BLSS, providing fresh food and air. The inclusion of additive
manufacturing using local regolith would also be a focal point within the construction
aspects of the project.
Once this portion of the project is complete, the complexity of the habitat itself as
well as the number of inhabitants within would result in a permanent station functioning
in much the way of an off-shore drilling platform. Multiple crews focusing on varied
tasks, switching out with fresh crews after a set duration, even the creation of a small and
unique local culture. In addition to the infrastructural and architectural explorations being
conducted within the simulation, an in depth study on human psychosocial reactions to
ICE environments within a community could take place. Understanding these kinds of crew
dynamics would benefit the planning of a real Mars mission by furthering an understanding
of the human component of such expeditions.
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9.5.4 Phase IV Habitat Advancements

PHASE 3 FOLDOUT

The fourth phase of the Bowie Base 1 expansion is essentially a repetition of the third
phase, moving south into the bottom half of the quarry. For the purposes of this dissertation,
and due to the real-world state of the lava tube being unknown, it will be presumed that
the two halves of the quarry are not connected. This has been shown within the sectional
diagrams accompanying descriptions of each phase of the Bowie Base expansion.
When the habitat is ready to be expanded into the southern half of the quarry,
advancements will have been made on the understanding of the site itself, as well as
the technologies being used to develop it. Drilling systems, additive manufacturing, insitu construction and other techniques will have been honed intentionally during the
initial expansions of the habitat, and will now put to use for the most difficult moment of
construction, connecting the two halves of the quarry.
While a small connection potentially exists, as the skylights are likely formed of
the same tube system, it is likely that such a connection is small or collapsed. The work
for phase IV will involve surveying the southern skylights, stabilizing their geology, and
preparing to expand the lava tube or drilling an entirely artificial connection to the northern
half of the site. In addition to being challenging work, especially when conducted in-sim,
this phase will be the final test of the lessons learned in project management, infrastructure,
and managing teams of people in the creation of an inhabitable structure within an ICE
environment.
Upon completion of the habitat and inhabitation of the quarry, a working understanding
of the requisite infrastructure for managing and building a complex habitat will have been
learned. There is currently little real world practice in approaching architectural projects
of this scale and method of construction, especially within the ICE environments of other
worlds. Bowie Base 1 may also serve as a training simulation for future missions, being
used to train crews for real expeditions to the Moon or Mars. Ultimately, the infrastructure
needed for constructing a working high-fidelity Mars base while in-sim would greatly
further human efforts to inhabit other worlds. The completed base would also help to reveal
appropriate crew compositions which would be more likely to maintain high levels of
productive work while being well outside the local control of Earth. This would be an ideal
test site to continue pushing the capabilities of manned space flight and the exploration of
other worlds.
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PHASE 4 FOLDOUT
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Bowie Base Expansion Timeline
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9.5.6 HI-SEAS “Bowie Base” Renders
1. The Big Perspective

Above, domes may serve as a social space or private area away from the working portions of the habitat
Below, hardy grasses are used to soften one of the tunnels connecting the skylights
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Big Map Render REPLACE W/11x17

Above, tunnels may be given simpler grasses fed by point lights, to supplement atmosphere and soften the tunnel.
Below, skylights will predominantly be used for growing food and recycling air and water, but can be pleasant as well
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10.1 The Design of Successful Habitats

