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Abstract.
Designing an outpost for a longduration scientiﬁc expedition to an extreme environment such as Mars requires the basic qualities of
functionality, comfort, and security. In this paper
we assess: the key environmental conditions that
govern the functionality of a Martian habitat; what
it takes to design and build a comfortable home
for a crew of four for 500 days with limited communication with Earth; and most critically, how
to ensure mission success, safety, and robustness
through increased redundancy. ese factors are
collected here into a conceptual design proposal,
along with details of the deployment and multirobot additive regolith construction system. is
work is part of ongoing research at F+P specialist
modelling group on robotics, large-scale additive
construction, and architecture for extreme environments.

1

Introduction

As we move towards public or privately-funded human
expeditions to Mars over the next few decades, it is necessary to consider what type of a home can be provided
for astronauts on the surface of the planet; and that this
endeavour should involve a broader multi-disciplinary
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basis. In this paper our primary objective is to suggest
that we have the technology to go beyond deploying a
purely functional scientiﬁc base, as is perhaps the convention [7, 9]. Rather we propose to build a place for
living, suitable for continued multi-mission occupation
and development. It is more than likely that each successive expedition will incorporate feedback from the
last into an evolving design. Any future colony is therefore likely to be a mixed system of technologies and
habitats of increasingly advanced and successful design,
the parents of which will be theoretical or prototyped
closer to home.
Surface habitats can be one of three classes: Class I
are single pre-fabricated pressurised module, such as the
Apollo Lunar lander; Class II are multiple such modules connected together; and Class III combine multiple modules plus structures built from in-situ materials
[10]. Extending this, Class IV would be constructed
solely from local materials, and Class V the construction machines would themselves be fabricated in-situ.
Here, the proposed Class III outpost is a composite
of light-weight inﬂatable pressurised modules [11] and
a multi-robot additive construction system to compile
local regolith into a protective heavy-weight shield. Although the pressurised elements are better suited to high
accuracy fabrication possible under tightly controlled
conditions on Earth, the compressive heavy-weight pro121

Acta Futura 10 (2016) / 121-129

Wilkinson et al.

F . Outpost design (axonometric view)

tective shield can be more heterogeneous. erefore delivery of construction robots is lighter, more compact
and ﬂexible than sending an equivalent item from Earth.
Others have also considered additive regolith construction processes for extra-planetary missions [6, 10, 12],
along with other entries in NASA’s 3D Printed Habitat
Centennial Challenge.
e habitat (Figure 1) is divided into a network of
connected deployable spaces with 120 m2 habitable ﬂoor
area divided into three modules. Each module has ∼30
m2 (plus two modules have upper mezzanine levels of
∼15 m2 each) and ∼100 m3 habitable volume. e services for each includes 2.5 m3 of bulkhead required for
the Environmental Control and Life Support Systems
(ECLSS) which is located in the hard elements.
Conventionally, each module would be assigned a single speciﬁc task and the required equipment designed to
ﬁt [27]. Here, each of the modules is identical and is
deployed empty; to be ﬁlled with speciﬁc equipment on

122

arrival of the crew. Each module can operate independently to provide basic life-support should another fail,
and together provide a more comfortable environment.
1.1

Mission Architecture

e base and construction system is delivered prior to
human arrival via two cargo ships containing: the deployable habitation units with their construction robots;
a Radioisotope ermoelectric Generator (RTG); and
the In-Situ Resource Utilisation (ISRU) module. ese
are to be delivered by launches of two heavy-lift rockets
followed by a ∼210 day transit [7]. On arrival in orbit,
the subsequent stages of the delivery and deployment
are as follows:
Entry, Descent, Landing
Descent of the modules will follow a similar method
to the Pathﬁnder mission [3] with a combination
DOI: 10.5281/zenodo.202236
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of ablative heat shield, solid retro-rockets, supersonic
parachute, and ﬁnally air bags softening the ﬁnal few
metre drop. e modules have a dodecahedron shape
(⊘4.6 m), with each of the 12 faces covered in six inﬂated spheres (⊘1.35 m). e EDL will happen in two
phases: ﬁrst the robots will be delivered to the surface
for site selection and preparation; followed later by the
habitat modules.

