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Abstract: Heavily resource-reliant transportation and harsh living conditions, where humans cannot
survive without a proper habitat, have prevented humans from establishing colonies on the Moon
and Mars. Due to the absence of an atmosphere, potential habitats on the Moon or Mars require thick
and strong structures that can withstand artificially produced internal pressure, potential meteoroid
strikes, and the majority of incoming radiation. One promising way to overcome the noted challenges
is the use of additive manufacturing (AM), also known as 3D printing. It allows producing structures
from abundant materials with minimal material manipulation as compared to traditional constructing
techniques. In addition to constructing the habitat itself, 3D printing can be utilized for manufacturing
various tools that are useful for humans. Recycling used-up tools to compensate for damaged or
unfunctional devices is also possible by melting down a tool back into raw material. While space
3D printing sounds good on paper, there are various challenges that still have to be considered for
printing-assisted space missions. The conditions in space are drastically different from those on Earth.
This includes factors such as the absence of gravity, infinitesimal pressure, and rapid changes in
temperature. In this paper, a literature study on the prospects of additive manufacturing in space
is presented. There are a variety of 3D printing techniques available, which differ according to the
materials that can be utilized, the possible shapes of the final products, and the way solidification
of the material occurs. In order to send humans to other celestial bodies, it is important to account
for their needs and be able to fulfill them. An overview of requirements for potential space habitats
and the challenges that arise when considering the use of additive manufacturing in space are also
presented. Finally, current research progress on 3D printing Lunar and Martian habitats and smaller
items is reviewed.
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1. Introduction

Space exploration and inhabiting other celestial bodies are important milestones in
technological progress. Establishing human colonies on the Moon and Mars would serve
as a gateway for exploring space even further, potentially expanding the pool of natural
resources available for use [1,2]. However, there are obstacles that prevent humans from
simply settling there. These obstacles heavily include resource-reliant transportation and
harsh living conditions, where humans cannot survive without a proper habitat [3,4].
The absence of an atmosphere as compared to Earth exposes astronauts to intense solar
radiation, a lack of oxygen and pressure, and potential meteoroid strikes. Hence, potential
habitats on the Moon or Mars require thick and strong structures that can withstand an
artificially produced internal atmosphere and absorb the majority of incoming radiation.
It is worth mentioning that other celestial bodies in the inner solar system, such as Venus
and even Mercury, have been proposed for establishing human colonies. The temperature
at Mercury varies wildly during the day, from —173 °C at night to 427 °C during direct
sunlight. Since Mercury is very close to the Sun, significant shielding from radiation and
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solar flares is required. As for Venus, the environmental conditions on the planet’s surface
are extremely hostile for human life, with an average surface pressure of 45 bar and an
average temperature of 464 °C. Although some suggestions have been made to colonize the
upper atmosphere of Venus (around 45 km above the planet’s surface) by means of floating
habitats, such suggestions seem extremely costly, and hence practical attempts have not yet
been made by space agencies to realize colonization of Venus. Therefore, in this paper, we
focus our review on the challenges and requirements of 3D printing habitats on Mars and
the Moon.

Expenses related to transporting the payload into space generate additional chal-
lenges related to supplying necessities. Items required for spacecraft and other equipment
maintenance or fulfilling human needs can be forgotten or broken, which might lead to
mission complications or even failure. Furthermore, being independent from the resources
of Earth would significantly benefit a successful settlement establishment by removing
extra sustenance expenses. Therefore, making good use and reuse of limited resources and
utilizing local resources is very attractive [5].

One promising way to overcome the noted challenges is the use of additive manufac-
turing (AM), also known as 3D printing. It allows to produce structures from abundant
materials with minimal material manipulation as compared to traditional constructing
techniques [6]. Moreover, automating 3D printing to construct buildings is considerably
easier, as the layer-by-layer build-up procedure can be specified in computer-aided design
(CAD) software [7]. Preparation for the printing process can be as simple as throwing some
Lunar dust into the printer and pressing the start button, while traditional construction
techniques would certainly require some extra processing of regolith [8]. To take it even
further, it is possible to send unmanned spacecraft with a mobile, remotely manipulated
3D printer, which can prepare the initial habitat for astronauts who can arrive later. This
allows them to spend more time on their mission by having a ready habitat for them, as
their stay on other celestial bodies is usually limited due to intense radiation [9,10].

In addition to constructing the habitat itself, 3D printing can be utilized to manufacture
various tools that are useful for humans. Recycling used-up tools to compensate for
somewhat lower tool quality is also possible by melting down the tool back into raw
material. Items that can be produced this way include various maintenance tools like
screwdrivers and wrenches, surgical tools, or even vacuum cleaner heads for cleaning hard-
to-reach locations [5]. Potentially, 3D printing can be used to produce part replacements for
complex mechanisms as well, simplifying the reparation process and hence contributing to
sustenance [11].

While space 3D printing sounds good on paper, there are various challenges that
still have to be considered when thinking about printing-assisted space missions. The
conditions in space are drastically different from those on Earth. This includes factors like
the absence of gravity, vacuum, and rapid changes in temperature. AM machines and
materials are usually sensitive to ambient conditions. Therefore, it is vital to make sure that
the extreme factors listed above can be tolerated. In addition to ambient conditions, 3D
printers in space and on the Moon or Mars can encounter dangers like meteoroid strikes,
from which there is little to no atmospheric protection, and a lack of human interaction,
meaning that the machine’s artificial intelligence (AI) has to be carefully programmed and
tested. A comprehensive study reviewing all the above-mentioned factors and challenges
of 3D printing in Space that adds to the already existing challenges of 3D printing on Earth
is missing from the literature.

In this paper, a literature study on the prospects of additive manufacturing in space is
presented. There are a variety of 3D printing techniques available, which differ according
to the materials that can be utilized, the possible shapes of the final products, and the way
solidification of the material occurs. These techniques are discussed in Section 2. In order to
send humans to other celestial bodies, it is important to account for their needs and be able
to fulfill them. An overview of requirements for potential space habitats is presented in
Section 3. The challenges that arise when considering the use of additive manufacturing in
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space are considered in Section 4. Finally, current research progress on 3D printing Lunar
and Martian habitats and smaller items is presented in Section 5.

2. 3D Printing Techniques Overview

Additive manufacturing, or 3D printing, is a general term for a variety of manufactur-
ing techniques that are based on creating an object layer by layer. These techniques vary
in the materials that can be processed by them, the state of those materials, the means of
solidification, and possible geometries [12-22].

2.1. Fused Deposition Modeling

Extrusion deposition prototype modeling is based on depositing semi-solid material
in thin layers [23]. The material is extruded into a thin wire and solidified upon deposition
because it is partially solid. Another name for this process is Fused Deposition Modeling
(FDM), the setup for which is presented in Figure 1 [24]. In order to modify the thickness
of the deposited wire, the size and shape of the nozzle tip can be varied. Depending on the
material used for the printing, the liquefier can be set to a different temperature for optimal
viscosity. During a layer deposition, the head moves along the x-y axes according to the
pattern set by the computer-aided manufacturing software. After a layer is deposited, the
platform with the printed scaffold lowers along the z-axis, and the next layer is deposited.
Due to the state of the deposited material, layers can typically solidify into the intended
shape; however, for more complex shapes, a soluble support structure might be required,
which needs to be removed during post-processing [24].
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Figure 1. Schematic representation of the FDM process. Imaged drawn based on [23].

The major materials used for FDM include thermoplastic materials, such as poly-
caprolactone (PCL), polyether ether ketone (PEEK), acrylonitrile butadiene styrene (ABS),
nylon, and polylactic acid (PLA) [25-29] (see Table 1 for more details on their physical
properties). However, it is also possible, albeit difficult, to perform this process with metals,
paste-like ceramics, and even chocolate. The material can be chosen depending on the
required mechanical properties and temperature behavior, and the liquefier and nozzle of
the FDM head have to be of appropriate diameter and be able to withstand the processing
temperature. temperature just below the melting temperature, and inert gases such as argon
have been used in the printing chamber to ensure better adhesion during solidification.
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Table 1. Physical properties of polymers common in FDM printing.