10.2 Psychology

Things to keep in mind with habitat design
“There is nothing new under the sun, but there are new suns.”
- Octavia E. Butler
As discussed during the introduction to this dissertation, the factors defining successful
ICE habitat design are able to be broadly defined by three interdependent categories.
These categories encompass large swathes of the human condition in ICE environments
and the potential design responses to them. These three major categories are Sociology,
Psychology, and the Experienced Environment. This dissertation explored the debilitating
psychosocial stressors of ICE environments within these categories and how individuals
may react to these types of negative stressors over a long duration. The challenges faced
by inhabitants within each of these categories was then explored programmatically,
architecturally, or technologically, leading to potential modifications to an ICE habitat
which will ameliorate or reduce the negative aspects of the ICE environment and the habitat
itself. The conceptual designs made within these three areas respond to human needs, after
the immediate physical needs of an individual have been met. The ultimate goal of this
analysis and suggested design approaches will be the creation of ICE habitats which foster
healthy, safe, and emotionally sustainable long-term habitation within the most dangerous
environments of Earth and other worlds.
This dissertation has also described how negative influences within one category
can have effects on or otherwise be tied to health within another category. Sociological
degradation will have an effect on psychological health, and the experienced environment
is capable of influencing either of these. Many of the benefits imbued by sensitive habitat
design or interior programming will have effects felt by inhabitants in more than one way.
While the areas of sociology, psychology, and the experienced environment need to be
understood independently, they also react holistically with one another, with influences
from one category rippling into the others. The goal of the architect is to understand the
facets relating to human psychosocial health in ICE environments, and create designs which
respond to inhabitant needs in balanced, comprehensive ways. Below is a brief summary
of each major topic being considered.

Initial problems related to psychology in ICE environments were fatigue, disinterest in
work, lethargy, or other symptoms which could broadly be described as depression. Crew
in both historical settings or modern day habitats can find it impossible to feel motivated
to work, refuse to leave quarters, or contribute to the success of the mission. Psychological
issues have accounted for innumerable small problems on missions and several larger issues
which on their own could have accounted for the failure of a mission. Discussed examples
have also shown the effect of creative responses to the onset of these symptoms by officers
or others on mission that have saved lives, perhaps the most prominent being the actions
of Doctor Frederique Cook, who likely saved the Belgica expedition. Psychology in ICE
environments is still a field that requires a great deal of study due to the limited number of
individuals under observation while living in long-duration isolation within ICE environments.
However, psychology is well established as a vital component in contemporary habitats
as shown by the design inclusions of sea-based drilling platforms or Amundsen-Scott South
Pole Station aimed at addressing psychological issues. As expeditions become longer,
more complex, or even start taking place off-world, careful consideration of psychological
issues will play a greater role in ICE habitat design.
The ways in which inhabitant psychology is being considered in contemporary design
is far ranging, being addressed through technology, interior design, or programming.
Great efforts have been made by the oil industry to create psychologically reassuring
interior environments for workers required to spend many weeks at sea. These are often
mixed with workout or leisure programs to ensure that the rig is as pleasant as possible
once an employee is on their personal time. Polar bases may have additions such as
small restaurants, a sauna, and other entertainment options. The potential for psychological
design in the ICE habitats of outer space and other worlds is necessarily still being explored.
Below is a short summary of potential design inclusions.
389

•
•
•
•
•
•
•

Materials which feel subjectively warm, safe, and promote mental recuperation
Real, digital, or green (plant) windows for interior variety and variability
VR or AR systems for play or work, to counter a sense of confinement
Quality exercise facilities to maintain physical health, may also provide catharsis
Ingredients for food over dehydrated meals, to allow creativity in cooking
Private, secluded sleeping spaces capable of a minimum of customization
Leisure areas out of sensory range of work areas

389. Stuster, Jack “Bold Endeavors: Lessons from Polar and Space Exploration” Naval Institute Press, pp 130, 339
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10.3 Sociology

10.4 Experienced Environment

Sociology is closely related to psychology, in part because humans are social
creatures, meaning a great deal of one’s self worth and mental stimulus comes from
relationships with others. Without the larger social network of society, through digital means
or real-world contact, individuals tend to develop psychological issues. In the past, this was
often caused by the homogeneous composition of crews living within ICE environments.
With few exceptions, these crews were Caucasian, all male, and predominantly of select
social classes. There was also a complete absence of contact with those back home due
to the technology of the time, which created an intense sociological isolation. There are
examples of explorers expanding their social circle through interactions with natives, as
in the case of Roald Amundsen, but more typically a crew would be isolated from the
rest of the world for anywhere from a season to over a year, whatever the duration of the
expedition. The lack of varied social roles to fill, reduced social complexity or absence
from the support of numerous relationships, including family, were likely responsible for the
sociological and psychological issues present on historical expeditions.
Today, there are many options for addressing sociological problems while in ICE
environments. Habitats such as oil-rigs or polar bases have a relatively large crew, which
affords an expanded variety of potential social relationships. The greater inclusion of
women in fields which work within ICE environments, and a wider variety of professions
appearing in these environments as well, has further expanded the available social circle
and made social interactions more complex. Modern crews also enjoy advanced digital

