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Introduction
The next step in NASA’s human space mission is currently focused on deep
space exploration and building settlements on the Mars. Our team from has come up
with a novel design and 3D printing process that could make this idea feasible. Our
design involves building a partially underground structure utilizing only in situ resources.
The structure can be built with a new 3D printing process from Mars regolith, as well as
excavate the landscape to form underground structures on site. We have designed our
settlement to be efficient, protective, insulating, as well as comfortable for the
astronauts. Though this is currently a theoretical concept, with more testing and
research, this structure and process could be used to advance human exploration.
Moreover, as a dual use technology, implementation of such concept towards
construction of low income housing on earth is also feasible.
3D Printing Process
Our 3D Printing approach involves many different processes acting in unison. It
consists a large 3D printer that builds walls up layer-by-layer, and excavating robots (ebots) that can transport and sinter regolith. E-bots mine and transport the regolith to the
3D printer. The 3D printer is then used to build the walls and interior features of the
structure. The e-bots can also deposit and sinter material to further cover the walls of
the final structure. This dynamic process allows for a partially underground structure to
be built with a dome roof covering it. The two processes will act at the same time,
creating a subterranean living area as well as build a 3D printed structure. This gives
more interior volume for less build time, making the process as efficient as possible.
The main 3D printer is responsible for building the structural components and
walls. It operates like a conventional 3D printer where the head moves in the x, y, and z
directions that can print a structure layer-wise. The 3D Printer can be disassembled,
compact for space travel, and assembled on Mars. A schematic of the printer can be
seen on page 1 of our drawings. It consists of a four post scaffolding that each sit on a
tank track. This makes the printer mobile and can move to build different parts of the
structure. The arms will also be able to extend and retract for the printer to self-level
itself on the rugged Martian terrain (mechanism not shown). The build arm is located
within the scaffolding and is supported by a mechanism that maneuvers the arm. On the
outside, there are wheels connected to the scaffold arms that allows for it to move in the
x and y directions. In the center, there are two servo-motors that drive gears to lift the
arm up and down in the z direction. There are also two more servo-motors inside that
run a gear, which allows for the arm to rotate, enabling fabrication of our dome
structure.
At the bottom of the build arm is the print head. The unique aspect about this
print-head is that it can build structures using only locally available regolith, with no
additional binder or additive. After the regolith is sieved it flows down the opening at the
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front of the printer. The head is pressed firmly against the substrate to let minimal
powder flow out from the sides. It moves forward to begin to build the layers. In order for
dense walls to be made, the dry regolith needs to be compact and have pressure
applied. Our printer head does this by having a knife blade and roller compact the
powder down by a quarter inch before sintering as the head moves forward. With the
regolith compact and flat on the top it moves under the magnetrons. On the back of the
3D printer there are 3 magnetrons mounted that sinter the compacted regolith using
microwave energy. The density can be controlled by the microwave power and residual
time – lower power will leave more porosity in the structures while higher power can
completely melt the regolith and create a fully dense glassy structure. The fully
automated printer moves forward at a set pace and shapes the designed structure.
In order to build a dome shape, the printer needs to build layers with an overhang
i.e., no material underneath. This is difficult with dry powder because it must sit on a
stable substrate. In order to do this, we have added a build plate to the head that allows
for construction of high angle overhangs. It is a tank track like mechanism. When a layer
with an overhang needs to be built, a servo-motor engages the build plate. It drops
below where the powder flows out. It sits pressed against the side of the layer that the
current layer is being built on, and it lays flush with the top of the previous layer. The
printer moves forward and sinters the powder as the track rotates. This makes the
powder stay in place as it is sintered. The printer moves forward, but powder remains
static on build plate. By doing this, the dome structure can be built.
The main 3D printer is responsible for above ground walls and a dome shape to
be built, but the e-bots are needed to make the underground structure. They also supply
material for the large 3D printer. There will be multiple e-bots which can be seen on
page 2 of the drawings. They will have four tracks in order to maximize mobility and
stability on steep inclines. On one end the e-bots will have a bucket, or regolith moving
device. On the other side they will have a robotic arm that has magnetrons. This arm
can sinter regolith in many different orientations. These robots will dig down and form
the main living areas. As they dig down they will also sinter the walls within and around
the living area. The moved regolith will be put through a sieve and transported to the 3D
printer. That regolith will then be used to build domes.