Chemical

Glass Transition Melting Density

Polymer Formula Temperature Point [kg/m?] Characteristics
. Biodegradable
. Most common use: making
PCL (CsH1002)n —60°C 60 °C 1145 of polyurethanes
° Good resistance to water, oil,
solvents, and chlorine
. Semicrystalline thermoplastic
. Excellent mechanical and
PEEK C19H1403 143 °C 343°C 1320 chemical resistance
. Resilience against
high temperatures
° Amorphous
° Good impact resistance,
. No true toughness, and rigidity
ABS (CsHs-CyHe-C3H3N) 105°C melting point 1070 e Electrical properties are little
affected by temperature and
atmospheric humidity
. Inexpensive
Nylon66  (CiaHnN»Os), 70 °C 264 °C 1140 *  Good stability under heat
and/or chemical resistance
. Most widely used material in
3D printing
. . . Low thermal expansion
PLA (CsH402),, 65°C 155°C 1300 e  Good layer adhesion

° High heat resistance
when annealed

2.2. Stereolithography

Stereolithography is a method of printing parts using the photopolymerization process.
Polymer resin, which was originally liquid and in a monomeric state, gets polymerized
and solidified under a thin beam of light. Typically, the light used is either an ultraviolet
(UV) laser or a Digital Light Processing (DLP) projector [30]. Both variations are presented
in Figure 2. The beam of light follows the path indicated by the CAD software over the
unlinked resin in a bath. When a layer is complete, the bath gets lowered and extra resin
gets added to it. The laser then goes over the newly deposited resin. In the end, cleaning
the part with a solvent is required to get rid of the unlinked resin [30].

Because of the possibility of having a very narrow beam, stereolithography printing
has very high resolution and is able to achieve very low wall thickness compared to other
3D printing methods [31]. Typically, supporting structures are utilized, allowing for even
more complex shapes, but they have to be removed during post-processing. Since this
method relies upon polymer crosslinking, the material selection is strictly limited to these
polymers, which might be quite costly [31].

2.3. Selective Laser Sintering

Selective Laser Sintering (SLS) is a technique similar to the previously discussed
stereolithography, except that the material used is plastic, glass, ceramic, or metal powder.
The powder is placed in the printing bath, where the laser follows a layer path specified by
CAD software. After the layer is complete, the bath gets lowered, a new layer of powder
is deposited, and the process is repeated. The overall representation of SLS printing is
present in Figure 3. It is worth noting that in this printing method, the use of supporting
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structures is not required, as the surrounding powder is sufficient to support the resultant
structure [32]. This allows for the production of quite complex shapes without additional
investment [33]. Depending upon the binding mechanisms, SLS methods can be classified
as shown in Figure 4.

XY-scanning UV laser
A stepper motor is used to draws each layer

translate the part between
each layer exposure & J
A stepper motor

is used to translate
the part between
each layer exposure

Parts attach to a build
platform which raises away
form the basement between

layer exposures

Tilt motors separate parts
from the basement
between exposures

Parts attach to a perforated
elevator which descends
into the polymer vat
between layer exposures

A shallow, transparent
"basement"contains
the photopolymer resin

A deep vat contains the
photopolymer resin

cDLP SLA
(a) (b)

Figure 2. Schematic drawings of both the Digital Light Processing setup (a) and UV laser stereolithog-
raphy (b). Imaged drawn based on [30].

Laser

A

N, atmosphere

Feed container

Build cylinder

Figure 3. Schematic drawing of an SLS printer. Imaged drawn based on [34].
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Figure 4. Methods used in selective laser sintering printing. Imaged drawn based on [34].

Solid-state sintering is performed at temperatures close to but lower than the melting
temperature of the material used. At this temperature, the free energy of the powder
particle surface gets lowered, allowing the particles to fuse together and hence sinter. This
mechanism is similar to the sintering of ceramics but is local instead. Chemically induced
binding is usually related to ceramic materials and is based upon laser inducing a chemical
reaction with powder components, so binding occurs. For example, a part consisting of a
mixture of silicon carbide and silicon dioxide can be made via this method, as the initial
silicon carbide powder partially decomposes and silicon forms an oxide that acts as a
binder for the remaining powder [34]. In the case of liquid-phase sintering, the presence
of a binder is required. One way of including binder is to have it separate from the main
material in the form of powder, coating, or simply fused within the same powder particle.
There is another way to make the main material partially melt and act as a binder for
itself. This subprocess is also called Selective Laser Melting. Due to the high variety of
binder inclusions, a lot of materials are suited for this SLS variation. Finally, mostly used
for metallic powders, full melting and consequent solidification can be used to create a
part [34].

The major advantage of the SLS method is that a large variety of materials can be
used as soon as the optimal processing method and optimal conditions are determined. As
materials are being processed similarly to how they would be processed during casting
or sintering, the resultant part has high mechanical properties. Achievable complexity
without the need for supporting structures is also an important benefit. Disadvantages of
this method include the fact that fully enclosed shapes are typically not possible to produce,
as the powder that would be trapped inside the part would be difficult to remove without
damaging the part. Moreover, the surface quality of this method is not as good as other
methods because the powder particles are not that small, so additional postprocessing is
often required.
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2.4. Material Jetting

The material jetting manufacturing technique is similar to the stereolithography
method in the sense that the material used is photopolymer. The difference comes in
the way of material deposition, as instead of filling the bath completely, only the required
amount of resin is placed in the location. This resin is being cured immediately by a light
beam [35]. This way, the amount of resin used is significantly less; however, for more or
less complicated shapes, the use of support is absolutely required, as there is no support
from the surrounding resin. A huge advantage of this technique over stereolithography
is the possibility of having multiple printing heads with different resins, allowing for the
construction of parts with varying properties such as color. This technique is used by the
Poly]Jet 3D printer, and the schematic of it is presented in Figure 5.

Print Block |

| Inkjet heads

Leveling Roller |

\ /=

- Model
Materials

Support
Materials

Build Tray

Figure 5. Schematic representation of the material jetting printer PolyJet. Imaged drawn based
on [35].

2.5. Binder Jetting

The binder jetting printing process is based upon the deposition of the binding material
onto the main material, primarily sand and glass [36]. Inkhead follows the path specified by
CAD software and deposits binding material onto the powder, then the bath gets lowered,
covered by an extra powder layer, and the process is repeated [37]. An example setup for
this technique is presented in Figure 6. Commonly, between layer deposition, the previous
layer gets heated up in order to dry the binder, solidifying the built layer [37]. This process
is similar to SLS, except the binder is being deposited onto the material instead of being
activated by the laser. Just like in the SLS process, the part often needs to be coated to
diminish the powder coarseness; excess powder needs to be removed from the part, which
complicates the production of fully enclosed parts; and the use of supporting structures
is not necessary because of the powder support. D-shape printing technology is one of
the variations of this process, which works with large structures and is considered one of
the ways to build a space habitat on a surface other than Earth. This technique is further
discussed in this paper.
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Binder
Deposition Powder Bed

Side Side

8-

X-axis

Figure 6. Schematic representation of a binding deposition printer. Imaged drawn based on [37].

3. Needs for Space Habitats

Before sending humans into space and on other celestial bodies, it is crucial to establish
the necessary conditions for keeping humans safe and healthy. A comfortable stay ensures
a considerably higher chance of mission success. This section elaborates on the possible
needs of astronauts on the Moon and Mars.

3.1. Astronaut Needs

On Earth, humans are adapted to the atmospheric conditions, are protected from
space radiation by the atmosphere, and have access to life-sustaining necessities, such as
oxygen, water, and food. In space, and in particular on the Moon and Mars, the atmosphere
is almost negligible as compared to Earth, and life-sustaining resources are not readily
available or are even absent. In order for humans to live for an extended amount of time
on other celestial bodies, Earth-like conditions have to be maintained.

First of all, the human body requires oxygen concentration, pressure, and temperature
similar to the atmospheric conditions on Earth. This can be either provided by the space
suits, which have been used in short-term landings so far, or by means of an artificial
atmosphere inside an enclosed location. For long-term missions, the second option is more
desirable. This generates a structural requirement for the potential planetary habitat to
withstand the inner pressure of the artificial atmosphere on the habitat walls, minimize
potential leakage of the artificial atmosphere, and be able to withstand thermal loads
inflicted by the combination of high temperatures during the day, low temperatures during
the night outside the habitat, and temperatures comfortable for humans inside the habitat.

Another pressing issue with human presence on other planets is space radiation,
which is basically not sheltered on the Moon or Mars, unlike on Earth, which has a strong
atmosphere. Even if it is possible to create a fully sustainable settlement on a planet other
than Earth, the duration of a safe human stay in those settlements will be limited by space
radiation. As an example, the risk of getting cancer during a 180-day Lunar mission is
calculated in Figure 7 (data taken from [38]). One way to reduce the risk is to send only male
astronauts above a certain age, but even then, the risk is high. For Mars missions, which are
considerably longer even with a short period of stay due to long transfer times, the risks
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are considerably higher. However, 3D printing can help this situation in an unexpected
manner by utilizing raw materials as a shield. If the raw material is stored in the walls of
the spaceship, it can contribute to the wall thickness, which is a primary factor in radiation
shielding [39]. On the planetary surface, the walls of the habitat have to be sufficiently thick
to absorb the incoming radiation and shield the humans inside. Moreover, special attention
has to be paid to the health of astronauts that are sent on planetary missions, especially
regarding genetics related to oncology and heart diseases. This can significantly decrease
the possibility of mortality due to radiation overdose [40].

