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Abstract: The article presents a concept of a lunar base that would take advantage of the natural
shape of an egg. Several versions of egg-shaped habitat structures characterized by different sizes
are presented. Possible locations of habitats both on lunar surface and in craters were discussed.
Advantages and disadvantages of particular locations were also pointed out. The proposed in the
paper concept of an egg-shaped structure is characterised by a spatial character based on Voronoi
diagram and would be implemented using a 3D-printed method. The presented 3D-printed structure
was designed to be light and suitable to be covered by lunar soil. As a necessity in the developed
concept, in situ resources utilization was addressed in order to generate products using local sources
to reduce the number of materials that would be required to be transported from Earth. At the end of
the paper, future areas of research and tests are highlighted.
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1. Introduction

Looking to the starry sky, man has always longed to stand on the surface of the Moon.
However, starting from 4 October 1957, the dream began to become a reality. A new era of
space exploration began, when the Soviet Union sent the first artificial satellite Sputnik to
the Earth’s orbit [1,2]. Man stepped on the surface of the moon on 16 June 1969 as part of
American Apollo 11 mission. No one thought at the time that the last step taken by the crew
of Apollo 17 on 19 December 1972 would be the last for the next decades. Currently, NASA
plans to return and land a human crew by 2024 and permanently inhabit the Moon in the
future. However, NASA is not the only institution or country which has such intentions.
China (among other countries) and private companies such as SPACEX and BLUE ORIGIN
also strive for the Moon [3-6].

European Space Agency developed Terrae Novae 2030+ Strategy Roadmap [7], whose
main long term goals for Europe are defined as follows: capability to launch and deliver
payloads to ISS as laboratory for technology demonstration, and to be able to deliver these
technologies to the Moon and Mars. Poland is an example of a relatively small country
with lunar ambitious. The Polish Space Agency is a part of the Artemis Accord program
and has its own plans for Moon exploration. Polish scientists are working on different
aspects related to prospective exploration and further utilization of lunar surface. The
investigations of future orbiter payload able to detect troilite on lunar surface are described
in [8]. The developed surface payloads are presently able to detect mechanical properties
of lunar soil with the capability to reach 5 m depth in lunar regolith [9]. The technology of
lunar surface exploration is based on drilling systems [10] and sampling systems [11]. The
latter is currently under investigations to reach technology readiness level 6. In this context,
several campaigns were organized in Poland to better understand the lunar regolith [12].
From the perspective of future lunar surface utilization, economic aspects, intellectual
property issues, and space law questions are of great importance [13].
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Ideas for establishing a base on the Moon have been around since the early days of the
space program. Many questions arose regarding the functionality, use, shape, and transport
of the material, and assembly of the habitat [13]. A big breakthrough happened recently
when 3D printing technology appeared, which completely opened up new possibilities for
working with the shape and processing of material on site.

NASA’s ultimate goal is to get to Mars. In order to achieve this, many procedures and
technologies need to be tested on the nearest neighbour—the Moon. The Artemis mission
is to test new technologies, land a man on the Moon, and establish a base there. The base
would also serve as a transfer station and actively provide support for missions to Mars.
The major components of the program are the Space Launch System (SLS), Orion spacecraft,
Lunar Gateway space station, and the commercial Human Landing Systems, including
Starship HLS.

The entire lunar surface is covered by regolith, which is the unconsolidated layer of
granular material and has been generated over time due to the pulverization of rocks by
meteorite and micro-meteorite impacts [14]. To create a permanent base, strategic raw
materials (e.g., water, metals, and oxygen) are needed. Possible water deposits were found
in the regions of the South Pole [15]. Metals and oxygen can be extracted from regolith at
the lunar South Pole [14]. There are more craters in these places, and due to their position
and depth, sunlight never reaches the bottom of craters. At the same time, this location is
advantageous for long-term foundations thanks to the constant sunshine. Even though the
Sun moves just above the horizon in these regions, its radiation is not weakened, as is the
case on Earth where it is limited by the atmosphere.