This facet of habitat design in many ways relates to the topics of sociology and
psychology, as the experienced environment of the habitat is made of up different programs,
materials or technological inclusions which define the objective and subjective experience
of life within an ICE habitat. The broad design inclusions suggested above also fall under
the purview of the experienced environment. Here it is possible to put psychological and
sociological design considerations into the programming of the entire habitat, integrating a
design element throughout the structure or placing specific elements such as a lounge where
it may find the most use. Separating the work and leisure based areas of a habitat or other
interventions designed to increase crew comfort occur within this subject.
Flexibility of the habitat interior falls into this topic as well, especially the areas of a
habitat which may serve multiple uses. Careful use of panelized systems, movable walls, or
other methods of altering the interior space of the habitat for different uses can be of great
benefit in an environment where the available room to move is extremely limited. Further
options for adding variety in an otherwise static environment lay in lighting or simulated
environments. The connection between human rest cycles and quality of light have been
discussed in Chapter 6, suggesting that diurnal lighting is not only an addition to the
experienced qualities of the habitat but also has subtle health benefits as well. Artificial
skylights which mimic the look of real sunlight are the most natural interior lighting, and can
serve to make the environment seem more expansive. Taking this approach further, specific
areas of an ICE habitat may even include some degree of simulated weather. This can be

communications with the rest of the world. It is commonplace to make phone calls from
almost anywhere on Earth, and this is supplemented by email, video calls, and soon the
inclusion of augmented or virtual reality and telepresence.

done through natural noises or timing lighting and sounds in the garden to coincide with
watering times for the plants to imitate a storm. While such interventions would need to be
more thoroughly researched to be made effective, the approach of adding an imitation of
the natural world to an otherwise static environment would have numerous psychological
benefits.
The interior of an ICE habitat is where one will spend almost the entirety of his or her
time while on an expedition. Efforts to make this environment complex, variable, and feel

• Programing to allow a variety of private and semi-private space
• Digital access to original social networks, or physical access to new ones
• Various forms of high-quality emotional support from family and friends
• Social design inclusions within the habitat, such as an eating place or lounge
• VR or AR systems to increase the subjective immersion of digital social networks
• Inclusion of care packages on resupply, hidden within the habitat, or delivered digitally
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natural will have posative effects on those living within ICE environments.
•
•
•
•
•

Programming that clearly splits public and private spaces
Manipulatable spaces using panelized walls or analogous systems
Inclusion of borrowed views and plays in perceived space to suggest visual depth
Lighting which mimics natural diurnal cycles of time or real sunlight
Simulated environments for increased experiential complexity
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10.5 Secondary Components
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10.6 Environmental Considerations

Aside from the major topics focused on making ICE habitats healthy, safe, and
emotionally sustainable for long-term habitation, there are several secondary components
through which human factors or resource use may be improved.
Perhaps the most relevant secondary consideration for a habitat, especially
within those constructed off-Earth, is the inclusion of a greenhouse. Contemporary orbital
greenhouses have been recognized as a psychological salve for astronauts, and historical
accounts of prior space missions offer supportive claims. Greenhouses within terrestrial ICE
environments, such as the garden at McMurdo, are a popular social spot and source of
fresh food, serving to counteract the psychological deterioration of long-duration isolation.
More advanced greenhouses currently in development may hold the key to making longduration exploration of space more affordable through reducing or eliminating the need
for resupply. The use of a greenhouse as a BLSS not only makes the operational costs of an
expedition drop significantly, but can have beneficial psychosocial effects on the crew. The
ability to enjoy nature, simulate weather, or enjoy fresh foods will become a vital part of the
experienced environment of ICE habitats on other worlds. In the farther future, gardens will
come to replace the Earth that was left behind, with massive domes or lava tubes becoming
complex ecologies, serving as both the environment which sustains life and a new home for
ICE inhabitants. Integrating some form of greenhouse into the programming of a habitat is
an important secondary component of successful design.
The ability for crew to customize not only the common areas of a habitat but

