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ABSTRACT

Functional, structural, material, and operational aspect have been employed to design the habitat on

Mars. Furthermore, sensor-actuators and MEP were integrated to ensure the life supporting system.

Voronoi was used not only as a structural geometry for the habitat, but as well as a way of distributing

the program and the amount of density in a panel, achieving a Voronoi approach in macro, meso and

micro scale.
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INTRODUCTION

In this course, the experimental application of the Voronoi structure in a Mars habitat is investigated.

Therefore, several assumptions had been made to sharpen the focus of this examination:

1. The developed habitat is located on Mars. It offers space for five permanent residents and 2

possible visitors. Each resident will stay in the habitat for about 2-10 years.

2. The overall life-expectancy of the habitat is about 50 years.

3. The construction of the habitat requires existing infrastructure on mars. This means that a

temporary (inflatable) habitat, production robots and a cement production facility are already

established on mars.

Living organisms that can withstand extreme climate conditions was an inspiration to the challenge of

constructing from the ground in a planet with no infrastructure. Not only animals have lived in caves, but

humans in different times have used caves and carved solid rock to give a livable condition for them.

Thus, using what is already there to help and build a colony was one of the primary concepts further

implemented.

MARS CONDITIONS

The temperature on Mars can vary from −140 °C to +30 °C. The broad range in temperature is owing to

the thin atmosphere and the low atmospheric pressure of 600 Pa. The mars atmosphere is composed of

96% of carbon dioxide, 2% of argon, 2% of nitrogen, and 1% of other components. And its gravity is

about 37.5% of Earth’s. Another particularity in Mars is its dust storms, that can cover the whole planet.

The dust tends to remain suspended in the atmosphere, since there is no precipitation. The Mars

environment can be very harsh to the humans, spacecraft, and dwellings. Reason why understanding the

extreme climate condition, can help to transform the planet in a more inhabitable place.

LOCATION AND CAVES

Having in mind the environmental condition and the lack of infrastructure, the strategy chosen was to
avoid hazards and provides better protections and benefits, thus the habitat would be built-in caves.



According to Husseini &et al (Access Mars), the lava tubes are a viable habitat solution for Mars and
provide adequate hazard protection only if the caves have basalt ceilings with at least several meters
thick. Described in the same article, some of the benefits of using lava tubes for habitat is its thermal
properties. On Earth cave indoor temperature can be approximated by the mean annual surface
temperatures, and on Mars this estimation is assumed to be more accurate due to the lack of Earth
related factors.

Building habitats in caves gives physical benefits as well, like protection against radiation, meteorites,

and dust storms. To provide enough radiation shielding the cave needs to have at least two to three

meters depth. Besides that, the cave could provide protection of the habitat, and ensure that exploration

would not be interrupted by the storm, since the astronaut could still be outdoors but enclosed.

Olympus Mons was the chosen site for habitats, since is the best-known extraterrestrial volcano and

frequently compared to basaltic shield volcanoes on Earth (Mouginis-Mark, 2018). The volcano also has

the possibility to bring natural light into the underground environment from its crater. Thus, using the

natural landscape as a protective shelter and exploiting what is already there for future habitats on Mars

has the greatest potential. For safety, it is expected to offer several locations for lava-tunnels, giving the

possibility to swerve to another nearby cave, if there are problems detected in the originally intended

cave.

Source:
https://www.sciencedirect.com/science/article/abs/pii/S000928191730
1800

OPTIONS FOR THE CONCRETE IN SITU MATERIALS

A habitat on Mars must provide shelter and safety. Hence, the material building must protect against
galactic cosmic rays (GCR), solar particle events (SPE) and dust storms. Another important requirement
for the materials is to be made of in situ resources.

Six concrete types were researched, analyzed, and compared. Properties like mixture, radiation

shielding, Young’s Modulus, flexural strength, compressive strength, process of fabrication, and others



were described for each concrete type. The concretes were Sulphur concrete, Polyethylene concrete,

Polyester concrete, Epoxy concrete, Geopolymer concrete and Magnesium concrete.

