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Abstract

Taking the leap to the secondary and tertiary generations of the missions to Mars, a
comprehensive outline was presented for a cluster of Martian Habitat Units (MHUs)
designed for long-term settlements of research crew in Melas Chasma, Valles Marineris,
Mars. Unlike initial exploration missions, where primary survival is ensured through
basic engineering solutions, this concept targets later-stage missions focused on long-term
human presence. Accordingly, the MHUs are designed not only for functionality but also
to support the social and cultural well-being of scientific personnel, resulting in larger
and more complex structures than those typically proposed for early-stage landings. To
address the construction and structural integrity of the MHUs, the current work presents a
comprehensive analysis of the feasibility of semi-3D-printed structural systems using in
situ material to minimize the cost and engineering effort of logistics and construction of the
units. Regolith-based additive manufacturing was utilized as the primary material, and
the response of the structure, not only to the gravitational loads but also to those applied
from the exterior flow field and wind pressure distributions, was simulated, as well as
the considerations regarding the contribution of the extreme interior/exterior pressure
differences. The full analyses and structural results are presented and discussed in this
manuscript, as well as insights on manufacturing and its feasibility on Mars. The analyses
demonstrate the feasibility of constructing the complex architectural requirements of the
MHUs and their cost-effectiveness through the use of in situ resources. The manuscript
presents an iterative structural optimization process, with results detailed at each step.
Structural elements were modeled using FEM-based analysis in Karamba-3D to minimize
near-yielding effects such as buckling and excessive displacements. The final structural
system was integrated with the architectural design to preserve the intended spatial and
functional qualities.

Keywords: Martian Habitat Units (MHUs); Martian environment; additive manufacturing;
in situ resources; human space mission; structural design

1. Introduction
Limited by the local materials for most of the construction elements and the possibility

of having the material processing to the minimum level of complexity, a planetary space
mission will be bound by in situ resources. The further the mission is to be executed along
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the human space technology development, the more access there might be to non-local, but
still in situ, materials for the construction. However, as far as the construction methodology
is concerned, the financial and engineering costs always demand local construction instead
of the transformation of already assembled parts to the site. Considering the design of
a cluster of Martian Habitat Units (MHUs) on the surface of Mars (Figure 1), located in
the central segments of Valles Marineris as a research base for the second generation of
landings on Mars [1] translates to the utilization of regolith as the base material through
additive manufacturing of the major parts of the constructions. This manuscript addresses
the technical ramifications of this subject matter.

Figure 1. Martian Habitat Units (MHUs)—(Amini et al., 2022 [1]).

In the case of construction in conditions of a remote place, such as planets and moons
of the solar system, there are huge challenges that do not exist in the construction processes
on Earth. In this paper, a functional structural method is chosen among different techniques
from the literature, and in the next step, the feasibility of the chosen system is simulated
and analyzed for the harsh conditions on Mars. In addition, one might consider the
current attempt to validate the applicability of the mentioned model in the context of
space architecture.

Additive manufacturing (AM) technologies have already been used in space since
2014, when NASA launched the first polymer 3D printer for fused deposition modeling
(FDM) on board the International Space Station (ISS) to investigate the potential of AM in
microgravity [2,3]. The advantages of AM for human space habitats have been discussed
in various fields: in the construction of space structures, fabrication of spare parts, food
preparation [4], use of bio-plastic as an option to print the everyday life items and tools
such as cups, containers, clothes, or even insulation materials [5] and printing medical and
surgical instruments for long-duration space missions [6,7].

From an architectural perspective, generally, seven viability factors should be evalu-
ated when selecting a construction method, including materials, structural design, process
efficiency, logistics, labor, environmental impact, and cost. Although, there are few studies
that analyze the feasibility of 3D printing in different environments [8] and a complex
trade-off may be needed to select the most applicable concept [9], several studies show
that in remote and hazardous places, areas with rugged terrain, inhospitable climates,
or inhospitable environments, autonomous 3D printing construction can be an efficient
solution [10,11].
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In recent years, although the launch costs have been reduced by the contribution of
private companies, one study estimates it could cost as much as USD 1 million per kilogram
to transport material and supplies to Mars [12]. These numbers suggest that supplying a
mission with surface stay is not financially sustainable with conventional methods [13]. The
use of 3D-printed construction in space offers several potential logistical advantages, such
as eliminating the need to design construction components to withstand launch loads and
space travel conditions while minimizing launch mass and volume, hence the costs [12].

Furthermore, in situ resource utilization (ISRU), regarding the available material on-
site, and rapid prototyping construction methods eliminate and reduce human efforts and
health risks and, more importantly, the entire mission cost, allowing for the infrastructure
construction by robots before human presence and on-site maintenance later [4,9,14]. Also,
this method allows architects and engineers to design more geometrically complex struc-
tures with minimal material waste and post-processing while offering the advantage of
parts consolidation and fabrication in comparison to conventional methods [14–16]. Overall,
3D-printed construction is capable of the same strength as cast components (i.e., masonry
components) and improved mechanical and thermal properties compared to conventional
construction. These components are also capable of being designed and printed based on
the exact loads they are supposed to handle [17]. Specifically, for a Martian habitat, the
extreme temperature gradient that results in thermal stresses and further increases the
structural stresses in the building envelope of the pressurized environment in the absence of
a thick atmosphere, thus increasing leakage risks, and large amounts of radiation exposure
must be considered [18]. For this reason, one key element that should be considered in the
field of construction on Mars is selecting materials that have the most compatibility in terms
of functionality to weight (and/or cost) ratio, within the context of a space mission. Apart
from stability, durability, and availability as raw material on Mars, energy consumption
should also be minimal during material processing [19].

All 3D-printed materials must be processed to withstand tensile forces due to the
pressure differences [20]. Some materials are proposed for use in space construction, such
as basalt, sulfur, recycled plastics, and metal. Several studies propose leveraging the
abundant in situ material resources found on Mars, namely, regolith, the crushed rock
and dust covering the lunar and Martian surfaces, which is produced through long-term
space weathering processes. These processes include not only micrometeorite impacts
over millennia but also particle irradiation and other physical and chemical alterations
induced by the space environment [21], basalt, an igneous rock formed during lava flow,
and sulfur, a material particularly common on Mars that can be used as a fundamental
ingredient or alternative binder in concrete [22,23]. However, Martian regolith contains
perchlorates that are toxic to humans, and therefore, direct or indirect regolith exposure
must be eliminated. Plastics such as HDPE (i.e., high-density polyethylene, a type of
thermoplastic petroleum-based polymer) can be produced using local ethylene resources
on Mars and used to provide a non-porous boundary layer for air-tight structures, a layer
of shielding from potentially toxic regolith [20]. As another option, concrete is the most
common material used in 3D-printed constructions, and it is the best choice for remote
environments [24]. However, the material properties and requirements of printable concrete
differ from the conventional concrete that is used in common structures, and yet there is
the challenge of making reliable rheology from in-space resources [25]. Moreover, the lack
of tensile strength and ductility due to a lack of reinforcement is, for example, one major
challenge for structural applications of 3D-printed concrete [20].

Previous design proposals for on-surface Martian habitats have tried to address the
construction challenges in harsh conditions of Mars and the moon; for instance, Foster
and Partners’ lunar habitation [26] with European Space Agency, uses regolith as the main
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construction material but instead of printing the habitat, they fuse the layers by a robot-
operated 3D printer to create a protective shell, the tubular base module and its inflatable
dome [26]. NASA Langley’s Mars Ice Home suggests the use of inflatable plastic and ice as
the main construction material since it could be more effective in radiation shielding than
the regolith [27]. SEArch+ (Space Exploration Architecture) and Clouds AO, who propose
the Mars Ice House, investigate the possibility of printing solid ice with iBO bots that use
a triple nozzle to dispense a composite of water, fiber, and aerogel along with layered
rings, printing a translucent, insulating lenticular form that is structurally stable [28].
SEArch+ and Apis Cor’s X-House 1 and 2 use Martian concrete reinforced with basalt
fibers and expandable polyethylene foam to 3D print the habitat [20]. AI Space Factory’s
MARSHA used a biopolymer basalt composite material for 3D printing, which has a high
hydrogen concentration and, to some degree, provides shielding against radiation and
is effective against stress. The Pennsylvania State University used sulfur concrete with
basalt aggregates, which would require no water, and magnesium oxide mixtures that
would set very quickly. They also developed a dry geopolymer binder called MarsCrete™,
composed of minerals indigenous to both Mars and Earth. Apart from that, the use of
recycled lightweight aggregates with insulation properties to create functionally graded
concrete, providing an external layer of thermal and radiation protection, and optimizing
the design for structural performance were considered [29].