Surface Navigation
When developing the air bag system for the Pathﬁnder
mission, rigorous drop-tests were conducted on various
terrains, ranging from ﬂat surfaces to steep, rocky inclines. is led to the use of multiple thin fabric layers
rather than a single thick one. is greatly improved the
strength since the outermost layer tore, absorbed energy,
and created a soft protective buﬀer for the inner layers
[5]. is study leads us to believe that the air bag system can be used for a secondary function post-EDL for
positioning the modules.
Once stationary on the surface, the individual modules may be distributed within a landing radius of a few
kilometres, and so it is necessary for them to navigate
together. A sequenced inﬂation-deﬂation of the 72 external air bags starts a controlled roll of the modules to a
shared target. e objective is to get within close proximity of one another (<2 m) for the airlocks to connect.
In order to ensure the modules face the correct way up,
the individual rolling paths can be controlled over the
journey to be slightly longer or shorter as required.

Habitat Deployment and Connection
Once the site is prepared, and the three modules are
gathered together, the small inﬂatable spheres surrounding the habitat partially deﬂate. e upper faces
of the dodecahedron module fold up and lock in position, similarly for the lower faces to form the foundation
which can ﬁt to a rough landscape to ensure the interior
ﬂoor is level. Subsequently, the core, shaped as a pentagonal prism, expands outwards (Figure 2).
Each of the ﬁve vertical faces of the core is either a
connection or a window which will move to the outer
perimeter along with the inﬂated skin. Once inﬂated
the hard outer connections lock into the upper and lower
pentagonal faces, and the connector airlocks extend outwards to connect to one another. Figure 2 shows this
process of the modules in their prepared site, unfolding,
inﬂating, and connecting. e three deployed habitat
modules are now ready for the regolith shield to be constructed on top.

2 Extreme Environments
e ﬁrst considerations in the design of a habitat are
the challenges and aﬀordances of the natural environment in which it is situated [4]. Although Mars has the
closest similarities to Earth of any of the planets in the
solar system, its environment is relatively inhospitable
and presents challenges to human survival. In this section we assess how various environmental aspects will
aﬀect the design.
2.1 Site Selection

Robotic Site Preparation
e multi-robot system consists of three classes of robot
deployed prior to the habitat modules (Figure 3): one
large digger (RAC-D ∼1 m); ﬁve medium transporters
(RAC-T ∼0.4 m); and ﬁfteen small melters (RAC-M
∼0.25 m). For system diversity, robot movement is by
wheels, tracks and legs respectively.
e ﬁrst task for the robot system once at the site is to
excavate a 1.5 m deep hole for the habitat to sit within.
e RAC-D robots will dig the loose regolith from the
surface layer by layer, which will be moved nearby into
protective berms by the RAC-T robots. e volume of
excavated regolith is roughly equal to the amount to be
printed on the shield.
DOI: 10.5281/zenodo.202236

For solar power to be most eﬀective and smaller temperature variations, an outpost should ideally be located
nearer the equator. e multitude of scientiﬁcally interesting sites across Mars are situated in a broad range
of topographical environments [7], from plains to caves,
valleys, volcanoes, cliﬀs and craters. Special regions are
less likely to occur in circum-equatorial regions [20] and
the availability of ground-ice is likely to be greater in
higher latitudes.
e system design and the outpost itself can be potentially applied to this broad range of cases. Whilst a
speciﬁc site is not being selected, the broad ‘river’ estuary
topography may oﬀer certain beneﬁts. e network of
channels gives a directional catchment area for the EDL
to focus on, although it may be more rugged terrain. After landing, the modules will navigate ‘down-stream’ to
123
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F . Habitat module deployment: (right to left) unfolding, inﬂation, and connection.