The environment an ICE habitat is to be placed and the purposes of the expedition
using the habitat will have dramatic implications on the type of modularity or construction
techniques employed. On Earth, the variety of habitats available is greater than perhaps
any other environment. In-situ habitat construction can be done with mud, clay, ice at the
poles, or many other materials. Basic shelters can be constructed by hand, as the typical
environment of Earth is highly conducive to human life. In more difficult to reach locations
or ICE environments such as the poles, any type of module from a standard hard-bodied
module to an inflatable structure could be employed. Construction with ice, either on the
surface or by digging into an ice shelf or iceberg, is also a possibility. While certain ICE
habitat approaches are still conceptual, such as the inhabitation of an iceberg, Earth is the
most conducive ICE environment one can inhabit when compared to the other environments
reviewed throughout this dissertation.
Within outer space, modular architecture is the only option currently feasible. Habitats
may be constructed of the widely used hard-bodied modules such as those composing the
ISS, however inflatable habitats will likely begin replacing these due to superior amounts of
habitable volume and greater durability. Outer space is also the most dangerous environment
humans may inhabit due to a lack of gravity that can lead to many physiological issues like
muscle loss, and contains high levels of radiation. While habitats may be constructed that
could enable permanent inhabitation of outer space, currently humans may only spend a
limited amount of time in this environment before suffering potentially lethal health issues.

respective private quarters will benefit the individual psychology of inhabitants. A single
space within the habitat which may be considered personal, come to reflect individual
tastes and organization, or simply act as an escape from the rest of the crew for a time
cannot be overstated. On my own year-long mission on HI-SEAS IV, personal quarters were
a psychological sanctuary where one could recuperate away from the constant presence
and observation of others. Privacy will be even more important in environments which are
hazardous or confined, and thus more psychologically erosive, or expeditions with longer

The Moon and Mars are by comparison more hospitable, having gravity, if to a
lesser extent than Earth, and affording minimal protection from radiation. Humans on these
worlds will likely suffer fewer health consequences due to reduced gravity as compared
to outer space, and when on the dark side of a planet will be subjected to less radiation.
Habitats may also be placed in geologic formations, buried under regolith or printed of ice
to raise the level of radiation protection available. These environments also have access to
materials which can be used for 3D-printing, making habitats potentially more self-sufficient

durations.
A final recommendation is attempting to consider the full range of human experiences,
to include hobbies, time away from work, or other facets of an inhabitant which are not
directly tied to the work or research of an expedition. Enabling spaces to be used for games,
providing a well-equipped kitchen, or designing an area with the ability to be used for most
conceivable hobbies will ensure inhabitants have at their disposal every possible chance of
properly addressing the psychosocial challenges which arise in ICE environments.