Among the main goals of creating the concept of the 3D-printed habitat for permanent
lunar outpost was to explore ways of depositing the habitat both on the surface of the
Moon and in the craters. Furthermore, the way to ensure safe and relatively comfortable
entrance to the habitat by the most direct route possible, through the pressurized room
was also analysed. In the next phase of conceptualisation, properties of the egg-shaped
habitat (and its realization) were of key interest. Due to low lunar gravity, astronauts are
forced to move on the Moon by small jumps instead of ordinary walking. Taking this fact
into consideration, one should come to the conclusion that the shape of the future lunar
base should have more of a vertical than horizontal shape. The vast majority of proposals
of future lunar bases harness the shape of the traditional dome. This type of structure is
very efficient on Earth but is questionable on the Moon. People who are walking on Earth
need structures which provide “horizontal space”. On the Moon, astronauts will need
much more “vertical space”. In authors’ opinion egg-shaped habitat would provide more
vertically focused space which would be much more practical to use by astronauts. Of
course, it is necessary to ensure the lightness of the structure and proper (from architectural
and ergonomic points of view) layout of the internal space. Another problem that long-term
(or permanent) missions will face with is the danger of radiation and falling meteorites.
Therefore, variants using inflatable membranes that would be covered with regolith were
analysed as a possible solution.

Greenhouses with the possibility of growing plants have become another focus for
sustainable accommodation. In this regard, several variants have been created, which
include a transparent membrane [16], and use mirrors to direct and regulate light radiation
into an otherwise covered and therefore protected environment [17].

In order to create lunar habitats, it is necessary to provide components which could
be used to rise such structures characterised by sufficient mechanical strength. The most
common construction material on the Earth is concrete which, in its simplest form, consists
of aggregate, water, and cement. On the Moon, there is a possibility to create alternatives.
The most promising seem to be sulphur concrete [18] and geopolymers [19-21].

3D printing technology is the cornerstone of the extra-terrestrial construction, which
involves harsh and remote locations and very limited resources [22]. Geopolymer, as a type
of non-conventional construction material, is one of the options with the greatest potential
for implementation in lunar civil engineering 3D technology [23]. Additionally, sulphur
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concrete is one of the options for lunar construction programme. Sulphur as a binding
agent is readily available on the Moon, no water is needed for the concrete production, and
it can be produced under cold temperatures [22].

3D printing gives a unique opportunity to create complicated structures such as
Voronoi structures. Georgy Voronoi was a mathematician of Ukrainian descent living at the
turn of the 19th and 20th centuries, famous for extending a diagram also known as Dirichlet
tessellation. A Voronoi diagram is, in the simplest case, a partition of a plane into regions
close to a given set of objects called seeds (see Figure 1). Voronoi diagram decomposes an
area or a volume into smaller pieces, and each resulting Voronoi cell consists of the points
that are closest to the given Voronoi site [24]. If the seeds are placed in a 3D space, the
partition is limited to the fixed space. One of the most significant advantages of using a
Voronoi structure is to save material while maintaining mechanical properties. The Voronoi
structure provides a reduction in stiffener mass up to 67% [25]. A Voronoi diagram has
many applications in many fields of science and art. One of the earliest uses of this tool was
the analysis of the cholera epidemic in London, which occurred in 1854. A physician, John
Snow, determined a heavy correlation of deaths with proximity to infected water pumps,
creating a Voronoi diagram map [26].

Figure 1. An example of a Voronoi diagram in 2D dimensions.

The aim of this paper is to present a concept of a Moon habitat that would take the
advantage of the natural shape of an egg. An egg shape is an example of a structure created
by nature itself. It is resistant to a number of mechanical factors and optimized regarding
material needed for its creation. In addition, the walls of the egg are closer to the vertical
axis in its cross-section than the walls of the sphere. For this reason, the structure can
be more effectively divided into functional spaces for people living there. In the authors’
opinion, such a habitat should be created in situ on the Moon as a 3D-printed Voronoi
egg-shaped structure. The questions concerning the possible location of such an object
on the Moon surface, ways of accessing the structure, and its stiffness characteristics are
addressed. Several variants of the solution were presented, focusing finally on the selected
variant. Among other issues, the way in which the object would be realized was presented,
and finally, visualizations were created.

2. Principal Concepts
2.1. Lunar Habitat Placing Concepts

There are four types of possible placement of the habitat on the lunar ground. Possible
access to the habitat is directly associated with the type of habitat’s placement (see Figure 2):
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Figure 2. Concepts for placing an egg-shaped habitat on the surface of the Moon: cross-section view.
(A) Semi-submerged, (B) fully submerged, (C) buried in a crater, (D) buried in a crater (levelled).

A semi-submerged habitat was built on a flat plain and its sides were secured with
accumulated regolith. A significant part of it was in direct contact with the external
environment and is therefore directly exposed to solar radiation and meteorites. However,
it was foreseen that its structural envelope will be produced by 3D printing, which is
largely made of regolith, which, together with its greater thickness, will have a certain
effect on reducing these external influences. Access to the building was then solved using
a 3D-printed corridor under the embankment to ensure safe and direct entry. It can also
include storage areas for materials and equipment protected from the influence of radiation
but was stored in a vacuum environment so as not to unnecessarily fill up the valuable
interior space of the habitat. A disadvantage of this solution is the thickness of the outer
printed envelope, which would have to be considerable to sufficiently reflect external
influences, causing a manufacturing problem due to difficult access at higher levels above
the ground.