Currently, the construction scale rapid prototyping is in the early stages of develop-
ment. Moreover, the 3D printing methods used on Earth have to be adapted and redesigned
for Mars or moon missions to build habitable structures [20]. Earlier technologies, such
as the Monolite/D-Shape technology, Contour Crafting (CC), and FreeForm Construction
machines, were introduced that extrude and deposit material in a layer-by-layer manner.
Each of them utilizes slightly different deposition methods, processes, and materials [26].
D-Shape is a large printer that selectively binds the spread-out material, with the desired
thickness, using a binding material spread out from a spreading nozzle on the print-head,
similar to the selective laser sintering (SLS) printing process [30]. In Contour Crafting, the
print material and a fast-hardening binder are extruded through a programmed nozzle
that can make direct printing of computer models. The final product has a better surface
quality since the surface is smoothed by a trowel [16]. Moreover, it offers higher building
speed and a wider range of material choices. In concrete printing, which is similar to CC,
the printing nozzle follows a pre-programmed path and continually extrudes concrete
materials [30]. The FreeForm Construction machine uses a principle like fused deposition
modeling (FDM) technology [24]. In recent years, Branch Technology pioneered cellular
fabrication (C-FabTM) with FreeForm 3D printing, where material solidifies in free space
as it is printed. Using topology optimization and sequencing algorithms to print cellular
matrices in midair without formwork (i.e., the process of additive manufacturing, where
the printing occurs without local holding of the structures through means of support or
scaffolding), allows optimized material density to be placed where it is needed to better
resolve the loads while reducing the costs and material wastes [29].

The large-scale construction 3D printing technologies and the used materials should, in
principle, have an acceptable degree of extrudability, flowability, buildability, and suitable
setting time with satisfying mechanical properties to form a continuous paste [30]. Further
improvements in the development of optimization techniques of material processing can
enable multi-material 3D printing on larger scales. This will allow precise control of
different material combinations and their positions to better manipulate the multifunctional
properties and responses of the final product (e.g., mechanical strength, etc.) to suit the
defined requirements [31]. Despite the strong tendency toward continuous structural
construction in 3D printing, Konstantatou et al. [32] argue that discrete manufacturing, or
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a component-based approach to design and construct extra-terrestrial structures, would
offer advantages with regard to reusability, efficiency, and costs. This opinion is also in line
with the modular habitat design suggested by [1].

Many other crucial parameters play key roles in a 3D-printed structural performance,
like overall print quality, steel reinforcements, print time, print direction, and standards.
Although the lack of codes and standards is one of the challenges with this structural
system, this matter may not be an issue in some remote environments, where 3D-printed
structures are more reliable and sounder than existing makeshift structures [8]. However,
the current technology and construction procedures must be modified for Mars or moon
missions. For instance, machinery, mobile 3D printers, robotic arms, and mobile platforms
must be lightweight and deployable to fit the launcher constraints [20].

As a continuation of the research started by the communication of the first design
paper [1], this manuscript provides detailed insight into the realization of the construction
and structural aspects of the Martian Habitat Units (MHUs). There is a plethora of research
following the first paper, proposing the initial design of the units from the architectural
and space technological viewpoints, such as [33], on the methodical design procedure of
relevant complexes targeting the prerequisites of deep space missions.

This manuscript provides comprehensive results on the structural design and imple-
mentation of in situ resources for the realization of the design proposed in Amini et al. [1],
namely, the Martian Habitat Units (MHUs). The primary introductions on the specifications
of the design, its initiating concerns, and operational conditions are followed by detailed
analyses of the requirements of such a design from structural and constructional points
of view, the deducted essentials of which are then provided as guidelines in further sec-
tions of the manuscript on which the methodology of the structural integrity simulations
is constructed. The results of such investigations are then reported in Section 6 of the
manuscript, alongside a discussion on the modifications the design has gone through for
better compliance with the construction concerns and architectural needs.

2. The Case—Martian Habitat Units (MHUs)
Martian Habitat Units (MHUs) are designed as a response to the needs of a scientific

crew living on Mars for the span of several years. Each 10 MHUs are oriented in a circular
cluster, forming a small village with the capacity of up to 90 research crew members. The
interior of the cluster is allocated to house a solar farm as the main passive source of energy
for the MHUs, interactively functioning with other sources of power such as wind turbines
and nuclear fission reactors, as is discussed in the following sections [1].

Each MHU is equipped with medical rooms, labs, office-type work areas, telecom-
munication, and AI centers, as well as systems rooms where the components of the Life
Support System (LSS) are located on the ground floor. And on the first floor, there are
private suites for crew members, emergency escape routes to the neighboring MHUs, and
access to the second floor, which includes only the central regions of the plan and is solely
designated for emergency cases as a bunker (Figure 2).

As the general aspects of the design of the MHUs are discussed abundantly in [1] from
a space technological perspective, and conditions of the design from the perspective of
natural lighting supplementation are discussed in Amini et al. [1], this section would be
focused more on the specific aspects of the design pertaining to the structural integrity of
the MHUs.
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Figure 2. Martian Habitat Units (MHUs)—Plan I: ground floor level (bottom); Plan II: first floor
level (top).

The enveloping garden (the term used from the original design presented by [1],
referring to the exterior garden area enveloping the interior of the MHUs) around the
exteriors of the ground and first floors plays the role of an intermediate membrane. This
intermediate level functions in many aspects, such as lighting (semi-natural lighting concept
discussed in [34], air pressure (the pressurized vessel concept discussed in [1,33], breathable
atmosphere, etc. The interior of the MHUs is kept at the standard sea level (on Earth)
atmospheric pressure, while the exterior of the units, i.e., the atmosphere of Mars, reaches
pressures less than one percent of that. This gap, which is to be supported by the structure
of the MHUs, is bridged through an intermediate medium, as discussed above, where the
vegetation does not require more than 85% of the atmospheric pressure needed by the
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crew [35,36]. And since the presence of crew members in the garden is also intermittent and
temporary, they will not be subject to any harm in that regard, either. This consideration,
which eases the tension of inflation on each of the layers of the façade, as the gradual
pressure differences are supposed to be addressed with lighter structural elements, has
been named the “double-layered pressure vessel” throughout the documentation published
on this research.

Secondly, the modular design of the MHUs is to be discussed, as it will have a direct
impact on its structural system and configuration. The primary mode for the design of the
MHUs is chosen to be hexagonal modules. The whole plan is composed through a rhombus
configuration of 4 by 4 hexagons of the maximum size for the interior of the design and then
engulfed by the curved exterior façade of the surrounding garden. However, to maintain a
higher level of flexibility in the juxtaposition of the possible sub-geometries, three lower
layers of hexagonal patterns are interwoven within each of the primary modules. The
geometric details of the modules are presented in [1].

2.1. Mission Specifications

To better understand the scope for which the MHUs are designed, this section presents
a brief report on the specifications of the underlying mission considered as a baseline
for the design of the MHUs. More detailed specifications of the mission are discussed
in [1,33], whereas more details on the fundamentals behind such strategical design of
human missions are available in [37].

� The mission is defined for the pre-terraforming era on Mars; however, the first genera-
tion of missions have already been performed.

� The crew is composed of educated adults, spending years-long residence in the MHUs
for the purpose of on-site expeditions of the planet.

� There are flights available on and off Mars to Earth and the orbiting space stations.
� The community is populated, and thereby designed for, up to 1000 crew members.
� The research crew work full time on their tasks, and MHUs are responsive to the rest

of their leisure time as well, since the duration of the mission dictates the presence
of concepts such as lifestyle to a larger extent than what is currently available for the
crew members of, for example, the ISS.

2.2. Operation and Geometry

For the details of the design of MHUs in the published literature such as [1,33,34], this
section presents the primary information of the habitat design in an extremely brief manner,
and the audience is strongly advised to refer to the mentioned works for more insight on
the details of the design.

MHUs are designed to respond to the needs of the research crew staying on the surface
of the planet for longer periods than is theoretically allowed by the orbital dynamics of the
Earth–Mars flights. The functionality of the MHUs to the biological, psychological, and
operational needs of the crew, as well as their robustness against the extreme conditions of
Mars, is of the utmost essence.

The crucial Life Support System (LSS), consisting of physiochemical and bio-
regenerative systems, secures the survival needs of the crew in the closed environment of
the MHUs by keeping the unit interior at its optimal operational level. The atmosphere man-
agement subsystem provides recycled breathable air, with bearable pressure, temperature,
and humidity. The water management subsystem recycles wastewater into potable water.
The waste is processed and separated accordingly via the waste management subsystem.
Apart from those, these subsystems have the responsibility of monitoring, detecting, and
removing the probable particle and microbial trace contaminants. An important feature of
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the MHUs, which is in close correlation with the LSS, namely, the enveloping garden, is the
main food supply source while providing visual comfort for the crew and functioning as
a pressure buffer with 0.85 atm, between the interior 1 atm and the Martian atmospheric
pressure of ~0.006 atm. Moreover, noise control systems, light regulation, smart windows,
and an ergonomic design are considered to keep the crew in the defined comfort zone.
Robotic aids and telepresence have also been widely considered to eliminate/minimize
human labor for the construction and future maintenance of the units.