as they can expand as needed and take use of the local resources for construction. The
Moon and Mars are relatively distant however, and require powerful launch vehicles to
place even a minimal number of people on the surface of either world.
Designs for habitats in ICE environments must carefully consider the qualities of any
given environment in their design, to make effective use of a site and respond appropriately
through interior programming.
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10.7 Conclusion
In the pursuit of long-duration or permanent ICE habitation, more than simple
physical protection or basic survival must be considered. Inhabitants have a complex set of
requirements that extend beyond pure shelter, and failing to address these needs can lead
to the failure of an expedition. The bulk of research done for this dissertation has described
the social and psychological needs of those in ICE environments, along with suggestions on
how to address these needs through architecture, programming, or technological inclusions
within the habitat. Also discussed were potential means through which ICE habitats may be
constructed, and concerns towards resource independence and the expanded role of the
greenhouse.
The prior design chapter illustrated basic conceptual approaches to applying the
lessons learned about human needs to current and future ICE habitats, in an effort to further
considerations for the holistic health of an inhabitant within design considerations. From
contemporary examples in Polar or orbital habitats being more sensitively designed, to
potential configurations of habitats in the near future on other worlds, greater focus must be
on the inhabitant experience if long-duration, healthy habitation is to become a possibility.
Through the conceived redesign of the HI-SEAS Mars simulation into a larger
research project, Bowie Base 1, the role of the architect in managing the infrastructure of
a project will have been explored. By creating a large Martian habitat, built while in-sim
with novel construction techniques and a focus on human factors in design and research,
the appropriate methods for truly constructing and managing an ICE habitat of this scale
while on another world will be more fully understood. The ability of an architect to manage
the programming of an ICE habitat and direct construction will be vital. To design a habitat
capable of meeting the human factors requirements reviewed within this dissertation, while
managing the infrastructure to construct them, will require that an architect understand
how to design ICE habitats on Mars or other worlds. Bowie Base 1 is conceived of as a
exploratory project in gaining real-world experience in ICE habitat construction, taking the
current theoretical exercises defining most simulations and bringing them closer to reality.
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dissertation, the potential psychosocial benefits of each should be examined within a longduration simulation or other exploratory studies. Additionally, exploring the infrastructural
requirements of an on-site ICE habitat construction project is only roughly analogous to
actual construction on another world. While a great deal could be learned about the
proper ways in which to approach problems or manage an off-world construction crew and
associated robotics, simulations may only be analogous up to a point. Bowie Base 1 would
be an extremely high-fidelity simulation that provides valuable experience, but cannot be
considered to perfectly mimic what will be encountered on Mars or the Moon.
In addition to the expanded understanding of both the infrastructure required for an
ICE habitat on another world and the role of the architect in managing such projects, the
Bowie Base I project would allow for the proving of supplementary technologies for ICE
habitation in the future. Perfecting the use of 3D-printers using basalt could occur on-site,
as well as furthering the development of psychosocial design inclusions within the habitat
such as those discussed prior in this dissertation. Once the requisite technologies and
design approaches to long-duration inhabitation have been refined to a sufficient level,
genuine expeditions to other worlds can occur with a much improved ability to maintain the
psychosocial health of inhabitants.
Long-duration human habitation in ICE environments is an inevitability. Aside from
the tens of thousands of people currently living in ICE environments around the globe, the
design responses which make a habitat conducive to an inhabitants psychosocial health
may be applied to more traditional types of housing. Confined living environments within
cities or dormitories, or other space-restricted building typologies, would benefit from human
factors inclusions designed for ICE environments as well. With only so many resources and
area with which to live, Earth itself a habitat with limited room remaining. As humans move
out to the stars, appropriate habitat design transforms survival into habitation, on Earth and
other worlds, and will be a key to survival in the coming decades of space exploration and
research.

While many of the human requirements for successful long-duration habitation
within ICE environments were reviewed, many limitations still exist within this research. First
and foremost, several of the technologies being employed to address psychosocial issues
within a habitat, or indeed construct a habitat, are of this writing still under development.
While conceptually many technologies presented, such as augmented reality or 3D-printed
regolith, may be extremely beneficial, they have not yet been tested. Before an actual
mission is attempted which uses the technologies or design approaches reviewed in this
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11.1 Appendix A
Supplemental Information and can be used to culture helpful bacteria
Space Timeline 11x17

The following is information relating to claims made within the dissertation
through personal interviews or correspondence with astronauts and volunteers for
long-duration simulated Mars missions.
Partial Transcript of Interview with Scott Kelly

“You know, one of the things I don’t like about the space station is partly that, that
ya know when you wake up you’re at work, and when you go to sleep you’re still
at work. You just never leave work. So, that’s um, ya know, if they could kinda
make, kind of a break, whether it’s with you know your physical surroundings or
even just mentally I think that’s kind of important to do that, for, ya know a really
long period of time.”(...)”What I miss most is, ya know, being able to go outside,
umm ya know besides the obvious like, ya know, the human contact, your family
your friends, that kind of thing, ummm but uh being able to go outside, ya know
the sun, the wind, the weather, all that stuff and then uh, you know just kind of the
freedom to do whatever you choose to do. You know our schedule is very very
regimented, especially during the week, and you know having your time scheduled
into 5 minute blocks is something that I will not miss when I get done with this.” (...)
“You know, one of my recommendations is when I get back I think we really need
to start thinking about using the space station in a more Mars-like or deep space
exploration analogue where you do not have the ability to rely on the ground as
much because we can always, if we really have to, rely on that as our emergency
or backup plan, but to get to the point where we’re operating independently more
is something I think we really need to demonstrate on this space station, where ya
know we are close to Earth and kind of have that support close to us.”
Scott Kelly, ISS Expedition 43-46 for 340 days in space