35F

45F 55F 35M 45M 55M

B Solar maximum average m Solar minimum average m Lower interval (maximum)

Higher interval (maximum) ™ Lower interval (minimum) ™ Higheer interval (minimum)

Figure 7. Risk of cancer disease during a 180-day Lunar mission at varying solar activity with a
95% confidence interval. Data from [38].

When it comes to consumable resources, they can be transported from Earth. However,
in a long-term mission, this is not an optimal solution due to the added mission costs
associated with an extra payload. As can be seen in Figures 8 and 9, the amount of
consumable resources per human is very high. Hence, it would be convenient to be able
to produce and/or sustain the necessary items in the planetary outpost itself. Moreover,
human waste should be recycled or at least destroyed to avoid stockpiling waste on the
planets. These solutions are all associated with the extra equipment required for generating
and recycling human consumables. Along with that, tools are required for processing
those consumables, for example, plates, glasses, and cutlery when talking about food and
water, or a piping system when talking about hygiene. When injured, if normal surgical
procedures are not sufficient, the ability to produce biomedical implants becomes very
beneficial [41-44]. Using 3D printing, it is convenient to be able to manufacture such
tools and parts quickly and also be able to recycle them when damaged. Using the FDM
technique, which can work with a large variety of materials, required items can easily be
produced in situ. The only items that have to be brought from Earth are printer parts and
raw materials (which take up less space than tools produced). The ease of recyclability
compensates for the possibly low mechanical properties of the tools.
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M Short term transfer M Long-term transfer ~ ™ 525 day mission 30 day mission

Figure 8. The summary of consumable human needs for two Mars mission scenarios: short stay and
long stay. Data from [10].

B transfer M 180 day mission M short-term transfer  ® 30 day mission

Figure 9. The summary of consumable human needs for a 180-day Lunar mission scenario. Data
from [45].

Among other human needs on other planets, it is important to consider stress relief and
teambuilding activities, as the good mental condition of the human on mission is vital to
mission success [46,47]. Mental health affects work ethics, decision-making, and the ability
to work as a team, which are crucial to preventing mortality due to accidents. Simulations
of human behavior in temporarily and partially isolated conditions are being performed in
order to determine optimal conditions for mental health. However, items that aid in stress
relief are normally not taken in large quantities as they are not essential to mission success;
hence, it would also be convenient to be able to print them. For example, a game of chess (a
board and figurines) could be printed from thermoplastic. Privacy is also important to the
mental condition of astronauts; hence, careful planning of the habitat layout is important to
consider. This might have an effect on the amount of material consumed.
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3.2. Lunar Habitat Design

Out of the needs that Lunar habitats have to fulfill, protection from harsh environments
is provided by the habitat structure itself. It has to provide protection from space radiation,
potential meteoroid impacts, a lack of breathable atmosphere, low gravity, and varying
temperatures. While radiation shielding is performed by reinforcing the habitat walls
with thick material, the other issues can be solved by generating an artificial atmosphere
inside the building. The pressure on the Lunar surface is very low compared to what is
comfortable for humans. Due to this, inflatable structures have been proposed as habitat
cores. The pressure that is needed inside the structure has to be high compared to the
outside pressure, and the material for the inflatable structure has a relatively light weight
and is optimal from an atmosphere creation and transportation point of view. The issue
of radiation protection and meteoroid impact can then be solved by utilizing regolith as
a reinforcement, creating thick and strong walls for the habitat that protect the inflatable
structure from damage, which can be crucial to atmospheric sustainability. The general
structure of the inflatable habitat is presented in Figure 10.

Catenary structure to span

the internal pressurized ?,Of? I;nr;l Offtset :Jetweeg
volume inflatable structure an
outer shield
—_————
- g
- ~
< N
Inflatable non / 7 3 ’\
rigid structure / / N N
/ Pressurized and NN\
// § conditioned space \

Figure 10. Proposed design for an inflatable Lunar habitat with a regolith shield. Imaged drawn
based on [48].

As the size of the inner inflatable part of the building is known, the D-shape printing
system has to produce the outer regolith shell. Depending on the position on the habitat
shell, the wall thickness is approximated to be between 1 m and 2 m. This thickness ac-
counts for the radiation protection necessary for long-term missions and the 99% chance of
withstanding meteoroid impact over the course of 10 years. Other structural loads include:

e Internal pressure: The pressure generated by the artificial atmosphere for comfortable
life inside the inflatable structure is considerably higher than the pressure on the
Lunar surface (3 x 10715 bar) [45]. If part of this pressure can be transferred to the
regolith structure, it is going to be beneficial for the long-term mission needs, as it is
considerably cheaper and easier to repair the regolith wall than the inflatable structure
due to material abundance. The curving shape of the habitat walls without sharp
corners greatly benefits their ability to withstand internal pressure.

e  Moonquakes: unlike on Earth, Lunar seismic activity is very low; hence, this factor
plays little role in structural planning.

e  Own weight: the gravitational constant of the Moon is 1.62 m/ s2, which is only 0.165
of the Earth’s gravity constants, making gravitational loads considerably lower than
they would be on Earth. However, depending on the size of the structure, 1- to
2-meter-thick walls would still inflict high gravitational loads upon themselves.

e  Thermo-elastic loads: Due to the absence of the atmosphere, the temperature difference
between the sun-illuminated surface and the dark surface of the Moon varies from as
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low as 150 °C to as high as 100 °C. Unprocessed regolith is taken from the Lunar surface
and, hence, does not get influenced much by the temperature changes. However,
regolith that is consolidated by the binder has to be suited for such conditions. Another
issue that comes with temperature changes is the fact that the day-night cycle on the
Moon progresses quite slowly (27.3 days for the full cycle), meaning that the building
might be exposed to different lighting conditions for a considerable amount of time.
This makes the thermal expansion of the bound regolith an issue and also makes
the positioning of the habitat on the Lunar surface a major factor, and temperature
differences need to be reduced.

The possible construction sequence for the Lunar base is presented in Figure 11. The
deployment of the airlock module, which is responsible for maintaining the inside atmo-
sphere, is followed by inflating the inner part of the structure. After the inflation is complete
or even during it, one or multiple mobile printers follow the circumference of the building,
depositing raw regolith and then binding it layer by layer. It is expected that multiple
smaller mobile printers are more beneficial overall for the needs of the mission, despite
the energy requirement to move the printers during construction. Another important
constraint that rises during the deposition step is the maximum angle at which regolith
is able to maintain the shape and not collapse under its own weight during the curing
process, which might be considerably slower due to low pressure and temperature [49,50].

Figure 11. Construction sequence for the proposed Lunar habitat design [48].

It is important to consider the possible expansion of a Lunar base as well as being able
to have separate building modules for different purposes. This can be achieved by building
multiple inflated modules and connecting them via structures similar to airlock modules.
It is considerably more convenient to expand via extra buildings than to rebuild existing
structures. There are several possible arrangements with their own limitations and benefits,
which are presented in Table 2. As it can be seen from the evaluation, it is considerably
safer to arrange the building modules and airlocks in a scattered chess-like fashion, as it
utilizes the available space efficiently, allows fast movement between the modules, and
most importantly, assures safe escape in the event that one of the modules fails.
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Table 2. Evaluation of possible Lunar module arrangements [51].

Lunar Base Configurations Considered = Characteristics Assessment
Square
0o Q.
.:J: ﬁx";f;n B \F:_ e  Dead zone in the middle
A -, e  Four airlock exits are unstable Risk z?ssociated with airlock failure is
:q;:' e  Airlock failure restricts access to too high.
~, a £, other modules Unacceptable
i b ]
STy
o ‘9]
In-line . .
Q 0 Q o] ® ilmlplis; bllnld—up | Risk associated with airlock failure is
AL 2 VAL B AR VAR . irlock failure severely restricts too high.
1}1'\_: "’J@\“i""r@q‘"i ,L@{?ﬁ‘ access to other modules Unacfeptable
Right triangle
H_-C;l'\
of A " e  Complex build-up ) ) o ) )
Ve ’:;:-“‘-. e Airlock failure might restrict access Risk associated with airlock failure is
Y B o to the areas, depending on present, but less than in the
‘_ - -LE-L o iy the airlock previous configuration.
""r.__h C-.J%El". D F 1
(o L J
Star
O
€2
- ' .
¥ l\ ,r'tﬁ ° Complex build-up Risk associated with airlock failure
. {" C % e  No restricted access in case of is absent.
L }H\ B p_ay __.-'E airlock failure Acceptable
=i A
H D o
"\r_- " 4
Staggered
o o o
~ ]{ . B & -‘."._';3‘_ ° Complex build-up Risk associated Wlth alr.lock failure is
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4. Differences between 3D Printing in Space and Earth

While additive manufacturing on Earth is already quite popular and is being applied
to more and more scenarios, it is not that simple to bring it to space. In addition to the
expenses related to launching extra space missions and payloads, other difficulties arise.
They are related to the fact that the whole 3D printing process relies on certain conditions
and physical effects. In space, a lot of these conditions are vastly different from those on
Earth. In order to successfully implement space 3D printing, these differences have to be
investigated, and technology has to be adapted to overcome them.