a larger plain (for example, around 25◦ N 60◦ W).
2.2 Radiation
Due to the lower density atmosphere, lack of clouds,
ozone and a magnetosphere, Mars receives more solar particle events (SPE) and galactic cosmic radiation
(GCR) than Earth. Periodic radiation from SPE is especially harmful for humans, although these can be detected, given warning time, by solar observation. e
constant bombardment of high-energy GCR particles
delivers a lower yet steady dose rate compared with large
SPEs that can deliver a very high dose over a short time.
e GCR contribution to dose becomes more signiﬁcant as the mission duration increases [17]. Mitigating
radiation exposure for the crew is a serious consideration
for the health and life-expectancy of the crew, and is the
primary reason for the protective regolith shield.
2.3 Temperature
It is commonly reported that the temperature on Mars
can reach a high of about 20◦ C at noon at the equator
in the summer, or a low of about -153◦ C at the poles.
In the mid-latitudes, the average temperature is about 50◦ C with a night-time minimum of -60◦ C and a summer midday maximum of about 0◦ C [22].
Due to the low density of the atmosphere, temperature is primarily governed by solar heating, and infrared cooling to the atmosphere and space, rather than
conductive and convective heat transfer with the atmo124

sphere. is means radiative ﬂuctuations, on a momentary, daily and yearly basis, are more varied and must
be balanced with both adaptive thermal control systems
and the heavy weight thermal mass of a regolith shield.

2.4

Ingress/Egress

It has been widely acknowledged that dust/dirt management is likely to be a key issue for long duration surface
missions. e small particle size of the regolith could
lead to contamination of the habitat and potential health
risks to the crew. It is therefore important to control the
ingress of dust. e suitport system [18] solves this issue, as well as removing the need for large airlocks, by
having the spacesuit mounted externally. For EVAs the
crew can climb into the back of the suits directly from
the inside and detach themselves. e pressurised rover
and conventional airlocks oﬀer alternative points of entry if necessary.
Due to the low atmospheric pressure, high speed
winds have minimal force yet are capable of transporting large amounts of electrically-charged dust over great
distances. e deposition of dust around airlocks could
potentially lead to diﬃcult ingress/egress, therefore airlocks are distributed at various positions and angles to
avoid entrapment. Suitports are used as the primary
EVA method instead of traditional airlocks to remove
risk of contamination of the interior with dust, and the
exterior with bacteria.
DOI: 10.5281/zenodo.202236
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2.5

Meteorites

e Martian atmosphere gives a certain degree of protection from micro-meteorite impact [28], however
since the habitat is a pressurised volume, additional
layers are needed to avoid breaches. e regolith
shield gives an additional protective layer from micrometeorites.
2.6

Life-support

Pressurised vessels are prone to breaches with the great
pressure diﬀerential between inside and out. With atmospheric pressure 100-times less than Earth, a strong
boundary is required which can withstand its occupants’
activities. e tensile strength required to maintain
this internal pressure is diﬃcult to achieve with regolith
which is more suitable for compressive structures [19].
erefore a pre-fabricated multi-layered, woven Kevlar
inﬂatable skin provides this pressure boundary.
Finally, for long duration missions it is important to
maximise use of environmental resources for collection
of energy, and production of life support consumables
and rocket propellant. e In-situ Resource Utilisation
(ISRU) unit which accompanies the habitat prior to human arrival has time to collect and process atmospheric
carbon dioxide and potentially near-surface water ice
[15]. Delivering the technology to produce propellant
for crew return and life support consumables will be easier than delivering the gases/liquids themselves. Power
for this processing will be delivered with the ISRU in
the form of a Radioisotope ermoelectric Generator
(RTG) unit, to be supplemented by photovoltaic cells
on crew arrival.
A human mission to Mars must necessarily be powerrich, in that life-support (ISRU) and everyday (primarily extra-vehicular) activities will require relatively high
power when compared to previous low-activity missions. In this vein, power generation capability should
be maximised at the mission outset to available weight
limits, then expanded upon and diversiﬁed when possible on future missions.