275

276

Appendix

The following emails are the informational responses to my queries about the
use of space within the HI-SEAS missions from the initial HI-SEAS I mission through
the HI-SEAS IV mission of which I was a part.
HI-SEAS I Crew Email
“Heya Tristan,
My mission was the first one, so I installed and organized the vast majority
of items in the habitat. The original plan was for me to use the container as a work
area as there is that nice work bench in there, but it was way too friggin cold in there
at night. It would have been a good spot for the Engineer. The lab has been more
important to other missions and I think that space could be increased.
We had the treadmill beside the stairway, and it was an important part of the
mission, as we all used it.
Overall, I like most things about the habitat. One thing I would consider is
having cubicles instead of the work bench. There is little privacy, and when you have
someone trying to micromanage your own work it’s harder to escape. Most of my
crew worked in their rooms most of the day so the Commander would stay out of
their stuff.
In all, I don’t have a lot of issues with the hab in terms of design. I think
having a greenhouse is an important addition to the habitat that needs to be done.
I think the open concept of the habitat was extremely good. MDRS by comparison
felt kind of like a prison.
We had the dining room set up all the time, as our crew ate all our meals
together. (food study) Other missions did not do that so the dining room became a
more dynamic space.
Hm. That’s all I got off the top of my head at the moment. I’ll think on
it a bit more.”
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“Hi Tristan,

The HI-SEAS I crew was actually involved in the design process of the habitat (to a
limited degree). It remains mostly Paul’s work of course, but we were occasionally
asked for our personal opinion. Moreover, I’m a friend of Henk Rogers and
the two of us had heated debates about the interior design of the habitat. They
focused on two aspects:
• Henk originally wanted everything to be ground level to maximize the ‘air
space’ above us in the dome. I disagreed, and brought up the psychological
importance of having a floor with a staircase to retreat to.
• Henk also wanted to design polymorphic cubicles that people could use to
isolate themselves more when they wanted to. As a upcoming crew commander
I abhorred the idea of crew members working in separated sections and made
a case for a flexible open floor plan (tables and chairs).

During the design process I also rapid-prototyped the planned bedrooms
by building a simple wire-frame model, simply to asses the available space.
Originally we had hoped that each room would at least have a tiny window,
and we were disappointed to hear that was not the case. But in the end it didn’t
really bug us. The first month we did live in the habitat without one single window.
Luckily we asked for and received a window after, which made a big change
(as you know). We actually positioned the treadmill in such a way that we could
watch the landscape outside while running. One other concern I had during the
design was the positioning of the upper bathroom next to a stateroom. I was
actually worried that there would be a lot of noise coming from the bathroom. But
in the end I actually lived in that particular stateroom, and had no complaints.
Positive aspects of the habitat:

Simon Engler, HI-SEAS I

• Spacious feel because of the dome-shaped ceiling
• Simple and transparent interior structure, I felt ‘connected’ to the entire habitat
at all times (important for a commander)
• Nice open floor plan with the kitchen, dining room, exercise and work space
all blending into one
• Individual staterooms
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• Nice kitchen area
• Use of wooden elements
• Possibility to screen movies and exercise videos

Appendix

HI-SEAS II Crew Emails

Negative aspects of the habitat:
• Not space-like enough, reminded us too much of Walmart and Ikea
• I was really missing proper airlocks for the EVAs
• More visible date visualization (temperature, CO2 levels, water usage, energy
availability etc.) would have been much more conducive to frugal living

Usage of the habitat:
• Apart from the birthday and mission progress parties we actually did not really
change the interior setup that much
• We loved our twice/week movie nights, pulling together all blow-up sofas
• People placed the sofas in the airlocks because more daylight was seeping
through
• Everyone customized their own stateroom in a very individual way

Hope this helps! Let me know if you need more info.”