4.1. Available Materials

Transporting any payload into space is very expensive compared to transporting it on
the surface of the Earth. While there is a wide selection of materials that can be used for 3D
printing on Earth, only a very limited amount can be reasonably transported into space.
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It is possible to have a limited supply of reusable material for printing the tools required,
but taking enough material to build one or multiple habitats seems unrealistic, especially
considering the fact that the walls have to be thick and strong to protect humans from dan-
gerous environments. Hence, it is necessary to use in-situ resources when constructing the
habitat and potentially utilize in-situ resources for the synthesis of usable FDM polymers.

Multiple scientific missions had already been conducted to investigate the surfaces
of the Moon and Mars. This allowed us to reconstruct the composition of the Martian
and Lunar regoliths, given in Tables 3 and 4. Since regolith itself has a sand-like structure,
additional substances have to be added to it for the solidification process to happen. Hence,
the binder deposition 3D printing technique seems convenient for this cause. Sand is easy
to find, gather, and deposit in a layered fashion, and with the aid of a liquid binder ink,
the walls can be formed. Therefore, it is established that it is possible to construct an initial
habitat using a readily available in-situ resource until an alternative is found. One such
alternative is digging an underground habitat, which requires thorough exploration of the
underground of the Moon or Mars.

In the case of Mars, it is known that a large amount of basalt is readily available
for use on the surface of the planet. Basalt can be partially molten and used for 3D
printing, but the possible structure of the resultant building would be restricted to a
truss structure due to the weight of the basalt. A truss structure would be less beneficial
considering radiation protection, and an autonomous assembly would be considerably
more complicated. Moreover, the energy consumption of such a process is expected to be
higher due to the high melting temperature of basalt. However, the mechanical properties
of basalt are quite good, and the walls made of it would have good shielding capabilities
from potential meteoroid impacts. Basalt can also be potentially used for 3D printing tools
or furniture, which is quite convenient.

The mentioned in-situ materials (except maybe basalt) do not have desirable properties
when it comes to making smaller tools required for mission maintenance or fulfilling human
needs. Furthermore, in-situ resources are not available in space itself, for example, on the
way to the planet. Instead of taking a large variety of ready-to-use tools for all potential uses
(and possibly forgetting some of them), it is a safer option to take raw, reusable material
and print the required part on demand. The software related to the printer can have a
database of potential tools and possibly offer the option to design a completely new tool if
required. It is important for this material to be reusable, as the mechanical properties of
3D-printed parts are generally inferior to those manufactured using traditional methods.

Finally, for a self-sustainable Martian or Lunar human habitat, a source of more
universal material for 3D printing would be convenient. With the presence of humans
on these celestial bodies, an in-depth exploration can be performed in order to find and
harvest the resources and potentially improve the habitat design as well. For example,
by exploring the underground of the planets, it could be possible to dig and construct
an underground shelter that offers high protection from meteoroid strikes and radiation
due to the potentially high wall/ceiling thickness. However, for this to become possible,
more exploration is required. If the raw resources are not usable, perhaps the possibility
of synthesizing printing material will open once more information about the availability
of those resources is known. This would require extra energy and possibly complex
equipment, but the result might make the Lunar or Martian colony further independent
from Earth.

Although the technology is not yet there, in the future it might be possible to fully
synthesize polymers, such as ABS ((CgHs), (C4H6)y (C3H3N),), PET (C19HgOy), and
recently deployed PEI ((C37H2406N>),,) on the surface of the Moon or Mars. Hydrogen
is present near the poles of both the Moon and Mars and can be extracted. Oxygen is
also present in the soil of both celestial bodies in various oxides and ice in the case of
Mars. Nitrogen is present in various ground minerals, and in the case of Mars, there is a
small (1.9%) amount of Nitrogen in the atmosphere. Carbon, however, as the backbone of
polymers, is nearly absent on the Moon, which makes the polymer synthesis questionable
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without importing some carbon from other places (e.g., Earth or some asteroids). On Earth,
carbon is present primarily in the atmosphere, organics, and resources like coal, all of
which are absent on the Moon. In fact, the formation of life on Earth happened primarily
due to atmospheric carbon. Overall, the absence of readily available carbon and the lack
of technology make in-situ synthesis of printing polymers on the Moon unrealistic in the
near future. Mar contains carbon in the atmosphere and in the minerals close to the poles,
making the potential synthesis more promising.

4.2. Meteoroid Strikes

Due to the near-absence of atmosphere on the Moon and Mars, small space objects
like meteors and asteroids cannot be incinerated by the impact with the atmosphere, like
it happens around Earth. Instead, these small celestial bodies collide with the surface of
the Moon or Mars. Even small-sized impactors can cause catastrophic damage to man-
made structures due to the very high speeds of the impactors and hence their high kinetic
energy [52,53]. Every day, roughly 2800 kg of various meteoroids collide with the Lunar
surface. While some of them are very small and barely cause any damage to the surface,
larger ones can create impact sites called craters. On Mars, 11 times more meteorite mass
impacts the surface every day compared to the Moon (30,800 kg per day) [54]. Earth
receives considerably less meteoroid mass (between 2900 and 7300 kg per year, excluding
dust particles), and it is slowed down considerably by the atmosphere [55]. Overall, Mars
and the Moon have similar numbers of craters on their respective surfaces, as the impact
strength on the Lunar surface is in general higher than on Mars [56-58].

The danger of meteoroid impact persists not only for potential humans and habitats on
Mars and the Moon but also for 3D printing equipment and unfinished habitats. In the case
of the inflatable habitat core, which has to be covered by the printed walls for protection,
failing to do so on time might result in a damaged inflatable wall, rendering the structure
useless and, hence, wasting the material. Printing equipment itself can contain vulnerable
components that might get damaged by smaller strikes. Initial stages of printing, which
are expected to be most vulnerable due to unfinished structures and exposed printing
equipment, are expected to be performed without supervision by humans, eliminating the
possibility of easy repair.

It is not possible to completely prevent the impacts of meteoroids with the Moon or
Mars; hence, there is always a chance that a space rock might collide with the working
location. However, the following precautions can reduce the risk of 3D printing equipment
being damaged:

e  Reacting to the upcoming collision and moving the mobile 3D printing system out
of the way: This option seems to be feasible only for Lunar operations due to the
difference in distance. The delay in sending and receiving command signals between
Earth and the Moon is relatively small (approx. 2.6 s), but for Earth and Mars it is
considerably larger and depends upon planetary positions (between 516 s (8.6 min) and
2516 s (42 min)). Arranging cameras around the printing site and carefully observing
potential incoming bodies might allow them to send a command to the printer so it
moves away from the impact. This option only works for mobile printers and does
not save the structure that is being printed.

e Introducing redundancy in the printing system: In other words, several printers can
be deployed for the habitat printing procedure, so one of them being damaged does
not mean a failed mission. This step can be further enhanced by printers being able to
print the parts for each other; however, this is considerably more complex and requires
a kind of 3D printer that is used for producing tools, not habitats themselves.

e  Building a protective dome around the building site: This suggestion is implemented
in Section 5.2, where the first step of building a habitat is making a large dome that
houses the rest of the operations. That large dome was later converted into one of the
habitat modules. While such a measure offers more protection for the printer than
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simply printing out in the open, making a large dome still requires some time to be
completed, leaving the printer exposed during that time.

e  Optimizing printing speed: This measure simply means that if the printing process is
fast enough, the risk of collision with a meteoroid is diminished.

The combination of measures listed above can help reduce the risk of 3D printing
equipment being destroyed; however, this risk always persists due to atmospheric absence.
Strong habitat walls and constant monitoring of incoming objects are required to ensure
the safety of a long-term mission.