Our past preliminary research shows this approach is a feasible method of
making a settlement on Mars. Our main goal during this project was to come up with a
way to 3D print a structure using only locally available regolith and no added binder or
support materials. Past research on 3D printing regolith via laser sintering and
processing JSC-1A to make structural components using a conventional sintering has
been done1,2. Though conventional sintering could be possible in the Martian CO2 rich
environment, we have begun looking at microwave sintering as a more efficient
processing approach. Studies have predicted that microwave radiation could be used to
sinter regolith 3,4. This led us to conduct some proof of concept work in our lab and we
successfully microwave sintered JSC-1A. The main advantage for microwave sintering
is faster processing and full densification. What can take more than 1 hour to sinter
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using conventional heating can take about 1 minute in a microwave. Additionally, a
large area can be sintered in one operation using microwaves unlike other faster
heating mechanisms such as laser sintering. Microwave sintering also does not require
an atmosphere to sinter the material. Therefore, this 3D printing method could be used
in places like the moon where there is no atmosphere. Our preliminary research has
been done on JSC-1A lunar simulant. Though it is a lunar simulant, it is similar to some
of the regolith that has been found on Mars 5,6. Page 2 of the drawings has an image of
differently processed regolith. It shows the different states of JSC-1A that can be made
by microwave sintering. Our important preliminary work establishes the fact that – (1)
regolith materials do couple with microwave energy, and (2) simple structures can be
sintered or completely melted in a short time. Sintered regolith with a porous structure
has also been created indicating possible lightweight, insulative applications. This data
can be utilized to design 3D Printing system that can print large structures at a
reasonably shorter time.
The Design
Based on our 3D printing process, we have developed a tri-dome like structure
comprised of 3 main sectors: research/lab area, main living area, and private quarters.
These three sectors are connected by small four-foot-long hallways to partition living
quarters. After careful review, we have determined that the domes would be an ideal
structure for achieving a living space that is protective, insulating and efficient for
building.
Domes have been used since before Rome’s famous Pantheon due to their
constructability and structural integrity. As a true arch puts the entire structure in a state
of compression, so too is a true dome under compression, a property favorable when
building structure with ceramic materials. This compression helps the walls resist the
tensile stresses of the internal bending moment caused by lateral earth pressure, and
creates a more structurally sound home. In addition to the strength of the design, the
inherent efficiency of a dome may be its most attractive feature. Designed as a partial
sphere, a maximum amount of living area can be enclosed for the smallest outer
surface area. In comparison, for a cubic structure encompassing the same area and
positioned similarly below ground as our design the total above-ground-surface-area is
54% greater. The smaller surface area of our design means a reduced volume of
material needed for construction, directly correlating to reduced build time. Additionally,
a smaller surface area means that, given the same heat flux, the energy loss is reduced
significantly when compared to traditional shapes. Finally, domes are aerodynamic,
creating less turbulent flow on the structure surface and thereby reducing heat transfer
rates caused by convection. This all means less energy is needed to keep the dome's
temperature stable. A dome is the ultimate geometric structure and is as pragmatic as is
it comes, so novelty was reserved for the internal design.
The division of space was designed to increase privacy as well as partition
different areas effectively. Due to limited space requirements it is important to give each
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area enough room to be comfortable and functional, but also not take away from other
required living spaces. This is how we have made our interior as efficient as possible.
Based on the conceptual building process, this design is an optimal way to take
advantage of the 3D printing capabilities and make a functional DOME (Domed Outpost
for Mars Exploration).
The research area will be one of the most important areas in the structure.
Among the success of sending astronauts, the main goal for the mission will be to study
the Martian terrain. The research and lab area is three feet underground and the point
of the dome rises six feet above the surface. By keeping this area as its own private
sector, it keeps the working area away from the home-like features. There are four
private research desks as well as a space dedicated for lab usage and any analysis
machines that may be brought. The entrance is also located here, giving the astronauts
easy accessibility to the Martian environment to move samples and supplies in and out.