To choose the best material four main aspects were discussed. The first one was Mixture, since Mars
does not have much water available, the concrete mixture needed to be waterless or have near zero
water consumption to be produced. The next analyzed feature was processing temperature. In Mars, the
average temperature is about -62°C and reaching high temperature to produce concrete would be
energy consuming and difficult to maintain. Therefore, the material with lower processing temperature
has advantage over the others. The structural aspect was considered as well. The capacity of a material
to withstand loads needed to be at least the same of regular concrete on Earth, thus compressive
strength must reach over 20 MPa.

Material Near-zero
water
consumption

Processing
Temperature
lower than 120

Compressive
Strength more
than 20 MPa

Flexural
Strength
greater
than
2.4Mpa

Total

Sulphur Concrete + + + + ++++
Polyethylene
Concrete

+ - + + ++

Polyester Concrete + - * + + ++



Epoxy Concrete + - * +/- + ++ or 0

Geopolymer + + - +/- ++ or 0
Magnesium
Concrete

- - + ? 0 or - -

Sulphur concrete was the best choice. However, a substitute choice needed to be picked. Therefore, the
Polymers (polyethylene, polyester, and epoxy) were the ones posteriorly searched. To achieve more
information about those concrete materials, simulations were made in Granta Edupack. Basalt was used
as a substitute of Martian Regolith in this simulation. To understand the influence of a Voronoi structure
into the material another simulation was made by synthesizing those combinations in the program with
a honeycomb structure. Clear mechanical and thermal properties of the polymers-based concrete was
found by using this method.

Polyester Concrete could be a good second choice, because it uses less binder than the polyethylene
concrete, meaning less processing energy. And it is less sensitive to temperature fluctuation than Epoxy
concrete (Naser & Chehab ,2020).

FABRICATION PROCESS

In order to achieve the implementation of such habitat, our group focused on how interlocking panels
can be compatible with the chosen 3D printing production process and robotic guided processes. As in
any case, if the task is to live underground, several pieces will need to be added together due to
extensions, impossibility to print on site.
Therefore, the fabrication process follows an on-site digital fabrication with in-house (Mars Labs) precise
and controlled printing, with robotic guided placements of such panels in due location. The process
follows several steps. Firstly, the environment in 3D scanned to produce a point cloud. A structural
analysis informs the needed thickness of each part of the cave, followed by the density and size of the
Voronoi cells contained in the wall to provide radiation security, thermal comfort, and structural
properties. Secondly, an assessment is made to determine which part can be printed on site and which
will need to separately printed and placed. Based on that result, the wall is panelized according to weight
and size, and the connections are parametrically produced when needed. The panels are then printed
and placed this video shows (https://www.youtube.com/watch?v=wZ3tALohUuY&t=11s), casting a
concrete lock between two panels in the line of thrust ensuring its position.

1. 3D scanning and point cloud 2. Structural analyses of the thickness

https://www.youtube.com/watch?v=wZ3tALohUuY&t=11s


3. Density and size of the Voronoi cells 4. Formation of panels

THE PANEL CONNECTION + MEP

The density and size of the Voronoi is mainly assessed with material economy in mind, knowing that
tests will need to be made to determine the boundaries of operation. The design connection uses as
much the possibilities of Voronoi, cutting along faces to ensure a perfect fit. Alongside the structural
connection, the inside edge of each panel is taken out to make place for a maintenance friendly MEP box
that will carry the life support system. The connection design acts as a structural and necessary element
to ensure the well connection between panels to provide an intelligent and resilient built environment.



COLONIZING THE CAVE

The criteria to colonize the cave was based into the oxygen level necessary to certain activities. A sealed
room of 30m³ was considered as standard, the next step was to calculate for how long the oxygen level
would be totally consumed in relation to the activity being performed. For example, a low activity, like
studying or sleeping would require almost 225h to consume all the oxygen, while a sports activity would
require 9hours. Therefore, a hierarchy was made to distribute the amount of volume that each activity
needed. A higher volume was giving to the one activity that need more oxygen, giving the same air
renovation ratio per hour to all rooms, having several advantages to the air renovation system. By setting
this as requirement, this input was transformed into a Voronoi distribution of the program within the
cave, generating a macro Voronoi in the project.