Meteoroid strikes present danger mostly to the habitat printing equipment, as the
defensive structures have to be made while having these printers exposed. However,
smaller polymer printers might also be in danger of being destroyed by an unfortunate
impact. Thankfully, there is no urgent need to station them out in the open. The safest
option would be to bring those printers together with the astronaut squad when the
habitat is already complete and the printers are already protected by the walls. However,
depending on the circumstances, it might be more convenient to station them before the
astronauts arrive. Due to the relative fragility of the FDM equipment compared to D-shape
printers, it is not a good idea to leave them outside without any protection at all, as even a
small impact might critically damage it. Possibilities for protecting a small printer in this
case include:

o  Keeping the printers inside the spacecraft until the habitat is constructed and then
transporting them inside: This way, the printers will be either dormant or restricted
to printing smaller items, as it is not expected to have a lot of space available inside
the spacecraft. The transportation system will have to be included with the rest of the
equipment for reallocating the printer inside the habitat. However, this is not an issue,
asitis likely necessary to have some sort of transportation equipment for moving items
like printing materials and printed tools. After the habitat is constructed, printers can
be moved and produce large items like airlock doors, which can be installed nearby.

e  Keeping the printers inside the spacecraft until humans arrive: As in the previous
scenario, FDM printers are going to be restricted to small item production inside
the spacecraft. Humans can reallocate the printer where required upon their arrival
and start producing larger items. It is a cheaper option, but less convenient for the
astronauts. Moreover, some sort of transportation module is expected to be included
in the mission anyway.

e Digging an underground cave and transporting the printers inside: Although this
option seems to be the most attractive due to underground caves offering potentially
better protection than the habitat itself, it would require considerably more resources
and preparations to execute properly. The structure of the underground has to be
known in order to have a safe cave, which is an identical concern that arises when
thinking of underground habitats. Failing to account for the ground structure might
result in the cave collapsing, which would mean a critical failure of the printer. Further-
more, additional equipment is required for digging and reinforcing the cave, meaning
more payload and higher mission costs. Transportation of the printed items to the
habitat is expected to be longer than transportation within the habitat. However,
despite all the concerns, cave protection seems to provide the best defense against
meteoroid strikes and could potentially be a good basis for designing underground
habitats for humans. After all, it is better to sacrifice a printer in order to test a new
technology than a human being.

4.3. Combination of High and Low Temperatures

Unlike on Earth, where the presence of atmosphere and water stabilizes the tempera-
ture in individual regions, the Moon and Mars have large temperature variations during
the day/night cycles. Particularly in the equatorial regions, The Lunar surface tempera-
ture varies from —173 °C to +127 °C. The Martian surface also experiences a swing from
—153 °C to +20 °C near the equator. Near the poles, just like on Earth, day/night cycles
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are considerably longer, hence the smaller temperature swings. Temperature affects 3D
printing to a very large extent, and therefore printing machines, processes, materials, and
habitat locations have to be established together as they affect each other closely. Overall,
the following measures have to be considered when designing an interplanetary mission
with respect to temperatures:

Balance between the binder chemical reaction rate and evaporation rate: This mea-
sure is a result of both temperature and near-vacuum conditions. On Earth, water
evaporation is controlled by the amount of water vapor present in the atmosphere
and the temperature. On the Moon or Mars, however, there is no water present in
the atmosphere, no pressure, and hence water or any other liquid is free to flee the
location where it was deposited and then freeze due to low temperatures. In the case
of high temperatures, liquids simply evaporated without any resistance. Still, the rate
of evaporation is controlled by temperature to some extent, and at lower temperatures,
evaporation is considerably slower. As it is known, low temperatures also reduced
the reaction rate in the binder ink. It is, therefore, necessary to find an optimal point
between reaction rate and evaporation risk and print the habitat only at that tempera-
ture. This optimal point is the temperature at which the amount of necessary binder is
at its minimum while the chemical binding reaction still occurs fast enough without
jeopardizing the structural properties. This issue is not present for FDM polymer
printing, assuming that the polymer used is sufficiently thick (which it is). However,
too fast solidification of the polymer might result in bad adhesion between the layers,
while slow solidification might result in a loss of shape. Depending on the polymer
properties, low temperatures might be turned into an advantage from a temperature
control point of view.

Establishing habitat in the location with the least temperature change rate: The absence
of an atmosphere results in large temperature swings during the day /night cycle. This
induces large thermal loads on the potential structures, as the material is going to
expand and shrink according to its thermal expansion coefficient. Due to this, the
structure is affected by thermal fatigue, and hence failure is rapidly accelerated. It is
advised to settle the habitats closer to the poles of the Moon or Mars, as the temperature
at the poles experiences significantly fewer swings. Furthermore, useful resources
like hydrogen are also concentrated near the poles, making it convenient to try and
extract them.

Using polymers that have an appropriate operational temperature range: This measure
is quite straightforward; depending upon the potential uses of printed tools and the lo-
cation of the settlement, the polymer should have a glass transition temperature below
the ambient temperature during use. For example, thermally stable PEI would be more
convenient to use on the Moon (T, = 217 °C), while on a significantly colder day on
Mars, ABS (Ty = 80 — 125 °C) and PET (Tg = 67 — 81 °C) would be sufficient. Perhaps
in the near future, other thermoplastic polymers can be explored regarding space 3D
printing, and those polymers have even more convenient temperature properties.
Testing the printers at expected temperatures: It needs to be verified that the printers
can operate properly at low or high temperatures (depending on the applications).
All the printer parts must remain functional with respect to temperatures. Otherwise,
those parts have to be replaced by another material, or the design has to be modified
to ensure reliable performance.

Establishing an artificial atmosphere inside the operational location: In the case of a
polymer FDM printer, it is possible to delay its usage until an artificial atmosphere
inside the habitat is established. This way, the design does not have to be modified
that much, and no meteoroid protection is required as well. However, this essentially
delays the use of the printer for a long time. Assuming that the airlock doors have to
be made from polymer material, this option is also hardly feasible, as maintaining the
atmosphere inside the habitat is impossible without the airlocks. Establishing a large
dome for the habitat printing is completely unrealistic as well, as too many extra items
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would have to be brought from Earth for that. However, this option is convenient for
small general-use polymer printers when humans arrive in the constructed habitat.
Moreover, printers inside the spacecraft with astronauts are by default covered by this
measure, as astronauts require an artificial atmosphere on board a spacecraft anyway.

4.4. Near-Vacuum Conditions

This section is focused on the habitat binder deposition printer. Issues imposed by
near-vacuum ambience that are related to polymer printing are the same as those caused
by low /absent gravity; hence, they are discussed further.

Binder, which is used to solidify Lunar or Martian regolith, is a liquid. On Earth,
the evaporation behavior of liquids is governed by the presence of water vapor in the
atmosphere. However, the atmosphere is nearly absent on the Moon and Mars, and no water
vapor is present. This, together with no pressure effects, would result in deposited liquid
rapidly evaporating into the atmosphere and, afterwards, freezing due to low temperatures.

Overcoming ink evaporation is one of the biggest challenges that space exploration is
facing. Careful testing and planning can help overcome it and optimize habitat printing:

e  Balance between reaction time and evaporation rate: The same reasoning as discussed
in the previous section applies—the absence of water vapor in the ambience negates
the humidity equilibrium effects. This leads to liquids rapidly evaporating from the
surface where they were deposited. Lowering the temperature slows down both the
reaction time and the evaporation rate. An optimal temperature for the reaction has to
be determined, which reduces the ink loss and does not slow down the reaction too
much. Hence, this is another motivation for a careful choice of habitat location.

e  Modify the ink structure or composition: One way to avoid ink evaporation is to force
the ink to be in droplets with sufficiently high internal pressure. Two factors affect the
evaporation of the droplet: droplet size and cavity size inside the bulk of regolith. If
the cavity size is small enough as compared to the droplet, liquid behavior is driven
mainly by capillary forces, which stop it from evaporating. These effects have to be
thoroughly tested with either real regolith or regolith simulant and the proposed ink.
Ink structure or composition might result in a different droplet size, benefiting the
process. Optimizing the droplet size might also offer a bigger temperature window for
the printing process, allowing you to choose the habitat location from a wider range
of locations.

e  Perform printing inside a pressurized chamber: This measure is only related to the
small FDM printers, as having a large, pressurized dome for habitat printing does not
seem to be feasible. Pressure can allow for more reliable tool printing, as the molten
polymer will be less likely to float away and more likely to stick with the previously
deposited polymer. Although it is not necessary, if other precautions are taken and
the polymer is sufficiently thick, it might be a guarantee for a good printing outcome.
However, pressurizing a chamber might require a lot of energy, and perhaps it would
be better to simply reprint the part. Furthermore, if astronauts would require a small
tool to be printed, it would usually mean that the habitat is already fully set up and an
artificial atmosphere and pressure are present.

4.5. Low Gravity

In 3D printing, gravity is a crucial element that makes layering and the adhesion of
layers to each other possible. It allows both material and, if applicable, ink to properly set
and solidify. Lowering gravity has a drastic effect on the whole printing process, especially
lowering it to zero, like inside a spaceship in open space. Conventional 3D printers that
are functional on Earth are simply not going to work in space conditions and have to be
modified to account for reduced gravity.