The entrance will not only be used for entering and leaving but also act as a safety
feature. In the event something goes wrong in the structure, such as an air leak or part
of the structure collapsing, the astronauts can seek refuge in it. It will be an isolated
chamber with the suits, tools, and emergency living supplies. From there they can
escape outside and try and fix the issue.
Sloping down to five feet under the surface from the research sector is where the
primary living area is located. To maximize space and to increase structural integrity,
this sector was created as an elongated dome that peaks at four feet above the surface.
To the left is the kitchen and dining area for cooking and socializing. The dining table is
practical for four people with a bench on one side and two chairs on the other giving the
room a more open feel. This kitchen is designed to be fully equipped with a refrigerator,
sink, dishwasher, pantry, storage closet, as well as different radiation and gas sensors.
Across the room is the lounge area that transforms into a large space for group
activities and personal workouts. Here is also where the Environmental Control System
and ECLSS stand. These have been placed central to the entire structure for enhanced
performance. The bathroom is centrally located making it efficient for those in the lab as
well as the private quarters to use. The elongated dome will give a larger room feeling
compared to the circular domes. This feeling of having more room will help with the
astronaut’s mental state and not make them feel confined, giving them a functional
environment with a home away from home feeling.
Through the next hallway, the private quarters are at the same level as the living
area. It is five feet under the surface of Mars and its’ dome peaks at four feet above
ground. By making this area its own sector, it gives the astronauts privacy and a place
to call their own. There are four private bedrooms here, capable of housing one twin
bed and small drawers for personal belongings. The walls between the areas will be 3D
printed making them out of regolith. This will give some sound proofing which will help
give the astronauts more privacy.
Our three dome design is a possible format for an exploration settlement on
Mars. The three dome structure was chosen after considering efficiency and knowledge
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of how our 3D printing process works as well as considering functionality, safety, and
comfort. Such design allows for maximum living space for the least amount of building
materials and lowest build-time. We feel that these domes act as a home away from
home to further expand human exploration and knowledge of the Universe.
Site
After reviewing the sites proposed by NASA’s Mars Landing Site Steering
Committee, the NASA3DP-009 team has decided on the alluvial fan on the western
edge of the Holden Crater as a suitable landing site7. The site was originally proposed
for the Mars Science Laboratory (MSL) mission. The western alluvial fan, a.k.a. Target
1354, under the University of Arizona’s HiRISE database, appears to have mostly flat
features with an abundance of loose regolith in the immediate vicinity to be used as
build material8. As mentioned, this site has previously been explored as a top candidate
for scientific study with lakebed deposits dating back three billion years. Additional
gullies for exploration along the southwestern rim and central peaks formed of material
from well beneath the crater9. This site could also provide an excellent home base for
future extravehicular activities (EVAs) to the north into the Eberswalde Crater, as well
further south along the ancient “Uzboi-Ladon-Margaritifer channel system” to examine
seasonal recurring slope lineae (RSLs) 10.
Regarding the use of a location on earth to build and test the concept of the
structure, no place offers the exact same regolith found on Mars; however, there are
locations such as the Mojave Desert whose basalt rock formations have been used to
create Mojave Mars Simulant (MMS). A current Mars analog, the Hawaii Space
Exploration Analog and Simulation (HI-SEAS) located on Mauna Loa, Hawaii contains
soil that is chemically similar to Martian soil as well. The original soil simulant, JSC
MARS-1 is mined from Pu'u Nene, which is between Mauna Loa and Mauna Kea.
Additionally, both sites have been used in prior NASA testing, and the arid conditions,
excessive heat, the previous volcanic activity in both locations can provide similar
conditions to that found in the Martian highlands.11
Summary
Team NASA3DP-009 consists of members having expertise in architecture, civil
engineering, bioengineering, mechanical engineering, computer science and materials
science. Together, we have come up with a novel 3D Printing process and a design for
creating settlements on Mars. Our dynamic process involves utilizing in situ resources
to make protective coatings, walls, and interior features. The dynamic design of the
printer allows for dome structures to be built in an efficient manner while also being able
to adapt when problems arise. The three dome structure allows for sufficient protection,
insulation, and comfortable living. Our preliminary research shows that this approach is
a feasible idea based on microwave sintering of JSC-1A regolith simulant. If
implemented, we believe that our proposed process could be a viable method of making
extraterrestrial structures on the moon, Mars, and beyond.
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