The units are to be mainly powered by constantly reliable active energy sources to
ensure safety during the seasonal and unforeseen fluctuations of the passive/renewable
resources available on the surface of Mars at the site location, namely, the central regions
of the Valles Marineris. To provide the roughly 3300 kWh/day estimated total power
consumption per MHU (9 crew members), calculated with a high safety factor, a minimum
of 18 and a maximum of 27 reliable configurations of modular 10 kWe-class Kilopower
reactors have been considered per MHU based on the number of settlers in each unit. As a
secondary backup power source, in the middle of the cluster of 10 MHUs, a solar farm is
designed with a 3400 m2 area of PV per MHU based on the lowest daily radiation received
on a tilted surface of PVs with 33% efficiency. In order to utilize the storm energy during
dust seasons when PV efficiency drops further, a configuration of 5 horizontal-axis wind
turbines (HAWT) has been considered as the tertiary backup power generation source.

Each MHU is designed coarsely in a rhombus shape, composed of a 4 by 4 array of
hexagonal modules. The garden that envelopes the entire plan has its exterior formed by
three sets of circular segment curves: a sharp curve of low radius at the circumferential
corner of the plan, a relatively wider one at the radially located corners, and a segment of a
much larger circle to mimic the sides of the rhombus plan. To give a better understanding
of the scales of the designed MHUs, one should note that the exterior façade is created
through a closed loop of 58.71◦, 16.12◦, and 89.05◦ arcs of circles with 25.83, 98.69, and
8.13 m in radius, respectively.

To have a better grasp of the geometry of the mentioned modular design, it could be
noted that the largest layer of the hexagons, also denoted as the 4th layer, is the major block
of the 6.49 m hexagonal pattern that sweeps the plan of the MHUs. There is a 3rd layer
hexagon located in each main module concentrically; however, with a 30-degree rotation
around its center, which results in the side length of 3.75 m. Placing seven second-layer
hexagons inside the main module, with their sides parallel to the main module’s orientation,
allows the side length to be 2.16 m. And continuing one step further with the same reverse
growth rate, the first layer modules are obtained with a side length of 1.25 m. More details
on the specifications of the hexagonal modules are to be found in [1], Section 8.5. In light of
the core scope of this manuscript, it should be noted that the architectural, structural, and
system-level design of the components must obey the geometric juxtapositions enabled by
this modular design.

The entire unit interior and garden area are then extruded for two stories to build the
ground and first floors as the main bulk of interior areas. The ground floor is considered
to house the work areas, labs, medical and communication centers, service areas, lots for
subsystems, electrical, and mechanical devices, while the first floor holds crew private
residential suites. In the central, mostly 2 by 2, array of the main hexagonal modules on the
second floor, a bunker is devised for extreme emergency cases, for when the crew needs
shelter while waiting for the arrival of rescue teams. On the same level, i.e., the top of
the first floor, where the exterior atmospheric conditions govern, a flexible, yet robust,
membrane is extended all over the MHUs’ top side and is kept in a paraboloid geometry
by hydraulic jacks, as well as being inflated by compressed Martian atmosphere from
below, using a safe-fail redundant set of compressors. This anti-dust-settlement membrane,
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or ADSM for short, is capable of morphing to maintain different heights and serves as a
flow-controlling technique to control the separation of the exterior flow field on the MHUs
and reduce the amount of dust settlement on the central regions of the cluster, where the
solar farm is located, in dust storm seasons. More information regarding the functionality
and operation of the ADSMs, as well as their geometrical design, is presented in [1].

From an architectural perspective, a number of structural considerations are predicted
in the initial design. The hexagonal modular pattern, which is used in the 1st step of the
design phases, has provided a context in which the distribution of vertical loadings can be
possible through different kinds of structural systems. Plus, there are places designed at
the end of each axis (i.e., grid) that are designated to situate structural columns.

Generally, any structural design must be calculated to resist lateral and vertical loads.
Like on Earth, vertical forces on Mars are caused by gravity and include the so-called live
and dead loads of the weight. The considered lateral loads on Mars include wind, quakes,
and air pressure differences, the latter of which is quite different from a construction project
on Earth. The main challenge, therefore, in the structural design of the MHUs is the fact
that the exterior envelope must resist the force applied from the interior side caused by
the pressure difference. In this paper, these loads are calculated, and then, the proposed
structural system is simulated and analyzed to examine its reliability.

2.3. Summary of Features

To enhance the readability of the manuscript, we provide a brief list of fea-
tures of MHUs, linking them to the adequacy of the design in response to the mis-
sion/environmental conditions (also see Figure 3):

� Mid-size population: Each MHU houses 9 crew members, which is large enough to
have a variety of expertise for technical, medical, and mission-specific areas.

� Mid-size community: Each cluster houses 90 crew members, for a more diverse local
combination of tasks and societal duties.

� The enveloping garden area provides food, visual comfort, and serves as a mid-
pressure bridge between the high-pressure interior of MHUs and the low-pressure
Martian environment [1,34].

� Multilayer fail-safe redundancies in passages, shelters, airlocks, equipment, LSS, gates,
hatches, etc.

� Multi-source power supply systems range from passive, semi-passive, to fully active
fusion-based systems.

� Emergency-state connectivity between MHUs in a cluster and detailed design for a
versatile range of evacuation/sheltering scenarios [1,33].

� Functional areas located at an inverse-proximity order to the entrance gates (with
airlocks, quarantine, and medical units closest to the gates, whereas leisure and private
segments are located further from it).

� ADSM design provides flow control and streamlining to the exterior of MHUs, and
maintains the minimum dust settlement in the central regions of the clusters, thereby
minimizing maintenance and cleaning time and cost for PVs during the dust storm seasons.

� Natural lighting resources are considered in the hierarchy of architectural design, with
the private suite and office/lab areas placed in the periphery of the MHUs, adjacent
to the enveloping gardens to minimize the energy consumption needed for artificial
lighting [38,39].
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Figure 3. An exploded view diagram of a Martian Habitat Unit (MHU).

2.4. Environmental Conditions

NASA’s Human Research Program (HRP) categorizes human space flight hazards
into five major categories: altered/low gravity, radiation, distance from Earth, isolation,
and hostile/closed environment and spacecraft design. The environmental hazards of
a long-term human Mars mission, its psychological and physiological health risks, and
possible strategies to reduce the dangers have been discussed comprehensively in (Amini
et al., 2022). In this manuscript, the Martian conditions are elaborated with an emphasis
on construction.

2.4.1. Gravity

The gravity on Mars is only 37.8% of that of the Earth. Therefore, more atmospheric
gas has escaped and resulted in a low-density Martian atmosphere. Studies show that
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the gravity varies on Mars’ surface in the range between 3.68 m/s2 and 3.75 m/s2; Valles
Marineris stays in the middle of this range [40].

Although human functionality in low gravity declines and possible physiological
issues arise that need careful monitoring and effective countermeasures, it is assumed
that low gravity is in favor of construction with regard to lower overall compression and
buckling loads in comparison to the Earth. However, considering the construction methods,
specifically the additive manufacturing in low gravity, and how it affects heat flow, the
settlement, slope, density, and the mechanical behaviors of the printed specimens, further
research and development are needed.

NASA has been experimenting with 3D printers onboard the space shuttles during
zero- and high-G, and now, in the microgravity of the ISS on smaller scales and for various
scientific research fields, e.g., 3D printing of biological tissues [41], 3D printing of parts
with a polymer-based material using a fused filament fabrication (FFF) printer [42] etc., to
investigate the viability of printing in different environments. Research teams such as Penn
State University have sent a sample of a 3D-printed complementary cement mixture and
water to the ISS to further explore the material’s behavior in microgravity conditions [29],
yet understanding how printed structures behave in microgravity with long-term exposure
and their fixity is a further challenge [43] and the development of new design standards
and evaluation criteria are of great importance [30].

2.4.2. Atmosphere

In contrast to Earth, the Martian atmosphere consists of only 2.59% nitrogen and
0.16% oxygen. The largest proportion of it (~95.1%) is carbon dioxide, which continuously
changes phases between gas and dry ice depending on the temperature variations.

The average atmospheric pressure on Mars is about 0.636 kPa, less than 1% of that
of the Earth, and due to seasonal CO2 condensations at the polar regions, it varies 20%
each year [44]. Viking Landers have recorded wind speeds typically between 0 and 5 m/s
with maximum solar-averaged speeds up to about 12 m/s with ± 10% measurement
accuracy [45].