In the case of the binder deposition habitat printer, gravity is still going to be present.
Due to the abundance of regolith on the Moon and Mars, escape of the material from rolled
layers should not be an issue. Furthermore, the layers are going to be rolled before the
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ink deposition step, pressing the sand particles together and lightly binding them this
way. On the Lunar and Martian surfaces, gravity is present, unlike in open space, making
the use of supporting structures possible. The only issue that persists is the binding ink
behavior. The combination of low gravity and near-vacuum results in binding ink escaping
into the ambient instead of dropping onto the regolith layers when depositing it using
conventional methods.

FDM printers on Earth rely heavily on gravity to do their job. Through the use of
supporting structures, a wide range of possible shapes is available for production. A lot
of thermoplastic polymers together with metals can be used to produce an item, so the
material can be chosen depending upon application and price. During the printing, molten
material is simply “dropped” down on a supporting structure and solidified, and the part
can be easily removed after the solidification is complete. In space and, to a lesser extent,
on the Moon or Mars, a lot of these points do not hold. Overall, FDM machines have to be
heavily modified to be able to work in low-gravity conditions.

Thus far, testing of the FDM printing method in space has been quite successful;
hence, it is definitely already possible to have an FDM printer suitable for space mis-
sions. Considerations that are already fulfilled and that still need to be accounted for are
listed below:

e Depositing the material directly onto the buildup instead of “dropping” it: This
measure can be used for both binding deposition and FDM techniques. On Earth,
due to gravity and pressure, liquid and molten substances flow directly downward
and reach the designated place to solidify. In space, this is not necessarily going
to happen. In the case of D-shape printers, the nozzles can be modified to inject
the binder directly into the layer of regolith. In order to prevent deformities due to
injection, the layer where binder is injected has to be rolled or evened out in some
other way immediately before the binder solidifies the deformed regolith. Thankfully,
due to the low reaction rate discussed previously, there is a wide time window for
doing this. When it comes to FDM printers, it is possible to make a fully mobile nozzle
(movable in all three axes and also rotated), which can follow the path specified by
the software and directly deposit the material on top of previously placed material. In
fact, this method is already being successfully used by the current FDM printers that
are operating in space.

e Using sufficiently thick material: This is one of the reasons why only three thermo-
plastic polymers (ABS, PET, and PEI) out of a wide selection are used in space. A
thick polymer is less likely to start floating around when deposited in a molten state
and is more likely to bind to previously deposited layers. It also ensures a more
uniform material distribution without irregularities. This measure is less valid for the
binder deposition, as the optimal binder composition is determined by the regolith
composition, and the binder should be more liquid in order to wet as much regolith as
possible and ensure a good structure.

e  Accounting for no supporting structure when designing a tool: This measure is
quite straight-forward, as supporting structures are useless in zero-gravity conditions.
Humans will have to adapt the commodity tools to have a less complicated shape so
they are printable by the FDM printer. On the surface of the Moon or Mars, it might be
possible to deploy supporting structures again (especially on Mars, which has higher
gravity than that on the Moon), giving more freedom in tool selection. This measure is
again not applicable to binder deposition habitat printing because gravity is still going
to exist on the Moon and Mars, making printing over the inflatable support possible.

e  Accounting for microgravity effects: Microgravity effects are one of the biggest issues
when it comes to zero-gravity printing. When there is no general gravity acting upon
the whole printing setup, the printed item might be essentially glued to the platform
or other support that was used for the printing due to the attraction between them.
Potential solutions to the problem include fully suspending the printed item inside the
printing chamber, which goes in line with a fully mobile printing nozzle, or applying
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some sort of release agent, which prevents the surfaces of the tool and supporting
platform from strong contact and hence microgravity adhesion. The former measure
requires a more complicated printing mechanism (which is already implemented,
however). The latter required extra material to carry into space, but it can help when a
small amount of gravity is present, making suspension not feasible.

Adapting traveling mechanisms for the Moon and Mars: This measure is more related
to the safety of the printers than printing itself. Different gravity combined with
ground composition and surface topology might create issues when transporting the
fragile printer mechanisms on the surface of other celestial bodies. It has to be ensured
that printers are transported safely and gently, without the risk of tripping over them.
Multiple Lunar and Martian missions have already been conducted with various
rovers deployed, and those should be able to provide enough information about the
friction and viscosity of the ground.

4.6. Autonomy

3D printing on Earth can be supervised by the operators in order to ensure high-

quality products are produced. While ideally a 3D printer can be fully automated, in case
something goes wrong, a person can detect and solve the problem. In the scenario where
an unmanned mission with 3D printers on board is sent to the Moon or Mars in order to
prepare a habitat for humans to arrive, there is not going to be a supervising person who
can easily maintain the printing procedure. Hence, it is vital to fully automate and test the
printing software to reduce the risk of mission failure.

When programming the behavior of the printer, there are multiple factors to consider

that can reduce the chance of mission failure:

Mobility of the printer: The printing machine will have to be moved from the spacecraft
and installed on the building site. In some scenarios, the printer is fully mobile on
its own. In any scenario, having to automatically move the printer without human
involvement to the required location is necessary. To ensure safe transportation of the
printer on a Lunar or Martian surface, factors like ground structure (homogeneous
solid surface or sand), evenness, and friction are important. The movement of the
printer has to be carefully adjusted for these factors to ensure safety and reduce
energy consumption.

Choice of the landing site: Related to the previously discussed point, the landing site
has to be chosen carefully to account for readily available printing resources, optimal
ground composition, the amount and periodicity of incoming solar light (for energy
purposes), and temperature conditions. The goal of choosing a landing site is to reduce
the total energy required for building a habitat, ensure safe construction, and reduce
the effect of environmental hazards in the printing process.

Material delivery: Besides the 3D printer itself, there has to be an additional robot
for gathering the material and delivering it to the printer’s feed. It is likely going to
be more optimal to have a separate machine do it while the printer is constructing
the habitat. It is also safer for the printer, as during the material gathering, accidents
might occur and damage the equipment. However, it needs to be made sure that the
gathering module transports and deposits the material into the printer feed with no
issues, which can be tested on Earth.

Assembly: Depending on the printer type, it might be necessary to transport printer
parts and assemble them on the Lunar or Martian surface. For example, a D-shape
printer takes up a lot of volume when assembled and is considerably more compact
when taken apart. Therefore, there has to be an assembly module included with the
rest of the payload for such transportation, and the autonomous assembly has to
be thoroughly tested on Earth and in orbit, as failing to assemble can damage the
components and fail the mission. In the case of orbit testing, however, it might be
necessary to simulate the gravity conditions of the Moon and Mars, as absolute zero
gravity is vastly different from at least some gravity present.
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e Communication with Earth: As it was mentioned previously in Section 4.2, the pos-
sibility of human interference depends upon the mission destination, whether Mars
or the Moon. If something goes wrong on the Moon, communication delays are con-
siderably more forgiving, and humans can input the commands that might solve the
problem on time. On Mars, the delay is too long to react to the problems. One way to
avoid it is to either slow down the preparation and printing processes or to separate
the steps into modules, so after each step of operation, the command center on Earth
can assess the situation and react accordingly before the next module starts. This might
result in considerably higher energy consumption and a longer mission time, but it
can significantly reduce the risk of mission failure due to a software error. However, it
might be more convenient to use the Lunar mission as a test for the printing handling
software, polish it, and then proceed to Mars.

The guidelines above are discussed in relation to the Habitat 3D printer. However,
the majority of them can also be applied to smaller tool printers. It is assumed that at first
only habitat printers are sent without humans to the Moon or Mars to prepare the habitat;
however, it might be convenient to send smaller printers as well. This way, furniture items
like doors and chairs and small convenience tools can also be ready when humans arrive.
Overall, the autonomy for these tool printers is less crucial than for habitat ones, unless
preparing items like airlock doors has to be performed. Even then, it might be easier to
deploy additional robots that can carry materials and install printed items than to automate
the tool FDM printers, as tool FDM printers are expected to be more fragile than the habitat
binder printers.

Opverall, the more automation is performed on the printing setup, the less work will be
required from humans, both at the control center on Earth and by mission crews that arrive
on the Moon or Mars. It is vital to consider the potential risks, failures, and challenges
regarding printer operation and prepare an appropriate course of action if any of those
problems occur.

5. Current Progress of 3D Printing in Space

The dream of inhabiting the Moon and Mars has been alive for quite some time, and
a lot of progress has already been made to make it true. Quite a few concepts for human
habitat related to 3D printing were proposed in various literature, and some of them were
not very realistic due to their high price or complex technology. However, some other
propositions look very promising and are already quite developed.