A fully submerged habitat has almost the same characteristics as the semi-submerged
version. The main difference is associated with the solution to the problem of protection
from the influence of the cosmic radiation. The protective layer of regolith covers the entire
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habitat. As a result, it creates an additional (adequately thick) layer over the entire volume
of the habitat. Subsequently, it is unnecessary to have a large thickness of the outer walls.
On the other hand, erecting such a habitat will be more complicated and work-intensive.
The prepared building materials would be in danger of sliding down. At the same time,
the entrance corridor would have to be long to avoid possible lunar soil slides.

A habitat buried in a crater is a concept working with pre-existing irregularities on
the surface of the Moon, which are caused by meteorite impact. Their size varies greatly,
and many have a diameter of several tens of kilometres. The idea is to gradually 3D print
the habitat and pile up the regolith. The result will be flat terrain in the immediate vicinity
of the habitat, with vertical access to it from the edge of the crater and vertically towards
the habitat itself. The advantage of this system is no soil sliding problems, which can
also fall from the edge of the crater during construction. Burying a habitat in a crater
will create relatively stable conditions inside. The thick layer of regolith covering the
habitat will significantly ease maintaining room temperature. The negative influence of
cosmic radiation and impacts of meteorites will be significantly limited. Moreover, such
habitats are likely to be used for the purpose of deep mining directly from the habitat.
The disadvantage of this solution is the transport of material, equipment, and people to
a less-accessible construction site. At the same time, in most cases, a huge amount of
regolith will be needed for backfilling, which is also a disadvantage for future expansion
of the base. Another major disadvantage is the vertical approach, which is impractical for
transporting material.

A buried habitat in a crater with fully levelled ground is a proposal based on the
previous concept, where access to the entrance to the object is simpler. An ideal crater
(regarding size and location) will be harnessed. An erected habitat will be placed in the
crater. The habitat will be covered with regolith up to the level which will form an almost
flat plain. The access to the habitat could be realized through a ramp made of lunar
aggregate [27] filling a 3D-printed geopolymer spatial structural layer. However, this
variant also suffers from the same problems as the previous one.

The main advantage of the buried habitat in a crater with fully levelled ground is
the possibility to easily create a complex made up of several egg-shaped units of different
sizes (see Figure 3). Such a complex brings new aspects of use. It utilizes a mirror to reflect
sunlight into the semi-open large space of the central building, where it is collected and
reflected for the purpose of growing plants, creating a special type of greenhouse. At the
same time, the mirror collector can be used for the purpose of reflection and conversion of
radiation into heat, which would support the whole complex. It should also be possible
to extract ice from an ice deposit located under the crater. Heating ice and storing created
water in a reservoir would take place at the bottom of the egg-shaped structure.

2.2. A Voronoi Structure Concept

To create an egg-shaped light-weight structure, a Voronoi pattern was proposed.
Thanks to its variability, it can be worked with in different ways with many additional
parameters, which can be evaluated during future static assessment and design of its ideal
density, size, etc.

One of the ways is to apply the Voronoi pattern directly to the surface of the object.
The achieved network enables to generate a structure with a thickness between individual
cells and with a thickness in the third dimension (i.e., the thickness of the object’s wall).
Moreover, it is possible to round the generated shapes, which brings many manufacturing
and mechanical advantages (see Figure 4a). The way to implement this shape for a regolith-
filled structure is shown in Figure 5a (using a wall section). In order to prevent lunar soil
from spilling through the openings into the interior space, a partition will be 3D-printed
at the same time, which will withstand only this load. The resulting pockets, which are
filled with regolith, serve as a lock for the settled object. On the inside there is an inflatable
membrane, which is locked in place in the same way.
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Figure 3. Concept for grouping several habitats of different size in a crater: cross-section view.
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Figure 4. Generated model of the Voronoi structure: (a) implemented single-layer Voronoi structure
on an egg-shaped surface, (b) cut-out of the 3D Voronoi structure that can be used for the entire outer
wall thickness envelope.
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Figure 5. Schematic representation of the use of a Voronoi structure in cross-section view: (a) single-
layer Voronoi structure with a partition wall, (b) 3D Voronoi structure with regolith infill.

Another solution is to apply a 3D Voronoi structure in the wall thickness of the object
(see Figure 4b). This creates a complex network system (Figure 5b) which can also be used
extensively (but requires more computing power to generate the model). The fundamental
difference in comparison to the previous variant is the possibility of directly filling its
structure with regolith.