Considering the main dust lifting events on Mars, dust devils (convective vortices)
occur locally on smaller scales when compared to dust storms. The Martian atmosphere
lacks moist convection but responds strongly to air-borne dust heating [46]. Despite its
low heat capacity, the heat transferred from the surface to the atmosphere controls the size
of dust devils and likely other dynamic processes in the atmosphere [47]. Dust storms
are categorized into local (turbulence), regional (slope winds and gravity waves), and
global scale dust storms based on their size and spatial distribution [46]. Local and more
frequent dust storms occur in both hemispheres all Martian year-round, although during
local autumn and winter in mid-latitudes of each hemisphere, an increase in dust storm
frequency is recorded. The combination of multiple local dust storms usually creates
regional dust storms that are estimated to happen 8 to 35 times per Martian year. Global
dust storms are commonly initiated when local and regional dust storms grow and merge.
They occur in interannual variability, which, in some years, manifests itself as dramatic,
planet-encircling dust storms covering all longitudes, and their consequent effects on the
thermal and dynamical structures of the lower atmosphere last longer (~60 sols) [48,49].
Recent studies suggest that global dust storms transport water vapor from the lower to
the middle atmosphere and increase its escape rate. These storms further contribute to
this water loss process by increasing the atmospheric temperature, due to greater radiation
absorption during the daytime, and reducing ice cloud formation [49,50].

Multiple studies suggest the possibility of utilizing Martian atmosphere components
as an input to the LSS to generate breathable oxygen for the habitat. Amini et al. [1] also
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propose the idea of utilizing storm energy as a backup power generation source. However,
the complex climate of Mars, its low atmospheric pressure, and atmospheric dynamics
define an important challenge in constructing a long-term large habitat. As the habitable
interior should maintain 1 atm bearable pressure, the structure must prevail over the lateral
loads of the pressurized air pushing outward on the interior walls and leakage while also
bearing the external wind loads. The construction process itself prior to human arrival can
also be affected by winds [51].

It has been reported that the particle size of Martian dust suspended for long periods is
1–2 µm, and dust particles raised into the atmosphere by wind and dust devils are smaller
than 5 µm [52]. Dust-lifting events may result in faster degradation and erosion of the
habitat exterior as well. Hence, regular dust mitigation considerations for the habitat unit,
as well as PVs, wind turbines, and other instruments, should be considered.

2.4.3. Temperature

Mars, with a 1.5 AU (2.28 million km) distance from the Sun, receives about an
average of 586.2 W/m2 solar radiation. The average temperature on the surface of Mars is
−63 ◦C with a daily temperature gradient of 60 ◦C [44]. Furthermore, while differences in
atmospheric pressure and temperature along the longitude of Mars can cause dust storms,
the longer seasons and dust storms also cause large fluctuations in temperature [47,53].

The main challenge to face in habitat construction is the thermoelastic cyclic loads
applied to the structure because of the extreme temperature gradient, not only on a
daily/seasonal basis but also considering the difference between the habitable room tem-
perature of the interior and the average surface temperature of Mars. This dictates both
the material choice and the use of multilayer insulations (MLI) to maintain the interior
temperature and structural measures to eliminate leakages. For instance, a concrete com-
bination of Martian regolith and molten sulfur binder has been shown to be feasible for
the Martian temperature ranges [54]. Apart from that, the 3D printer technology used for
manufacturing, its extrusion temperature, and the final material quality are also highly
dependent on the surrounding temperatures. Hence, during the autonomous construction
with compatible materials, measures should also be taken to ensure the print quality of
the structure since the temperature affects the deposition and solidification of the printed
material and, therefore, its microstructure [42,51,55]. Reches [56], for instance, has also
proposed multiple concrete formulations, including materials available on-site that can be
processed and cured in low temperatures on Mars.

Large temperature differences can be utilized as an in situ energy source [53] or in
LSS atmosphere management components such as a temperature-swing absorption plant
(TSA) that functions via the changes in ambient surface temperatures during the day–night
cycle [57].

2.4.4. Radiation

Due to the absence of a global magnetic field and dense atmosphere, Mars is exposed
to radiation from both galactic cosmic rays (GCR) and solar particle events (SPE). High-
energy GCR that travel at the speed of light can penetrate the spacecraft, habitat, and
human body, causing densely packed ionization events in the molecules. Consequences
are cellular structure damage, central nervous system disorders, and late cardiovascular
damage, to name a few [58–61].

Several studies have suggested subsurface habitats to reduce radiation exposure and
provide better thermal insulation in more stable underground temperatures [18]. Rather
than burying the habitat underground [1], with the goal of providing the crew with natural
lighting and psychological well-being, propose an above-surface habitat design that plans
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to reach acceptable standards with passive and active shielding against radiation and
further countermeasures to ensure crew safety in both short and long-term missions.

With regards to construction in the current design, the material choice, insulation, and
wall thickness shall act as passive radiation shields. The use of ice, materials with high
hydrogen concentration, Martian regolith and basalt, thermoplastics such as ABS, fibrous
and cementitious materials, and polyamides are the state-of-the-art research to tackle the
radiation exposure problem of human Martian exploration missions.

Moreover, prolonged exposure of the materials to space radiation also causes degraded
performance of the thermal, electrical, mechanical, and optical systems, and outgassing
leads to molecular contamination [2,51,62]. Hence, a modular design of habitats can
be beneficial in the maintenance and replacement of damaged parts. Apart from that,
autonomous robotic construction should be utilized to eliminate human participation
during construction.

2.4.5. Geology

Martian surface landforms, mineralogy, and regolith composition have been inves-
tigated by the visible to short-wavelength infrared (VSWIR) orbital observations of the
planet, the Observatoire pour la Mineralogie, l’Eau, les Glaces et l’Activité (OMEGA) of the
ESA Mars Express mission [63], the Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) [64] of the Mars Reconnaissance Orbiter (MRO) [65], and the landed rovers.

The Martian surface is mainly composed of dust-covered regions and southern high-
lands. The landforms consist of plains, mountains, canyons, basins, volcanoes, and polar
caps. There is a general latitude-dependent mantle, including sub-terrain water ice, with
high impact on the design of the human missions [66]. Duricrusts are distributed in
mid-latitudes and dust-covered rock, and soils with shallow ice are distributed in polar
regions [67]. Viviano-Beck et al. [68] have listed the types of locations of the mineral spectra,
indicating a diverse variety, such as H2O and CO2 ice, iron oxides and mafic silicates, phyl-
losilicates, carbonates, sulfates, halides, and other hydrated silicates. The Mars Odyssey
orbiter also found that the Martian surface is covered by basalt, some of which is rich in
olivine. According to the new data from the Mars rover InSight, the layers beneath the
surface are dominated by dust, regolith, and large rocks [53].

It is detected that Mars is a moderately seismically active planet, and based on the
collected data of the InSight, Marsquakes occur with energies approximately between 0.1
and 10 Hz and mainly of magnitudes less than 4 MW [69,70].

Due to the fact that no Martian regolith has been returned to Earth, Martian regolith
simulants are used to simulate the chemical and mechanical properties of Martian regolith
for research and experiments, designing and testing prototype rovers, developing excava-
tion tools, and other instruments for Mars missions, and last but not least, the construction
of Martian infrastructure via in situ resource utilization [71]. A variety of Martian regolith
simulants have been designed previously, such as NASA’s Johnson Space Center JSC
Mars-1 [72] and Mojave Mars Simulant (MMS) and its updated version MMS-1 [73], the
open-access mineralogical standard Mars Global Simulant-1 (MGS-1) developed by the
University of Central Florida to better represent the Martian global basaltic regolith [74];
Johnson Space Center-Rocknest (JSC-RN) manufactured by NASA’s Advanced Exploration
Systems (AES) ISRU project to simulate water extraction experiments from Martian re-
golith [75]; and Jezero Crater simulant JEZ-1 developed by the CLASS Exolith Lab at the
University of Central Florida to investigate the geotechnical characteristics of the Martian
soil [71].
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3. Construction Specifications
3.1. Material

As previously mentioned, utilization of in situ resources and 3D printing for large
construction in the harsh conditions of Mars may be the most feasible method. However,
there are several important challenges that should be addressed: the construction material,
for instance, which is the deciding parameter that defines the structural performance, and
its construction technology. Furthermore, the choice of the material has a direct impact on
the design of safety measures against temperature variations and radiation. Unfortunately,
at the time of this writing, despite the agreement among the scholars that Martian regolith
will be used as the main component of future Martian construction, we currently lack the
precise mechanical properties of the regolith due to the simple fact that no sample has ever
been returned to Earth from Mars. The physical and chemical properties of the Martian
regolith have been investigated at length and are detailed in the literature based on the
findings of the Martian rovers, and the abovementioned simulants have been produced to
allow for an approximate simulation of the regolith behavior in various conditions. The
revealing effects of the meteorites as indicators of the geochemical processes on Martian
regolith are also worthy of mentioning here [76].