ACTIVITIES AND PROGRAM

To generate a spatial program for the habitat, we had a look at the layout of the International Space
Station. The ISS has been continuously occupied since November 2000; this is more than 20 years. Fully
crewed, the ISS can host 7 astronauts, which is a good guideline for the requirements of the Mars habitat
(for five permanently staying residents). However, since we are assuming an average stay of 6 years in
the habitat (compared to the longest stay of 437 days on the ISS (DW, 2020)), private spaces were
designed to be bigger. Further spaces allow activities like gym, a backup system, a life support system, a
medical storage, laboratories, living spaces and private spaces. Additionally, we implemented a large
greenhouse to grow plants and trees as a crucial space of the habitat. Located in the center, it also
functions as a space for relaxation and interaction. To prevent a collapse of the habitat through leaking
or fire, sluices are positioned between all rooms. Therefore, in case of an emergency, only one room will
collapse, the overall habitat will stay functional. The distribution of the activities was based in Voronoi
distribution, the requirement was to concentrate bigger and central areas to communal spaces, while
distant and smaller area to private activities.

https://en.wikipedia.org/wiki/International_Space_Station#/media/File:ISS_configuration_2019-08_e
n.svg



1. Spatial Program 2. Distribution of the activities in the cave

3. Voronoi Distribution 4. Final Voronoi distribution in the cave

SENSOR AND ACTUATORS

Some important aspects were discussed when sensor-actuator were added into the project, like
Temperature, CO2 AND O2 level, lighting, humidity, pressure, radiation level, air quality, fire detection,
damage detection and leak detection. All of them had technology solution from Nasa, that are used in
aerospace already. Due to lack of time, three main sensors were described further.
For the sensor related to the air, the Nasa technology that was consider is the Advanced Hydrogen and

Hydrocarbon Gas Sensors. This sensor can detect leaks, monitoring carbon monoxide, carbon dioxide

and oxygen. It is a verselet and compact sensor, having even a wireless sensor system. It could be easily

applied in different part of our habitat and panel.

The next sensor is the Wireless Temperature Sensor that Have No Electrical Connections. This technology

is a new sensor made up of dielectric materials tuned to measure a variable and wide range of

temperatures. As the temperature changes, the dielectric material changes its signature magnetic

response, and the change is detected by a magnetic field response sensor. This sensor is as well damage

tolerant, wireless, flexible, and precise.

About actuators, after the data detected from the sensors, this information will be translated into a

mechanical work. In case of the O2 and CO2 concentration the actuator will work with the Advanced

closed loop system from ESA, informing the amount of O2 needed to supply and CO2 to remove.



In response of the thermal sensor, the data determines how the temperature actuator should react. The
thermal control system is responsible for maintaining the temperatures on the habitat to stay within
their allowable limits. The temperatures levels are maintained by using a combination of heaters,
cryocoolers, and the use of thermoelectric coolers.

RELEVANCE AND POTENTIAL OF USING VORONOI

Coming from biological structures in nature such a leaves and tessellated patterns such as a honeycomb,
Voronoi cells favors efficiency and beauty. Also, as a mean of structural and material optimization,
Voronoi patterns can achieve maximum structure with minimum material. Furthermore, the Voronoi
pattern is dependent on the distance of given center points, making it applicable to various scales. 

REFLECTION

For the short period of time, our group set, and achieve, the challenge of proposing a new type of

habitat different from what was proposed at the beginning. For that, some aspects needed to be further

surveyed, giving us a better understanding of the assignment, but less time to other goals. We are aware

of the pros and cons of the proposed design solution and assume that we made our best regarding the

conditions. Regarding further steps, we should start to actually print the panels, to test the connection

and the thermal properties. After that, we could start to detail the space, regarding the implementation

of the furniture and other spatial requirements.
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