For the future full scale design of the lattice cell structure, the principle of finite element
analysis (FEA) should be used to read the properties of that design. FEA for a single-layer
Voronoi structure on an egg-shaped surface, and a cut-out of the 3D Voronoi structure,
can be used for the entire outer wall thickness envelope. The methodology proposed by
Tahseen A. Alwattar and Ahsan Mian [28,29], based on the principle of equivalent lattice
cell structure idea to solve the problem, should be very useful.

3. Materials and Methods
3.1. Materials

Because of transportation issues between the Earth and the Moon, building Lunar
habitats should be solely based on an in situ resource utilization (ISRU) approach. Thanks
to the Apollo missions, the composition of Lunar regolith is fairly well known. The fifth
and last lunar mission (Apollo 17) brought back 111 kg of lunar soil [30]. On Earth, on
the basis of samples brought from the Moon, materials called lunar simulants (imitating
the properties of lunar regolith) were created [12]. This enables an understanding of the
behaviour of material similar to the lunar regolith under different conditions [9]. The
result was the development of regolith mining equipment [10,11]. On the other hand,
ISRU should provide materials for construction, life support, and energy. Lunar regolith
contains ferromagnetic fractions which, after separation, could be used as the protective
layer against meteorites and radiation and as an aggregate of 3D printable geopolymer
concrete.

3.2. Method of an Egg-Shape Calculation

The shape of an egg has many forms and has already been described in many arti-
cles [31,32], along with its mechanical properties. For the purpose of this study, a formula
introduced by German engineer Fritz Hiigelschéffer was used. Hiigelschiffer proposed
an oviform curve shaped like egg by moving one of two concentric circles along its x-axis,
constructing an asymmetric ellipse. The equation was adapted in relation to the main
measurements of the egg [32]:

B L2 — 4x2
V= iM 2 Bwx + &’ ™ @
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According to the scheme (Figure 6): L is the length of the egg, B is maximum width, w
is the parameter that shows the distance between two vertical axes corresponding to the
maximum width and the half length of the egg. The parameter x is the x-axis value where
the corresponding y-axis value is to be calculated.

L
2
-w

Figure 6. Scheme of an egg curve with marked parameters.

N~

The egg-shape has many forms. The parameter w is determined by the relationship
(2) using the values of L and B together with the coefficient n, which defines the resulting
shape of the egg [32]:
L-B 2)
2, ) (
For the paper purposes of the current study, the value n = 1.5 was chosen, correspond-
ing to the shape of chicken egg. The designed length of the structure was L = 18 m and
width B = 12.6 m. The equation was compiled in the parametric program Rhino with the
Grasshopper programming add-on. The curve and, subsequently, the area of the entire
object was drawn up. It served as a basis for further work.

3.3. Possible Construction Method of a Lunar Habitat

The construction process described below is a conceptual consideration, but just like
the Artemis mission, the use of robotic technology is also expected here. In this regard, it is
possible to consider preparing the base, or a large part of it, even before the landing of the
human crew. All the stages described below are also depicted in Figure 7.

Phase A—Finding a suitable place for the future habitat and transporting construction
equipment and materials. At this stage, it is necessary to evaluate the actual conditions and
possible complications of the given place. Subsequently, preparations for the base at the
bottom of the crater and the surrounding area, for easier transportation, were conducted.
At the same time preparations are being made for the production of printable geopolymer
mixture from regolith.

Phase B—Laying and anchoring of the basic building block. It is a critical part of the
building, which is followed by 3D printing of the external and internal supporting part of
the structure. At this moment the printable mixture is already prepared, together with a
robotic arm and other supporting equipment.

Phase C—Layer after layer of the future habitat is now being continuously 3D-printed.
At the same time, regolith is constantly being sprinkled to the same level at which the
printing is currently taking place.

Phase D—Once the structure reaches the ground floor level and the access area (with a
retention wall) is 3D-printed, the connection module with the pressure chamber and space
suit chamber will be installed. Regolith will continue to be piled up around it.
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Phase E—The entire retention wall protecting the entrance and habitat structure is
printed. Once the connecting ring of the habitat on top is in place, work will begin on the
internal structure. Firstly, the membrane is inflated (only with a small pressure), which
completely adheres to the walls, to which it is anchored at points. The internal structure is
assembled from collapsible beams and columns, and a frame is prepared for the installation
of the modular floor. At the same time, the light tube is assembled and ready to be used.
All equipment is installed, and the habitat can be fully pressurized.