With every robotic mission on Mars, the simulants have been updated, and assuming
the comparable properties to those of the Lunar regolith, have been tested and reported
in the literature. Apart from that, alternative composite materials have been introduced
in an attempt to theoretically enhance specific properties of the construction material. For
instance, adding certain additives and/or cement to the regolith may improve not only
the compressive strength of the material but also, crucially, its tensile strength, since the
low Martian gravity is in favor of compressive loads, but the low density of the Martian
atmosphere induces a large pressure difference in comparison to the habitable area of the
units, which manifests itself in tensile loads on the surrounding structure. Since Martian
construction is still being compared to the construction on Earth, very few studies have
seriously considered examining the tensile behavior of the simulant or composite concrete.
Furthermore, as the material treatment, the construction method, and the construction
environment on Earth considerably affect the mechanical behavior of the final product, it is
inaccurate to assume that the evaluated and reported parameters are interchangeable for
other design and construction decisions.

Despite the lack of accuracy, in order to proceed with the structural simulation of
the proposed design, the materials and their available mechanical behaviors obtained
from the specific studies, their specific test conditions, advantages, and disadvantages
regarding ISRU and AM are presented in Appendix A. The processed regolith into cast
and sintered basalt suggested in [77], with 490 MPa compressive strength, 14 MPa tensile
strength, and 73 GPa Young’s modulus, the chosen material as the software input for the
structural analysis.

A more comprehensive description of the state-of-the-art in the materials relevant for
space technology and habitation manufacturing is presented in Appendix A.

3.2. Wind Loads
3.2.1. Governing Equations

In the present manuscript, we have used a time-dependent numerical scheme, U-
RANS (unsteady Reynolds averaged Navier–Stokes) Equations (1)–(4), coupled with kω
SST (shear stress transport) turbulent model, and Equations (5) and (6), most suitable for
surface-mounted bluff body simulations. More details on the governing equations are
available in Appendix B.
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3.2.2. Domain, Grid, and Boundary Conditions

As the convention dictates, 1D blockage ratios of less than 17% in the vertical and
spanwise direction of the case geometry inside the rectangular domain will result in an
overall blockage ratio of less than 3% [78]. The same values have been chosen for this study,
which have resulted in the domain dimensions shown in Figure 4. It should be mentioned
that the streamwise depth of the domain and the position of the case with respect to the
inlet of the domain have been calculated through previous wake sensitivity analyses in
similar building exterior flow field studies [38,79].

Figure 4. Positioning and orientation of the MHU in the computational domain.

For the assessment of the worst-case scenario in terms of the maximum wind load-
ing on the building façades and foundation, the maximum deployment of the anti-dust-
settlement membrane (ADSM) has been considered. The MHU in question is oriented with
its secondary axis parallel to the wind inflow direction. This will correspond to the case
of wind configuration inward toward the center of the cluster, seen from the viewpoint
of the MHU under study. To solve the flow field numerically, the entire domain has been
carpeted with computational grid cells. As the gradients are much higher in the near-wall
regions of the flow field, the boundary layer mesh with much higher concentration of the
nodes is implemented on the solid surfaces of the geometry, and the rest of the domain has
been filled with tetrahedral mesh elements, as advised by [80,81].Table 1 summarizes the
specification of the numerical mesh.
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Table 1. Numerical grid characteristics.

Parameter Specification

Surface layer thickness 0.25 m
Total number of cells 3,083,925
Curvature normal angle 18◦

Min size 3.08 × 10−3 m
Max size 20 m
Boundary layer mesh 5 leyers
Inflation growth rate 2

To capture the effects of the atmospheric boundary layer on the surface of Mars, the
log power wind profile has been used:

U(z) =
U∗

κ
ln
(

z
z0

)
(7)

where the substitution of the numerical values for the aerodynamic roughness length and
von Karman coefficient [82] and a super extremal wind velocity magnitude equal to 30 m/s
at the height of 40 m above the surface will result in the following simplified function.

USE(z) = 4.0623ln (40z) (8)

As a simplified approximation, the composition of the Martian atmosphere is con-
sidered to be 100% CO2, and for the site location, it is considered to have the average
temperature of 205 K, corresponding to the temperature at the surface, around the middle
of the dust storm season, namely, Ls = 270 (Mars Climate Database—MCD v5.3 [83]). The
above conditions are maintained while the interior temperature of the MHU is kept at 295 K
based on the instructions on the comfort condition of the residents [84]. In addition, the
density of the atmosphere close to the surface is set to 0.020 kg/m3, while the kinematic
viscosity constant is equal to 0.001 kg/ms. And lastly, it is worth mentioning that the
simulations have been performed for the physical duration of 10s, with an unsteady time
resolution of 0.01 s.

3.2.3. Intermediary Results—Flow Field

As mentioned above, the effects of the exterior atmospheric flow field have been
considered under the actual atmospheric boundary layer formed (see Equation (8)) on
the surface of Mars. The relatively higher-than-usual values have been chosen for the
magnitudes of wind on Mars, which are only expected to occur during extremely intense
dust storms. Therefore, the results obtained for the wind loadings on the façades and
foundation of the MHUs are expected to reflect the maximal loadings to be withstood by
the structure. The atmospheric boundary layer on a rough surface is modeled through
the logarithmic approximation conventional in industrial and building aerodynamics. As
per this description, and given an infinite entrance length (before the forefront of the flow
reaches the bluff body), there is no demand for the boundary layer to be fully developed
and have a finite thickness. In other words, the entire inlet of the domain (and the building
geometry) is immersed in the boundary layer. To add to the validity of the worst-case
scenario, the MHU has been oriented with its main axis perpendicular to the wind direction
and the ADSM at full deployment.

The results show large areas of high-pressure flow field on the stagnation side of the
building, namely, the entire height of the two-story high façade and portions of the lower
elevations of the ADSM. Integration of the pressure field on the body results in the drag
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force exerted on the entire MHU equal to 293 N, among which 74 N is exerted on the ADSM
and the rest on the surrounding façades. As these values represent the pressure drag of the
unit, the total of pressure and friction drag, namely, the total force exerted on the body, is
calculated to be 304 N, which, for the individual case of the ADSM, turns out to be 84 N.

Figure 5 illustrates the pressure distribution over the MHU as the wind comes in
contact and stagnates first through the façade and corners of the rhombus plan. It should
also be noted that the wind conditions used for simulations, and therefore the loading
conditions, are those of the worst-case scenarios known to happen on Mars. Given these
worst-case scenarios, structural design and construction have been considered using an
additional safety factor common in the construction codes. This will certainly cover the
daily and annual alterations indirectly.

Figure 5. Pressure distribution over the MHU: The highest pressure points represent the stagnation
region of the bluff body.
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3.3. Seismic, Meteoroid, and Gravitational Impacts

Since the deployment of the seismometer SEIS of the InSight in February 2019 and
March 2020, two distinctive types of Marsquakes have been detected. Of those 465 reported
events, 424 are classified as high-frequency, with seismic energies around 2.4 Hz. Only
41 low-frequency events between 0.1 and 1 Hz have been detected, most of which do not
have the S and P onsets as earthquakes; hence, they are relatively weak in comparison.
Explaining the physical mechanisms of the Marsquakes and locating most of them is
difficult due to their relatively small magnitude and having only one single recording
station available on Mars. The S0173a and S0235b have been the only two Marsquakes with
clear onsets and polarities that have been recorded so far [85].

Prediction and identification of the type, frequency of occurrence, and magnitude
of Marsquakes in the construction site of MHUs in Valles Marineris are out of the scope
of this paper, if not impossible, with the current documented data. For this reason, we
assume the seismic episodes and their estimated periodic loads on the structure are irrele-
vant/negligible, given a reasonable safety factor in the simulation process.

In contrast to seismic forces on Mars, the impact of an asteroid and meteoroid showers
is not negligible due to the tediousness of atmosphere on Mars. However, in this paper,
the focus has been specifically on designing a structural solution that would withstand the
constantly available static and dynamic loads on the surface under the assumption that
no direct and destructive impact would crash the units. Hence, we assume a negligible
meteoroid impact but suggest that constant observation and prediction of these events, as
well as on-time evacuation, are necessary for crew safety.