5.1. Habitat Printing: Moon

The human habitat on the Moon’s surface requires the ability to shield the inhabitants
from the harsh Lunar environment, which is mostly the result of the absence of a definite
atmosphere. This includes shielding from micrometeoroids and space radiation and pro-
viding climate control to protect from extreme temperature variations and the absence of
breathable air. There are three realistic options for building the habitat:

e Transporting assembled parts of the habitat to Earth and assembling them on the
Lunar surface.

e  Transporting the building equipment to the Lunar surface, which can process Lunar
soil in order to assemble the habitat.

e Transport equipment is needed for digging under the Lunar surface and establishing
underground habitats.

The first option is clearly not feasible at the moment due to the high costs associated
with transporting the payload into space, especially considering that any kind of reparation
action would require an extra shipment from Earth, which is very inconvenient. Further-
more, high-thickness walls are likely unachievable because of the same transportation
reasons. The other two options are both significantly more favorable from an economic
point of view; however, digging the Moon's surface requires geological knowledge of the
Lunar underground. Hence, the option of building the habitat in situ using Lunar soil
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seems to be the most optimal one at the moment [48]. The conceptual representation of a
printed Lunar habitat can be seen in Figure 12.

Figure 12. Conceptual representation of a Lunar base. Photo: ESA.

D-shape technology is the kind of printing that is convenient for producing building
blocks or the entire building. It is a variation of the binder jetting technique (see Section 2.5),
as the binder gets deposited on a prepared layer of material. The schematic of the printer
and the complete printer are presented in Figure 13. The main components of the printer
include: four vertical beams designed for moving the printing platform along the z-axis;
the actual printing platform; the printing head, which consists of an array of nozzles; the
beam that mounts the printing head; and the rollers that apply uniform pressure on the
freshly deposited layer. The nozzles are located at a distance from each other; hence, they
can move along the y-axis on the beam itself while the beam moves along the x-axis. A
single nozzle and an array of them can be seen in Figure 14.

Figure 13. Representation of D-shape technology in a 3D printer. (a) Schematic drawing of the
material depositing unit. (b) Complete D-shape printer [48]. More details on the components of the
setup can be found in [48].
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Figure 14. Printing process of the D-shape printer. (a) Sand layer prepared for binder deposition.
(b) A sand layer with the binder deposited according to software directions [48].

The printing process for D-shaped printed parts is as follows:

The shape of the desired item is modeled in CAD software.

The modeled item is separated into layers parallel to the x-y plane with a set thickness
(usually 5 mm).

The sequence of layers, starting from the bottom up, is imported into the printer software.
The material is deposited on the printing platform. Layer thickness after roller pressure
is equal to the selected layer pitch. This step can be seen in Figure 14a.

e  The printing head moves along the x-axis, spraying binding liquid in the designated
places. To overcome the nozzle pitch, movement on the y-axis occurs between the
x-axis paths, ensuring complete coverage of the material with binding liquid. This
step can be seen in Figure 14b.

e  The frame with the mounted printing head is lifted up along the z-axis, and a new
layer of material is deposited on top of the bound one.

The previous two steps are repeated until the programmed modeling sequence is complete.
The excess material (that is not bound) is removed, and the part is complete.

The binding process behind D-shape printing is based on Sorel cement chemistry.
The material, namely regolith, contains Magnesium Oxide (MgO), as can be seen from
the composition in Table 3. Upon being mixed with the ink, which contains Magnesium
Chloride (MgCl,) and water, the multiphase system is formed within several hours. This
system consists of brucite (Mg(OH),), Phase-3 (3Mg(OH),.MgCl,.8H,0), and Phase-5
(5Mg(OH),.MgCl,.8H,0). In order to ensure higher-quality cement, regolith needs to be
enriched in Magnesium Oxide content, as the initial content is not sufficient. Overall, the
resultant cement has good mechanical properties and a relatively fast setting time, which is
important in the context of the expected slower curing rate in low-temperature conditions.

Before deploying a D-shaped printer to Lunar conditions, it has to be confirmed
that it can operate in a space environment. Namely, this means the ability of the binder
to react with Lunar soil (regolith) and evaporate in conditions of near vacuum and low
temperature. The technology was successfully tested on Earth using regolith imitation. In
the conditions of an artificial atmosphere, which is expected to be generated inside the
habitat, it is expected to operate normally. However, the habitat has to be constructed
first. In order to reduce the amount of equipment that needs to be transported to the
Lunar surface, it is more optimal to ensure that the printing process is viable at a lower
temperature, at the cost of the process being considerably slower. In conditions of low
pressure and low temperature, the main danger is boiling and rapid vaporization of the
deposited ink, which leads to eventual freezing and hence not binding the material. This
can be prevented by enclosing ink particles between small enough material particles, which
induces high internal pressure and forces the liquid ink to behave in a capillary fashion.
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In the samples of an actual regolith, it was found that the particles are small enough to
prevent this process, and hence Lunar soil can be used for this process without additional
processing as soon as it is deposited in the intended fashion.

Another issue that had to be tested was operating vacuum conditions. Printing
on Earth in normal atmospheric conditions was thoroughly tested, but in vacuum or
close-to-vacuum conditions with low gravity, the ink would not necessarily reach the
material directly. This issue can be solved by directly depositing the ink inside the bulk
material during the manufacturing process. It was possible because the printing layers are
considerably thick (typically 5 mm), and hence the nozzle needle could be inserted without
issues. To ensure equal spreading of the material as the needle moves along the x-y plane,
flat disks slide along the surface as well, applying pressure and smoothing the material.
The image of the nozzle needle and vacuum testing setup is presented in Figure 15 [59,60].

Table 3. Compositions of Lunar regolith determined in DNA-1, JCS-1A (both are simulants), and
Apollo samples [61].

Oxide DNA-1 (Wt%) JSC-1A (Wt%) Lunar Soil Samples (Wt%)
SiO, 41.9 41 47.3
TiO; 1.31 1.6 1.6
Al,03 16.02 15.9 17.8
Fe,03 14.6 18.1 0.0
FeO 0.0 0.0 10.5
MgO 6.34 4.73 9.6
CaO 12.9 13.2 114
Na,O 2.66 2.5 0.7
K,O 2.53 1.05 0.6
MnO 0.213 0.24 0.1
Cr,03 0.0 0.03 0.2
P,05 0.341 0.63 0.0
Total 98.9 99.0 99.8

(b)

Structural ink

Vacuum
facility

Electric Controller

Regolith simulant

Figure 15. (a) Nozzle attachment for the vacuum printing conditions. (b) Printer setup for vacuum
conditions. Imaged drawn based on [48].

5.2. Habitat Printing-Mars

Just like in the case of Lunar habitat, Martian habitat needs to be preferably built in
situ using local materials and equipment. It is considerably more important to be able to
utilize Martian resources, as the distance that needs to be covered by the spacecraft from
Earth to Mars is about 142 times greater than the distance to the Moon. While the Moon has
abundant regolith to work with, Mars offers an abundance of both regolith (of a different
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composition than the Moon) and basalt, which is mostly composed of Silicon Dioxide and
other glasses, as can be seen in Table 4 [62].

For dealing with basalt, it is convenient to employ the FDM printing technique. The
melting temperature of basalt is high (984 °C to 1260 °C), but it is still possible to have an
FDM printer that can operate at such temperatures without being damaged. Furthermore,
Martian conditions do not affect the FDM process much, as printing is performed by heating
up and then cooling down the material, which does not involve any chemical reactions.
Layer deposition and solidification require temperature control and gravity, both of which
are available. FDM is a relatively slow printing technique, but the structure generated by it
can be almost immediately used, as cooling down and hence solidification are quite fast as
the deposition is performed [63]. The proposed printing setup is presented in Figure 16,
where a large FDM printer is housed inside the dome. The components for this printer
are brought from the Earth, and the printer is assembled using robotic units, which also
gather basalt for printing purposes. When the printer is assembled, it has to print the dome
mentioned first for protection from possible environmental hazards. It is carried out by
printing individual triangles, so the robots can perform the assembly. As this primary dome
is completed, more printers, dome connecting units, and smaller domes can be printed in a
similar fashion. The arrangement of the domes can be performed as proposed in Table 2 for
Lunar habitat, as the associated risks are similar for the Moon and Mars. After the majority
of printing is completed, the initial dome can be converted into an agricultural unit used
for growing plants. For this, either bringing soil from Earth or terramorphing is required.
Furthermore, some of the printed triangles can be replaced by transparent glassy triangles,
the material for which can be obtained on the Martian surface as well.

Table 4. Composition of the Martian regolith [64].