“Hi Tristan,
I’m ccing Tiff, Annie, Ross, Casey and Ron to this email, as they might have
something to add.
I don’t think we modified the interior that much during my mission. We had
the treadmill under the stairs and it was staying there all the time. The bike was in
front of the window when we could use it. The dining table was next to the kitchen.
In the living room, we had two tables along the wall with some equipment on it like
the Maryland suits and the radios.
In front of the stairs, we had the precursor of Veggie giving some purple glow
to the hab at night.
We had hung the blue marble flag on the wall above the kitchen/dining
room.
In the kitchen, the white board was covered with chores schedules, rover
points (game), and jokes.
In the evening, when we wanted to watch a movie, we would pull down the
screen and inflate the couch and armchair. And make popcorn sometimes as well ;)
We liked to play with the funny LED lights also. An actual greenhouse to grow
lots of plants would actually have been great!
That’s all what I can think of. Hope this helps.
Cheers,
Lucie”

Angelo Vermeulen, HI-SEAS I
Lucie Poulet, HI-SEAS II
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“Hi Tristan.
Lucie is recalling the hab from our mission completely accurately. If relevant
to your dissertation , I do have a suggestion based upon issues that emerged during
subsequent missions. This pertains to the whole concept of designing the hab better
to permit more private areas for “subgroups” of the crew or individual privacy. Some
of what I may be writing in my psychological study is the importance and adaptive
normalcy of having time for “separateness” of crew members. No matter how well
groups of humans get along, separateness and personal space is important for
individuals AND smaller subsets of the crew. I fully believe we demonstrated this
importance in HI-SEAS and much will be written about it. Let me know if you’d like
more elaboration
Best wishes. Ron.”

“Hey Tristan!
Gah! Sorry, I meant to do this a week ago, didn’t I? Well, I don’t know
entirely how previous crews laid out the Hab, but I can share what we did with our
space.
Seacan: The space was a bit of a mess. All the food bins were just stacked
one on top of the other. It was a massive hassle to get stuff in and out. So we
requested shelving. The metal shelving that took up most of one wall of the SeaCan
was requested & installed by Crew 3. We also organized our food differently than
Crew 2. I think they sorted things by Month. So each container would have a
“ration”. We sorted things by food type, and were less concerned about rationing.
If we ran out of something, we just went without until we got a resupply. We also did
that because Soph just couldn’t eat some categories of food, like pasta, ‘cause she’s
celiac, so people were welcome to eat mac & cheese if they wanted, but we would
never make something like that for dinner for the fam.
Airlock: Hooks for each of the space suits, so they could be hung up. Charging
station for the batteries and handsets on the shelves by the door to outside. Hooks for
headsets just above the shelves. Hooks were labeled with crew-members call signs.
Airlock doorway: Cans for soil and plants were hung in the doorway. The

amount of light that would make it through the uninsulated plastic there was enough
to grow leafy greens, so there was lettuce either side of you as you came through
that round door.
Work space: I think was the one thing constant for all crews. 4 plastic tables,
up against the wall on the right as you walk into the Dome. Directly to the right of
the door we stored the foam couch. We had a blow-up couch and chair when we
arrived, but they kept springing leaks and were pretty janky, so we requested noninflatable, fold-up stuff be sent instead. The table closest to the dining area had the
unblocked computer, printer, and box full of office supplies under it, and a charging
station for the socio-meters that Zak created using the 3D printer. It was super useful.
Allen’s desk space was the very right-most space. He generally worked from his
room, so he eventually lost some of his workspace to the hydroponics set-up (not as
big as Carmel’s I’m sure - just a beta fish with some wheat grass in a small pet fish
tank)
Under the stairs, still considered workspace area I think: We installed the
strapping on the one wall for holding yoga mats, and placed a shelving unit for
books, movies, games, etc. here. Fold-up chairs also found a home here.
Dining area: Fold up table, exercise gear bin, treadmill and stationary bike.
During exercise times, the table would be folded and put out of the way against the
wall, and the bike, treadmill, and other gear brought out. Using both the dining and
work space areas, we could have all 6 of us working out doing a P90X video at the
same time. The treadmill would be “folded up” when not in use. When in use, you
could look out the window at the Martian* landscape.
Kitchen: We moved the tall pantry with doors out of the alcove-area beside
the telemetry door over to the left side of the sink area, as we felt that area was
being underused due it’s weird shape. That alcove was then fitted with shelves by
Neil, essentially doubling our shelf space. Some shelves were moved from other
spaces in the Hab, and some were requested and sent in to us. The fridge had been
to the left of the sink, but we moved it to the right of the telemetry door, between to
small cabinets.
Lab space: I created a 5-tier garden from a shelving unit that was up against
the one window in the lab to make the most use of the natural light there. Neil had
an autoclave and incubator added to the lab inventory. We had an on-going game
of Axis and Allies set up on the right side of the lab table for a good chunk of the
second half of the mission :-) It didn’t get in the way too much.
Telemetry and Washing Area: No major changes. Weren’t allowed to touch
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Ronald Williams, Ph.D, HI-SEAS II