Apart from the wind loads, another significant load that should be calculated in the
simulations is the weight load, defined as the vertical force experienced by a mass because
of its gravitation. The material, profile section, and mass of an element have a direct
influence on the definition of this load in the simulation. As it has been mentioned before,
the gravity on Mars is only 37.8% of that of the Earth, so the weight of each component on
Mars is lower than its actual weight on Earth, and it is expected that the designed structure
would be lighter in comparison to Earth. This has the advantage of lower compressive
stress in comparison to the Earth and, of course, the more crucial tensile stresses due to the
pressure difference explained in the sections above.

3.4. Structural System
3.4.1. Typology

As it was mentioned in the Introduction, there are several structural typologies that
can be applied to the design of the MHUs. Due to previous investigations on the optimal
method for construction in remote places, 3D-printed structural systems are expected
to be the most suitable systems for construction on Mars. However, as this paper is
based on a design in response to the pre-terraforming era on Mars, the capability of other
structural systems, such as prefabricated components and concrete structures, should also
be considered.

In the first step, based on the architectural plans and 3D model of a single MHU, a 3D
structural model is proposed and modeled in Rhinoceros 7.00. The model contains horizon-
tal and vertical structural components, which are located in places that were considered in
the previous design.

The hexagonal modules are used for horizontal elements, which build an incorporated
diaphragm for each floor. This approach also makes the 3D printing process easier and
more consistent. In addition to that, corners of each interior garden are considered for the
vertical structural elements (i.e., the small modules of green areas located inside the MHU
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interiors, cf. the semi-internal area around the core interior of MHUs, used for gardening
and vegetation research. See [1].

The proposed structure is designed to be a base model for starting Karamba-3D coding
(i.e., a Grasshopper plug-in that uses FEM for structural analysis and optimization. See
Section 4.3) and other structural calculations. The model will definitely be changed and
optimized based on the simulation results in the upcoming sections. However, the base
schematic 3D model, which is to be used in Karamba-3D calculations and simulations is
based on the estimation shown in Figure 6.

 

Figure 6. Structure typology: Major hexagonal modules are used as the beams of the structure,
leading to the primary input to the Karamba-3D simulations.

3.4.2. Structural Components

Each structural system contains sub-categories known as components. Depending on
the different structural types, these components vary. For instance, in a regular metal or
concrete structural system, beams, columns, and foundation are the components. Main
challenges related to structural components are usually the assembly, joints, and leakage
prevention. In the case of designing a durable structure and construction plan for the
conditions on Mars, it is necessary to choose the most efficient assembling method.

The designed structural system contains different structural elements, such as columns,
beams, foundation, and building stories. In the first step, each story is divided into
polygonal modular parts just like the first stages of the current design, with a structural
beam as each side of the polygon. After modeling the beams, rectangular columns are also
added to the model. For the beginning of the simulations, the square profiles are selected
for the beams. Final results of the loads on vertical structural elements obtained through
the above explained process are shown in Figure 7.
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Figure 7. The vector representation of the direction forces on the MHU. The cyan-colored arrows
represent forces containing only pressure and weight loads, while the yellow ones include wind loads
as well.

4. Structural Design
4.1. Building Model

The first step to design any structural system for the MHUs is to evaluate the lateral
and dead loads on each component of the system. Therefore, in the beginning, a simplified
3D model of the project is developed so that the structural loads can be simulated by the
software. By understanding the stress tensors exerted on the components, it is easier to
obtain a corresponding design solution. This solution includes both system and material
selection for the design. In this section, after a brief report on the simulation strategies, the
modeling process and software will be discussed.

4.2. Structural Model

Selecting the best structural design method for the MHU project is a crucial stage
that could affect massive challenges in the architectural design process and strategies.
Generally, the designed structure must resist three different types of loads, namely, gravity,
internal/external pressure difference, and wind. In order to recognize the stability and
durability of the proposed structure, the Karamba-3D plug-in for Grasshopper is used
for simulations.

Based on the 3D design, which was modeled in Rhinoceros 7.00 in [1], the proposed
structural model is designed and formed. For that purpose, the building elements are
designed in the Grasshopper plug-in in a polygonal modular algorithm, which was used in
the architectural design steps. After that, all elements are optimized through simulations
in Karamba-3D.
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The first specific load calculated in the simulations is the weight load, which can
be obtained by knowing the mass of the elements and Mars’ gravity. The material and
profile section of each element have a direct effect on this load. Additionally, the inter-
nal/external pressure difference and wind loads are calculated based on the intermediary
results reported in previous sections.

Based on the results from the deformation analysis, the optimization process will begin.
To achieve final results with a stable structural configuration, five stages were considered.
These stages are:

� First analysis with custom setting;
� Reshaping the cross-section of the axial component;
� Adding structural role to exterior and garden space walls;
� Dividing structural components based on their interaction with internal/external pressure;
� Optimizing the range of cross-sections for structural components based on their

utilization value (the ratio between von Mises stress and yield stress, which in the
range above 100% shows structural instability).

After the first stage, the process includes two main factors, which are the buckling of
the columns and the yield stress of the structural elements. In order to prevent buckling,
different column profile alternatives are considered to achieve the best result. This also
leads to a different profile dimension and material consumption. During next stage, because
of the wide cantilevers (i.e., a single-sided extension of the floor with no bearing columns
on the free side) on two sides of the structure on the first-floor and also to prevent the stress
from reaching the yielding point (the threshold stress for the material to undergo plastic
deformation), some parts of the exterior envelope must support the weight loads.

In the third stage, due to intense internal/external pressure, structural components
are classified based on their interaction with this pressure.

In the final stage for optimizing the dimensions for each building component, they
will be divided into separate groups based on their different levels of bearing loads. The
divisions are set by Karamba-3D optimization, which selects optimal cross-sections for
beams and shells in the model according to EC3 (EN 1993-1-1 [86]), which applies to
the Eurocode design of buildings and other civil engineering works in steel, as a default
setting for non-specified materials of structure. This method also reduces the percentage of
utilization. Utilization of elements in the Grasshopper software 1.0 (not to be mistaken with
the structural components) is to obtain the required level of utilization for each element.

The combination of the acting forces on a structural component will lead to net axial
compression or tension [87], resulting in normal stresses in a principal axis direction, when
a point-load is exerted on the centroid of the component cross-section.

In structural analysis, the total axial stress is the combination of bending and axial
compression (or tension). It is important to understand the difference between displacement
and deflection. The deflection is the furthest distance from the original position of a
structural member before the load is applied to its last location after the application point.
It is thereby the distance of the permanently deformed most point of a member to the
projected point, after the elimination of the load. The displacement is the distance from the
original position of the structural joints before the exertion of the load to their final position
after the application of the load, leading to the deformation of the structure.

A brief overview of the underlying theories of the finite element method (FEM) used
for the numerical analyses is provided in Appendix C.

In addition to the mentioned structural components, the foundation of the MHU is
also modeled and analyzed. There are three main factors related to the material of the
3D-printed foundations, which are used in Karamba-3D simulations, including bearing
capacity, density, and the angle of repose of regolith soil. After that, the shape and dimen-
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sions of the foundation are calculated through two different methods. For each column, an
isolated foundation is considered. This is followed by the determination of the element
geometry based on the simulations so that the experienced pressure does not exceed the
maximum bearing pressure of the Martian soil.

4.3. Simulation Specifications

As mentioned before, this work utilizes the Karamba-3D plug-in in Grasshopper,
which uses FEM for structural analysis and optimization for a variety of set objectives. It is
developed to be undemanding and to give an early understanding of structural responses
with a seamless connection between geometry and analysis. Each change in geometry will
result in a live response in the analyses, compared to a conventional analysis process, which
is usually conducted for a certain state. The short computing time of Karamba-3D makes
it possible to explore geometries both manually and in conjunction with optimization
tools [87].

Beam elements are defined according to the elastic beam theory, i.e., Bernoulli beams,
in this software. These adjacent elements are dependent on each other by sharing one
or several nodes. Each of these nodes consists of six degrees of freedom (DoF), enabling
movement and rotation in every direction [87]. The simulation process of the MHU
structural analyses is shown in Figure 8. The simulation process in the Karamba-3D plug-in
contains three main stages:

1. Inputs, which include creating the structural model, model discretization, defining
material properties, loads, and boundary conditions;

2. Optimizing the cross-sections;
3. Analyses and results obtained from Karamba-3D.

The first step for analyzing the structure is to transform the 3D structure developed in
the Grasshopper to structural components of Karamba-3D. A collection of inputs is gathered
with the Karamba-3D model assembling components. To create these components, it is
necessary to have the required inputs, including structural elements, their cross-sections
and material, supports, and loads.

Structural elements consist of columns, beams, floors, and walls. Each of the men-
tioned elements is sub-categorized into two groups based on the different types of loads
they are subjected to. The first group, which is shown in Figure 8 and denoted by the
EXT prefix, is reserved for those in direct contact with major pressure differences. The
second group, which is shown in Figure 8 with the INT prefix, is the one that resists minor
pressure differences.