Phase F—The connecting ring and the mirror are installed. The regolith embankment
is complete. The lunar base is fully operational.

Figure 7. A view of a Lunar habitat construction procedure divided into six phases (A-F).

4. Results

To create the concept of 3D-printed habitat for a permanent lunar outpost, only one
egg-shaped habitat with an entrance and external lighting solution was considered (see
Figures 8-12). It uses an existing crater into which the habitat is embedded to a third or
half of its height. The entire complex is covered with regolith. Thanks to this, the problem
of access during construction will be minimized and the resulting embankment will not be
large. However, a large number of cubic meters of material still needs to be moved. The
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design envisages a 3D-printed main structure of the habitat, including a paved access area
with a retaining wall preventing regolith from sliding to the entrance of the facility. This
solution shortens the required length between the entrance and the habitat. At the same
time, it is possible to transfer material more easily on a reinforced (by spatial 3D-printed
geopolymer) surface, or to partially use it for storage. Additional modifications can be
made for this purpose. In the connection between the exterior and the habitat, there is a
pressure chamber and a changing room with stored spacesuits. This is the only element of
the proposed lunar outpost which will not be 3D-printed.

light tube
and corridor

pressure
chamber

3D printed shell‘and infill
with sprikled regolith

1. Command centre
2. Accommodation
3. Science lab

4. Tech and storage

Figure 8. Cross-sectional view of the final variant of one egg-shaped habitat, semi-submerged to an
existing crater with a piled-up regolith.

The 3D-printed egg habitat is 13.5 m in diameter and 18 m high, so that the minimum
clear height of one floor is 3.5 m. Due to the low gravity (one sixth of the Earth’s gravity), it
is possible to use equipment with a larger height preventing possible injuries when moving
in inside. The main element of the design is an adjustable mirror at the top of the entire
structure. It reflects sunlight into a vertical tube that permeates through all floors. Thanks to
reflective surfaces and optical guidance, it transmits the light to all rooms, especially to the
floors where plants are grown. The mirror makes it possible to regulate the amount of light
and radiation that enters the habitat and (if necessary) it is possible to completely block
the light inlet. Therefore, simulating the 24 h day-night cycle is enabled. This property is
essential for the well-being of astronauts, due to the location of the outpost at the lunar
South Pole. The sun is low on the horizon there, but it never sets. The light tube also serves
as a communication hub across the individual floors. If larger pieces of material need to
be moved, the folding part of the floor can be used for this purpose. However, there is a
need to assess the effectiveness and safety of the communication method through this tube,
precisely because of the concentration of reflected sunlight through the mirror.
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Figure 10. A view of a 3D section in the perspective of a semi-submerged habitat.
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Figure 11. Perspective view of the first floor (command floor) of the habitat. A light tube can be seen
in the image.

Figure 12. Perspective view of the third underground floor (greenhouse and laboratories) of
the habitat.



Appl. Sci. 2023,13,1153

13 of 15

References

The first underground floor is almost flushed with the external access area for easy
movement. This floor also serves as a command and operations planning floor.

The second underground floor is dedicated to the crew as accommodation, dining
room, gym, and relaxation room. It is clear that it will need to be divided into individual
sections with movable partitions for greater privacy.

The third underground floor serves as a greenhouse and laboratories.

The last (fourth) floor is for storing supplies, technical equipment, and containers for
oxygen, water, and others.

5. Discussion

Today, it is clear that in the very near future we will see a human landing on the Moon
again. The planned missions aim at enabling a permanent stay at this location and thus
allow other missions to go even further to Mars.

Several basic variants of the solution were presented regarding designing a lunar base
concept using the shape of an egg and 3D printing. A seemingly more ideal variant was
created from them. It turned out that it is possible to create a single object or an entire
complex. Although it seems an impractical shape at first glance, it is possible with the
rapidly progressing 3D printing technology. It has been proven that placing this object in
the field ensures convenient and direct access and provides enough light for each floor,
with all this under the protective layers of regolith.

Further development of the variant should bring a solution for variable layouts and
equipment. Another variant of using the shape of an egg could be a printed part of it
in the form of a protective shelter with a free layout, under which a habitat made of an
inflated membrane will be freely placed. This would provide an advantage for future easy
base expansions and access for repairs. On the other hand, it provides less protection and
additional support for the membrane due to internal pressure.

The goal was to check this variant of the solution and thus bring an incentive to
consider the method of solving the construction of a base. As this is just a proposal, its
feasibility needs to be checked. Firstly, scaled models of the outpost and lunar soil simulants
(LSS) [33] should be used to test the main concept. Subsequently, the development and
thorough tests of printable lunar geopolymer should be conducted.
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