HI-SEAS III Crew Email
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the wires too much, taped the knob of the washing machine to the lowest water use
setting. May have stolen some shelves from above the laundry for the kitchen area.
Bedrooms: We had two configurations. Having the bed across the back wall
was actually too short for Neil - he couldn’t lie straight - so for his room, and I think
Joce and Soph, we rotated the beds to be along the long wall, and then the desk
moved to the back wall.
Bathrooms: I don’t think we did anything special.
We tried growing plants pretty much anywhere we could, with the light that
we had. So the aquaponics, and amazingly just some pretty flowers, grew under
the standard desk lamps on our workstations. The lab and the airlock were the two
other areas for that. Both Neil and Zak had 3D printers on their workstation desks.
The space was adequate for that.
All over the Hab, Neil installed power bars, so that we could shut off all
standby loads easily at night, or when kitchen things weren’t in use, by just flipping
the switch on the power bars. So you could shut off microwave, coffee maker, and
anything else people had randomly plugged into the power bar with one switch.
Same for hot plates. Same for the over-head projector. Same for the battery charging
stations.
Neil also installed a reverse osmosis system on the kitchen sink, because he
didn’t trust the tank water, but it wasted too much water, so we only used the prefilters, and not the RO filter in the end.
I think that’s all I can think of. Attaching a copy of Zak’s fish-eye view of the
Hab so you can visualize it a bit. If you end up using the photo for your thesis, just
give photo credit to Zak Wilson.
Ok, hope this helps! Let me know if you have questions, or need a diagram
or anything.
Cheers,
Martha”

Appendix

HI-SEAS IV Crew Email
“Soundproof everything. Even if you don’t think it will need it, just do it for
good measure.
We moved the treadmill so that they as in front of the porthole window.
We found that the crew who ran were tripping on the treadmill because they were
looking outside and crooning around to see. When we moved the treadmill in front
of the window, you could look outside better and try to pretend you weren’t stuck in
the dome.
Adding fans to the treadmill helped with keeping cool in the sweaty afternoon
and giving an illusion of wind.
Having the stationary bike be portable was super nice because we could
movies it to wherever we wanted to work out. I could multi task sometimes by biking
while running experiments or watching something for observation.
We rearranged a lot of the beds so that they were along the side wall rather
than the back wall. For me, I got so tired of banging my elbow against the wall at
night that I switched it within the first week.
Moved the aquaponics into the teleported so they fitness more sun.
Desk chairs were also dinner chairs
Set up that got awful pedicycle
Rearranged food and supplies in the SeaCan for better organization and to
keep open space freed up in the dome
Bio-lab was always evolving depending on the project.
More storage space! We used the roof as storage for food and supplies.
Another treadmill or exercise machine. Free weights!
Thicker walls
How many should I come up with? If I think of more I can just let you know
I’m sure. If you need me to make more so that it fills in space I can do it.”
Carmel Johnston, HI-SEAS IV

Martha Lenio, HI-SEAS III
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