Supports contain columns and bearing wall joints to the foundation. They are consid-
ered moment connections (i.e., rigid), meaning the reaction forces and moment in principal
axes are non-zero.

The loads that affect the structure are weight loads, wind loads, and internal/external
pressure differences. Weight loads in Karamba-3D are considered the total weight. This is
calculated by applying a unit vector (0,0, −1), considering the total weight of the structure.
It is to be noted that this ansatz is based on Earth’s acceleration of gravity and is a preset
parameter in the Karamba-3D. In order to match the Martian gravitational constant, the
said unit vector is adopted (0, 0, −0.38) to capture the gm = 3.721 value.

For calculating internal/external pressure differences, first, we consider the different
pressure magnitudes between interior spaces and garden areas. Accordingly, the following
categories could be defined (Figure 9):

• First group: elements that are located between the interior spaces of the MHU and the
garden areas;

• Second group: elements that are located between the garden area and exterior;
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• Third group: elements that are located between the interior and the exterior area of
the MHU.

According to this division, we start the simulations with basic parameters and calculate
the pressure each wall and floor is subjected to by the internal/external pressure calculation
(Table 2).

Table 2. The amount of pressure experienced by the building envelope elements of a single MHU *.

Walls and Roofs Garden-Exterior Garden-Interior In/Exterior

P (%atm) 74% 25% 99%
P (kN/m2) 74.9805 25.33125 100.312

* Pinterior = 100% atm; * Pgarden = 75% atm; * Pexterior(mars) = 1% atm.

Figure 8. General overview of the simulation and structural analysis using Karamba-3D. The diagram
indicates the process used to model and analyze a single MHU structural model. The process starts
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with modeling structural elements and gathering input data for loads, cross-sections, and supports,
which then results in the assembled model. The created model provides structural data needed for
optimizing the structural design. In the case of wind loads, one should consider the possibility of a
breeze in any direction. For the structural simulation in Karamba-3D, the wind direction is assumed
to be perpendicular to the main axis of the MHU plan, as the maximized projected area leads to the
highest wind pressure differences, which is considered the basis for the worst-case-scenario for the
current design (Figures 10 and 11).

Primary wind pressure on the Mars atmosphere is calculated to be 0.00542 kN/m2.
On the other hand, the area of the east side of MHU (723.6 m2) has been used to define a
wind load equivalent of 3.90745 kN. Table 3 summarizes the cross-sectional properties of
the structural elements with respect to the loading regimes.

Table 3. Categories of structural elements under different ranges of pressure.

Element Type Sub-Category Cross-Sec Height
(cm)

Width
(cm)

column
exterior □ 52.5 52.5
interior □ 30 30

beam
exterior □ 60 60
interior □ 30 30

floor
exterior 50 -
interior 30 -

wall
exterior 40 -
interior 27.5 -

□: shape of the chosen cross-section for the structural elements.

For material specifications, processed regolith and sintered basalt are used with the
following mechanical properties:

• Young’s modulus = 73,000 MPa
• Tensile strength = 14 MPa
• Compressive strength = 490 MPa

As for the case of the shear modulus, for which there are no recorded parameters (see
Table 1), based on the previous research, Karamba-3D’s material limitation is considered to
be between 0.33 and 0.5 of the Young’s modulus E. The range of the shear modulus G was
calculated to be between 2433.34 and 3650 kN/cm2. The minimum value of 2434.35 kN/cm2

is used as the shear modulus in the structural simulation.
By finalizing the calculation of the inputs, the process of assembling the model is

started, and structural simulations are run to generate the outputs. This is an iterative
process, in which the structural design of the subset elements and their properties, as well
as the total resistance of the structure, are updated. This process results in an optimal
material usage by the means of a global optimization in the displacement of the structure,
as well as its total weight.

Furthermore, the cross-section optimization component is used to reach the small-
est cross-section of the structural elements and also to prevent them from reaching the
thresholding yield stress, as well as to minimize their displacement. The cross-section opti-
mization is based on the maximum stress in the elements. The maximum stress is calculated
from the sum of compression and bending stresses shown in Equations (9) and (10) [88].

σtotal = σcompression + σbending (9)

N
A

+
M
W

=
N

b·z +
M

1/6 b·h2 (10)
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By finalizing the calculation of the inputs, the first stage of the process of assembling
the model is started, and structural simulations are run to generate the outputs. In the
first stage, the designed rectangular-shaped cross-sections (in previous research) were used
with these specifications:

 

Figure 9. Structural elements classified by various internal/external pressures.

Figure 10. The utilization rate of vertical surfaces based on the pressure difference between (i) the
outside and the garden and (ii) the garden and the inside spaces.

Figure 11. The bird-eye view of the longer façade of the MHU, showing the exterior surface in green
facing the highest wind loads.

The first stage structural analysis was simulated with rectangular-shaped cross-
sections for both beams and columns. (Figure 12) The result shows mainly the tensile
stress in the structural element as it overpasses the yield stress, which can be seen in the
utilization rate.
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Figure 12. Developing iteration stages in structural analysis for (1) linear structural compo-
nents and (2) shell components. (a-1,a-2) Primary assessment: square cross-section columns.
(b-1,b-2) Second stage modification: circular cross-section columns. (c-1,c-2) Addition of exterior
walls. (d-1,d-2) Classification of the structural elements (see Figure 9)—extension of the design to
address the interior/exterior pressure differences. (e-1,e-2) Final optimization.
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In order to offer a uniform load in vertical elements, circular columns are used for the
second stage. Based on Figure 12, it can be seen that both tension and pressure are reduced
by using a circular-shaped cross-section. This is a result of a better response to axial stress
in columns to reduce torsion or buckling in these elements.

Using circular cross-section for columns also leads to a lower profile dimension and
material consumption. As the simulation proceeds, to better stabilize the structure and
achieve a utilization rate below 100%, exterior shells between the garden zone are added
as structural elements to support weight loads, and the structural resistance toward inter-
nal/external pressure is improved, which causes an excessive tensile stress in the structure.
The third stage corresponds to a better solution because of the wide cantilevers on two sides
of the structure on the first floor; it also prevents the stress from reaching the yielding point.

After the third stage, it can be seen that compressive stress is under control and tensile
stress is significantly reduced (i.e., 30.95% to 3.17% reduction in the number of linear
structural components surpassing the yield stress threshold, moving from stage 2 to 3, and
27% to 0.25% reduction for the same criterion in the shell-type components), although it
does not reach the stabilized value. Based on the last simulation, it can be understood that
tensile stress has a higher value on exterior ring beams and on parts that are directly in
contact with the exterior/interior force. Therefore, the fourth stage starts with varying the
structural input for three groups of structural elements mentioned in previous sections
based on their juxtaposition to internal/external pressure. At this stage, the utilization rate
reaches near the desired response.

At the fifth stage, the optimization feature in Karamba3D is used to optimize cross-
section usage. A range of cross-sections with higher values to lower values from previous
stages is used as inputs. A range of cross-section dimensions is assigned for structural
elements that are divided into separate groups based on their different levels of bearing
loads, as mentioned for the previous stage. The divisions are set by Karamba optimization,
which selects optimal cross-sections for beams and shells in the model according to EC3
(EN 1993-1-1).

Table 4 summarizes the last stage’s cross-sectional properties of the structural elements
with respect to the process developed.

Table 4. Finalized categories of structural elements.

Element
Type

Sub-
Category Cross-Sec Height

(cm)
Width
(cm)

Diameter
(cm)

Column
exterior # - - 45–60
interior # - - 20–40

Beam
exterior □ 40–80 40–80 -
interior □ 20–40 20–40 -

Floor
exterior 40–60 - -
interior 20–40 - -

Wall
exterior 30–50 - -
interior 20–35 - -

#, □: shape of the chosen cross-section for the structural elements.

5. Results and Discussions
The structural analysis of the MHU is a crucial aspect of designing safe and sustainable

living spaces for future human missions to Mars. As we continue to explore and learn more
about the planet, it is essential that we prioritize the development of innovative and efficient
building techniques that can withstand the harsh Martian environment. In this study,
different simulations of structures with varying dimensions are analyzed and reported,
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culminating in the identification of the optimal configuration regarding the architectural
design. This section presents core findings of the structural analysis in terms of:

� Categorization of the different structural elements based on their load-bearing conditions
(the exerted pressures, among other parameters discussed in the previous sections);

� Consideration of possible choices for the geometry of the members (i.e., cross-sectional
types, etc.);

� Sweeping a range of dimensions for the said geometries to obtain the optimal shape
and sizes for the final chosen design);

� Modification of the design by adding/subtracting members to fulfil the lacking ca-
pabilities of the design; the addition of a set of load-bearing exterior envelopes to
maintain the structural integrity of the MHU in response to the previously mentioned
pressurized-vessel layout.