3

Shelter

e second component of the concept design that we
consider is security, in terms of both crew safety, peace
of mind, and mission success in relation to the environmental conditions. Safety is arguably the most fundamental and primitive aspect of a home. Shelter from
DOI: 10.5281/zenodo.202236

wild animals, storms, enemies, and the cold has for
thousands of years deﬁned our homes. Protection from
environmental conditions on Mars leads us to consider
the necessity of a heavy-weight regolith shield.
A shield built from surface regolith has many advantages: protection from cosmic radiation, solar ﬂares,
dust storms, meteorites, and temperature variations;
as well as increasing the durability of the light-weight
habitat modules. Additionally, other protective structures can be built, such as berms, and other infrastructure like landing pads and roads.
3.1 Swarm Robotics
e construction system is comprised of three types of
robot, each specialising in either excavation, transportation, or melting (Figure 3). e traditional approach to
mission robotics is to consolidate risk and complexity
into a single fate-sharing machine, with built-in redundancy (e.g. ’over-engineering’ and system duplication).
However, distributing risk across multiple specialised,
simpler robots has the advantage of isolating risk to
individual units. Given enough robots, there is also the
potential for emergent behaviour, i.e. group behaviours
greater than the sum of the individual behaviours
[23, 24].

F . Construction robot classes: (large to small) RAC-D
excavator, RAC-T transporter, and RAC-M melter.

Due to communications delays from Earth the
robot control must be highly autonomous, with each
individual being capable of decision-making and
following rules. In the near future, it is predicted
that computational intelligence and robotic technology will be suﬃciently advanced to allow for a
distributed system of autonomous intelligent machines. e system is capable of adapting to uncertain
operating environments, of self-management and sys125
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tem awareness, and of following high-level commands
such as ‘explore’, ‘gather materials’ or ‘construct habitat’.

3.2 Additive Regolith Construction
e autonomous and generative additive construction
method relies on rules and objectives, meaning that the
outcome is more adaptive and open-ended. e regolith
additive construction (RAC) approach is adapted for the
low accuracy likely to be achieved from using variable
materials at an uncertain site with autonomous robots
in the ﬁeld. e reliability of the RAC is in its simplicity, implemented by the three classes of robot: the
strategy is to ‘dig, move, and melt’ regolith. e large
digging robots will extract loose regolith in close proximity for the medium-sized mover robots to transport
to the habitat. As the regolith is deposited, the smallest melting robots have a 200W microwave (2.45GHz)
print head to bond one layer at a time [1]. e regolith
is positioned into rough layers by the transporter robots,
with the thickness continuously measured. Once a thin
layer of regolith is in place, the third class of smallest
robots selectively melts patches into a hard crystalline
material (Figure 4).
For protection from radiation over long-term periods,
rather than transporting heavy shielding from Earth,
the construction of a regolith shield is a logical alternative [13]. e largest reduction in dose equivalent (rem)
occurs in the ﬁrst 20 g/cm2 , so assuming a regolith density of 1.5 g/cm3 the regolith depth should be at least 15
cm [21].
Whilst this is a minimum depth to ensure the crew
does not receive ‘career limiting’ doses, the design includes 1.5 m above the work/sleep modules for general
protection from cosmic radiation, and 2.5 m above the
communal space for protection from solar ﬂares during
periods of increased solar activity.
e form of the regolith shield is driven by two key
criteria, which become the operational rules for the individual robots. e ﬁrst criteria is the minimal thickness
of regolith needed to protect the inhabitants from radiation. e second criteria is the ability of all construction robots to transfer themselves to the highest layer
printed so far during the construction process. As a result, multiple ramp structures blended into the overall
form are introduced next to every opening of each module (airlocks, windows and suitports). Because of their
location, they also serve as an extra protection of these
openings.
126

F . Progression of regolith construction.