Oxide Pathfinder (Wt%) JSC-1 Mars Simulant (Wt%)
SiO, 44 435
TiO, 1.1 3.8
Al,O3 7.5 23.3
F6203 16.5 15.6
CaO 5.6 6.2
MgO 7.0 34
Na,O 2.1 2.4
Total 83.8 98.2

Figure 16. Rendering of the FDM printer inside the dome [63].
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The basalt printing concept on Mars still has to undergo extensive testing, including
optimization of the printer itself and the structure of the printed habitat components. An
alternative to the FDM technique using basalt is binder deposition using Martian regolith,
similar to the D-shape printing discussed before. The composition of Martian regolith is
presented in Table 4. As a binder, it is possible to use polyethylene (PE), which can actually
be synthesized in situ by performing a series of chemical reactions with CO, from the
atmosphere and H,O from the soil [64,65]. These reactions require complex equipment, but
for a long-term mission, it is more convenient to bring or even print this equipment and
have a constant source of binder material.

The regolith/PE composite material was extensively tested for impact strength, ra-
diation shielding potential, thermal expansion, and other mechanical properties, and the
results were promising. However, this material was not manufactured using additive man-
ufacturing; hence, research has to be performed in this area. Overall, regolith/PE composite
seems to be suitable for 3D printing purposes, similar to D-shape printed Lunar habitats.

5.3. Spacecraft Parts and General Tools Printing

For long space missions, it might be convenient to have a way to manufacture space-
craft parts in case unexpected damage occurs. Installing a 3D printer and taking a variety
of raw materials significantly increases the costs of the mission but also reduces the risks in-
volved with the spacecraft being critically damaged without the possibility of repair [66,67].
This becomes even more crucial with the presence of humans in the spacecraft.

FDM is one of the printing techniques that works with a variety of materials and
is relatively simple to deploy. One of the issues with this technique is its high energy
consumption, as the material has to be partially molten during the printing process. One of
the proposed mechanisms for overcoming this issue is installing a solar ray concentrator. It
consists of a system of mirrors that focus the incident solar light on the melting area and
the nozzle. If those parts are non-reflective, they absorb the intense incident light and heat
up. The intensity of the beam can be regulated by changing the mirror orientations. This
can ensure optimal processing temperatures for the material used. The same mechanism
can be used for heat-treating the printed part if it is made from metal to enhance its
mechanical properties.

FDM as a technique can also be used on planetary missions due to the versatility
it offers. A huge advantage it has over other techniques is that it is possible to perform
self-repair, as having multiple printers allows you to replace faulty components by being
able to print up to 57% of the components for that printer [68]. Having multiple FDM
printers, which are usually not very large, introduces enough redundancy such that one of
the printers is always available, making it a reliable source of tools for the mission. One
of the possible uses of this technique is manufacturing a variety of tools, in particular the
surgical tools shown in Figure 17 [68]. Surgical tools were printed with ABS polymer, tested
in actual surgeries, and deemed to have acceptable quality for short-term use. Due to the
possibility of thermoplastic being recycled after one or several surgeries and reprinted into
the same tool afterwards, it is a good option to generate a sustainable source for a variety
of tools, not only surgical. The disadvantage of long printing times can be bypassed by pre-
planning and having spare parts available, while the disadvantage of inferior mechanical
properties can be bypassed by recycling the used parts. The high-power consumption of
the printers can be fulfilled by using readily available solar energy in space [69].

There are three major polymers that have been tested in FDM space printing: ABS
((CgHg)x -<C4H6)y- (C3H3N)Z), PET (C10H804), and PEI ((C37H2406N2)n). Of course, all
three of these polymers are thermoplastic and hence can be reused, making it possible
to have a small amount of the material taken into space and used for multiple purposes.
All these polymers have a relatively low cost and are hence widely used for 3D printing
purposes. ABS and PEI are similar to each other when it comes to mechanical properties but
have quite a difference in chemical composition, which might be important when looking
at potential in-situ synthesis. PEI has considerably better thermal stability compared to
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both ABS and PET and superior mechanical properties, making it well suited for printing
external spaceship parts and potentially other components that have to be mechanically
reliable. The downside of PEI is a higher price than its counterparts and a more complex
synthesis process [70-72].

Figure 17. Schematic of a variety of metal and thermoplastic surgical instruments, manufactured via
the FDM 3D printing technique. Image drawn based on [66].

5.4. Other Techniques

Thus far, only binder deposition and FDM techniques have been covered in this
literature review. However, there are many other 3D printing techniques available for
use [20,21,73]. There are multiple limitations that prevent other 3D printing techniques
from being used in space:

e  Non-recyclable materials: As was mentioned many times in this paper, the recyclability
of the material is a major concern when it comes to space tool printing. The limited
amount of material and low durability of the 3D-printed tools absolutely requires
recyclability. This effectively eliminates stereolithography from the list of possible
printing techniques, as photopolymers are essentially thermosetting in nature; once
they are cured, they cannot be recycled. The same reasoning is used in eliminating the
material jetting method, as photopolymer is used there as well.

e  Size of printed parts: Items like habitat walls have to have a large size, meaning that
it is inconvenient to use controlled environment printing chambers, as those would
have to be very large and require a lot of energy to maintain. This makes controlled-
environment printing methods like stereolithography and SLS difficult to use for large
items, while binder deposition and partially FDM can easily operate in open areas.

e  Material state required: In space, where energy is limited and humans are not always
available, the material needs to be processed as little as possible before the printing
process. This makes SLS not a good option for space manufacturing, as it requires
the material to be milled in a powder state. On the contrary, FDM can simply reuse a
damaged tool after being melted and reshaped into filaments, and binder deposition
machines can perform printing with regolith gatherers, which only need to be placed
in layers and rolled.

6. Conclusions

In this review article, the challenges and advances of 3D printing in space and habi-
tats on other celestial bodies were reviewed. Several potential additive manufacturing
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techniques, such as FDM, SLA, SLS, Material jetting, and Binder jetting, were described.
The needs for space habitats were reviewed. Moreover, the important aspect of differences
between manufacturing on Earth and Mars/Moon was reviewed. Finally, the current
progress on habitat printing on Mars, habitat printing on the Moon, and printing spacecraft
parts and general tools was reviewed. In summary,

e  While there is a wide selection of materials that can be used for 3D printing on Earth,
only a very limited amount can be reasonably transported into space. Taking enough
material to build one or multiple habitats seems unrealistic, especially considering
the fact that the walls have to be thick and strong to protect humans from dangerous
environments. Hence, it is necessary to use in-situ resources when constructing the
habitat and potentially utilize in-situ resources for the synthesis of usable binders. By
exploring the underground of the planets, it could be possible to dig and construct an
underground shelter that offers high protection from meteoroid strikes and radiation
due to the potentially high wall/ceiling thickness. However, for this to become
possible, more exploration is required. If the raw resources are not usable, perhaps
the possibility of synthesizing printing material will open once more information
about the availability of those resources is known. This would require extra energy
and possibly complex equipment, but the result might make the Martian colony
independent from Earth.

e  The danger of meteoroid impact persists not only for potential humans and habitats on
Mars but also for 3D printing equipment and unfinished habitats. Printing equipment
itself can contain vulnerable components that might get damaged by smaller strikes.
Initial stages of printing, which are expected to be most vulnerable due to unfinished
structures and exposed printing equipment, are expected to be carried out without
supervision by humans, eliminating the possibility of easy repair. Material for building
the habitat should also have enough impact resistance to withstand small strikes.

e  Temperature affects 3D printing and material cure to a very large extent, and therefore
printing machines, processes, materials, and habitat location have to be established
together as they affect each other closely. Near-vacuum conditions due to the thin
atmosphere make the problem worse, especially if the binder that is used to solidify
Martian regolith is a liquid. On Earth, the evaporation behavior of liquids is governed
by the presence of water vapor in the atmosphere. However, the atmosphere is
nearly absent on Mars, and hence no water vapor is present. This would result
in the deposited liquid rapidly evaporating into the atmosphere and, immediately
afterwards, freezing due to low temperatures.

The results of this literature study are not only useful to shed light on the necessities,
considerations, and challenges of future missions to Mars and the Moon and 3D printing
on them, but they are also beneficial for the colonization of other celestial bodies in the
Solar System, which is likely to happen in a few decades. The results of this study are also
readily helpful for considerations that need to be taken into account for 3D printing in
extreme Earth environments, such as Antarctica, deserts, and mountain tops.
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Abbreviations

ABS Acrylonitrile, butadiene, and styrene
PE Polyethylene

Al Artificial intelligence

PEEK Polyether ether ketone

AM Additive manufacturing
PEI Polyetherimide

CAD  Computer-aided design
PET Polyethylene terephthalate
DLP  Digital Light Processing
PLA  Polylactic acid

FDM  Fused Deposition Modeling
SLS Selective Laser Sintering
PCL Polycaprolactone

uv Ultraviolet
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