4 Comfort
e interior of the habitat will be the home for the four
crew during their stay on Mars and should be, as a minimum, functional for the activities that can be expected
and ﬂexible enough to accommodate those that are unexpected. As the three initial habitat modules are deployed, connected and shielded, the concept was for the
modules to be like an unfurnished apartment; all services
are included but the furniture and more delicate internal equipment must be delivered with the crew. is has
two beneﬁts: ﬁrst, that when the crew arrive they have
an empty habitat that they can shelter in; and secondly
that all of the interior can be conﬁgured or replaced as
needed.
e use of three smaller modules instead of a single
large one means that, in the circumstance that one is
damaged, the other two would be adequate for continuing the (perhaps cramped) mission.
4.1

Private vs. Public

Sharing conﬁned spaces for prolonged periods of times
can potentially lead to conﬂict and psychological stress,
DOI: 10.5281/zenodo.202236
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therefore it is important to manage the relationship between private and communal space [25]. e three
modules, although identical on deployment, are diﬀerentiated during ﬁt-out.
Module A, with full-height volume, is designated as
the communal space, with exercise, cooking, communication and meeting space for four people (Figure 5). e

F . Module B/C lower: work space.

lighting will adapt light levels and colour temperature
throughout the day.
ere will be a central ’skylight’ in each module as primary lighting feature. e skylight will mimic the sun
and the atmosphere using nanoparticles integrated into
F . Module A: communal space.
the transparent element [14] creating the perception of
other two modules B and C are designed for laboratory, inﬁnite depth improving the visual quality and comfort
work, toilet and cleaning facilities for two people on the of the astronauts.
lower levels (Figure 7), and individual private berthing
quarters on the upper levels (Figure 6). is creates clear
spaces for social interactions with the opportunity for 4.3 Surface Finishes
privacy but not isolation [8].
As with lighting, surface materials play a subtle but
important role in occupants’ enjoyment of an environment. Beyond strict functionality, materials can range
from warm and natural through to cold and artiﬁcial.
roughout the habitat, natural materials have been
placed in selected locations to create a greater feeling
of home and, since monotony is a potential psychological issue, for visual and tactile stimulation [2]. For instance, wood veneer is placed on work surfaces, communal ﬂoors, and ladder steps; colourful woven fabrics and
tatami mats are used in the sleeping quarters.
F . Module B/C upper: private quarters.

4.2

Lighting

Humans have 24-hour day-night cycles hard-wired into
them which should be maintained for long-term health
and productivity [26]. Although there are a few small
physical windows on airlocks for direct views out, the
majority of lighting will be artiﬁcial. Circadian rhythm
DOI: 10.5281/zenodo.202236

4.4 Acoustics
An additional source of psychological stress is the continual mechanical noise of life-support systems [25]. In
this context, this can be particularly stressful as it is a
constant reminder of the necessity of the life-support
systems. Material selection is a simple way to reduce
reverberation, with micro-perforated surfaces, soft ﬁnishes and vegetation on walls and ceilings.
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5 Field Tests
ere are a number of sites on Earth which have speciﬁc
semblances to the Martian landscape, but the Atacama
Desert to the west of the Andes has perhaps the most
similar character [16]. e extremely arid and cold climate, isolation from human activity, similar soil, lack
of microbial life, and desert landscape are the primary
dominant features which would make for an interesting
preliminary experimental site. Various analogous topographical features also exist for testing, such as plains,
cliﬀs, caves and valleys.

Wilkinson et al.

relief.

6 Conclusion
Building on new frontiers demands reliable and tested
solutions, whilst at the same time novel techniques are
required to overcome unique challenges. In this context, the outpost design is an exploration of integrating
existing viable space architectures and emerging robotic
construction technologies. A semi-autonomous multirobot construction system is used to collect and assemble a highly robust Mars habitat prior to arrival of the
ﬁrst crew. e use of regolith additive construction and
inﬂatable architecture provide an adaptive and openended strategy to master broad uncertainties in the terrain and resources of Mars.
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