It is needless to say that all the abovementioned steps have been carried out under the
assumptions and constraints given by the 3D printing technology and the available in situ
resources. The seamless integration of beams and columns in construction has been made
possible through the advent of 3D printing technologies, which, on a more technical level,
leads to the use of moment-bearing connections between structural members.

Furthermore, the structural design is aimed at matching the architectural plan as
much as possible while ensuring that the structure assembly is effortless, more so as the
construction is to be carried out on Mars. The cross-sections and thicknesses of the structure
are also considered to resist internal/external pressures from different sources. When it
comes to the resistance against internal/external pressure, most considerations in this
article tend to focus mainly on the structural aspects of the MHU. However, there are other
techniques that can be employed in layering the walls of a space unit to reduce the impact
of the internal/external pressure. Therefore, further study is necessary to fully understand
the effects of these techniques and to ensure that they are applied in a manner that enhances
the overall integrity of the space unit.

5.1. Structural Configuration

To facilitate comprehension of the structure, system inputs were divided into linear
elements, such as beams and columns, and surface elements, such as walls and floors.

Moreover, to enhance the visualization of element reactions, all structures were de-
picted in three modes, representing utilization, stress, and displacement.

Upon conducting a thorough structural analysis of the MHU, a range of goals with the
overarching aim of improving the overall effectiveness, efficiency, and sustainability of the
unit was determined. The authors are aware of the complexity of the definition of concepts
such as sustainability for the context of the mission at hand; however, the term is mainly
targeted at in situ materials, minimal human interaction in construction, and optimized
material use.

In general, it has been determined that despite the fact that the gravity on Mars is about
38% of that of the Earth, the excessive pressure gradients present between the interior and
exterior of the units on Mars lead to an increase in the demanded structural member strength
for such designs. In the context of this article, this heightened strength has been achieved by
enhancing the geometric and dimensional optimization of the structural members.

A significant finding was that due to the considerable amount of pressure exerted
on the unit, it is imperative for the majority of components to withstand the tensional
forces, as the higher number of such members is observed in Figure 13. Drawing from the
fundamental configuration of the MHU, there are certain structural components that exhibit
a remarkable level of resilience against the intense compression, which are highlighted by a
distinct red color. The structure as a whole can endure higher levels of tension. However, it
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is crucial to opt for materials that possess the capability to cope with both compressive and
tensile stress.

 

Figure 13. (top) The schematic illustration of the compressive and tensile stress on beams and
columns. (bottom) The schematic illustration of the compressive and tensile stress on the axial
positions of the floors and walls. Red color is for the components under compressive stress, and blue
is for the tensile stress.

As mentioned before, a range of iterative simulations during five main stages was
conducted in order to attain the most favorable structural configuration (i.e., optimized ma-
terial use while maintaining the maximal structural efficiency), and a number of structural
modifications were selected through the analysis process (Figure 14). The scope of these
modifications is aligned with the objective of preserving the optimal living space within
the MHU, as mentioned in the previous section. Based on the aforementioned categories,
the result with total displacement of 0.02 cm under different loads was obtained according
to these five stages of analysis, and the process of reducing the utilization rate in each stage
was obtained as follows:

 

Figure 14. Utilization rate for each stage during structural analysis, (a) linear components, (b) shell
components (blue markers: tensile stress, red markers: compressive stress).
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As can be seen, the tensile stress can be disregarded, and the compressive stress is
inhibitable. To stabilize the structure and not to surpass yield stress, changing rectangular
cross-section columns to circular ones reduces the whole structural utilization by 18% for
both linear and shell structural components. The next stage, which is adding exterior
walls’ structural role, reduces the tensile utilization by 1149% for linear components and by
839.84% for shell components. Division of structural components based on their interaction
with internal/external pressure has a 81.49% reduction in maximum tensile utilization for
linear and a 14% for shell components, while the last optimization for the cross-section
leads to a reduction in the maximum tensile utilization of linear components by 182.76%
and 74.1% for shell components, to finally stabilize the structure.

Based on different iterative processes, the final three stages were shown to have the
most significant role in reducing stress in the linear component, which shows the impor-
tance of internal/external pressure impact and the fact that the columns have a tying-up
role in keeping the structure. Also, maximizing the cross-section range for components
under major stress and giving the exterior walls structural roles have the strongest impact
on reducing shell stress, which is seen in the cantilever part of floors restrained by having
exterior walls as a shared structural component. Such a dramatic decrease underscores
the importance of considering how the cantilever parts affect the structural element under
different loadings. Moreover, when categorizing structural components based on their
interaction with internal/external pressures, we observed a significant reduction in max-
imum tensile utilization: 81.49% for linear components and 14% for shell components.
This division highlights the critical role that internal/external pressure plays in the overall
stability of the habitat unit.

The analysis reveals that the process of three-group-division structural components,
followed by the addition of cross-section range and optimization of the dimension of each
components’ stress, significantly influences the reduction in stress within linear components
and allows for stabilizing the whole structure and reducing the maximum tensile utilization
by 94.11% for linear and by 74.10% for shell components at the final stage compared to the
previous stage. This finding emphasizes the importance of the impact of internal/external
pressures on structural integrity. Additionally, it becomes clear that the columns play a
vital role in maintaining the structural cohesion of the MHUs and act as a cable sustaining
the structure under tensile stress.

Furthermore, maximizing the cross-sectional range of area of components subjected to
significant stress, paired with the addition of exterior walls as integral structural elements,
(which tensile utilization reduction for stage (3) shows 1149% in linear- and 839.84% in
shell components, which for stage (5) is 182% in linear- and 74% in shell components) has
the most pronounced effect on decreasing shell stress. This observation indicates that the
cantilever sections of the floors benefit substantially from the reinforcement provided by
exterior walls, as well as the internal/external pressure controlled by the optimization of
the cross-section and the use of maximum element dimensions for the most stressed parts
acting as shared structural components, enhancing the overall stability and resilience of
the MHUs.

The structural analysis of the MHUs was conducted using the Karamba 3D plug-in
in Grasshopper, with the probability distribution functions (PDF) of the obtained loads
presented in a series of histograms (Figures 15 and 16). The analysis was performed in
several iterative stages, each focusing on specific design aspects and their impact on the
overall structural performance.
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Figure 15. Utilization distribution for linear structural components of the MHUs across five pro-
gressive design stages. The left panels in each row (1) illustrate results for tension, while the right
panels (2) show corresponding data for compression. Design stages: (a-1–a-3) Initial configuration
with rectangular column cross-sections. (b-1–b-3) Columns replaced with circular cross-sections.
(c-1–c-3) Introduction of structurally active exterior shell walls. (d-1–d-3) Grouping of structural
components into three zones based on proximity to internal/external pressure boundaries, enabling
differentiated cross-section sizing. (e-1–e-3) Final stage using Karamba-3D’s cross-section optimiza-
tion tool with predefined size ranges per group.



Aerospace 2025, 12, 761 32 of 54

Figure 16. Utilization distribution for shell structural components of the MHUs across five pro-
gressive design stages. The left panels in each row (1) illustrate results for tension, while the right
panels (2) show corresponding data for compression. Design stages: (a-1–a-3) Initial configuration
with rectangular column cross-sections. (b-1–b-3) Columns replaced with circular cross-sections.
(c-1–c-3) Introduction of structurally active exterior shell walls. (d-1–d-3) Grouping of structural
components into three zones based on proximity to internal/external pressure boundaries, enabling
differentiated cross-section sizing. (e-1–e-3) Final stage using Karamba-3D’s cross-section optimiza-
tion tool with predefined size ranges per group.
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The initial analysis revealed a concerning trend in the structural members. A large
number of the linear elements (i.e., beams and columns) were subjected to relatively low
axial stresses, while a significant portion, 29%, of linear elements (i.e., 892 members) had
reached the tensile failure state, particularly around the cantilever regions on the first floor.
This unbalanced stress distribution indicated that the initial design was not adequately
addressing the structural challenges posed by the Martian environment, with a maximum
tensile utilization value of 1432%. A similar pattern was observed in the shell elements (i.e.,
walls and floors), where 1357 (equal 59%) members reached their yield strength, with a
maximum utilization rate of 902%. The high stress concentrations in the cantilever regions,
especially at the top of the north side and the lower parts of the south side of the MHU
plan, suggested significant bending and torsional forces acting on the structure.

At the second stage, where the column cross-sections were modified to circular shapes
in order to mitigate the effects of buckling and torsion, the number of failed members
under tension decreased slightly, but the maximum tensile stress and the probability of
inefficient structural cooperation were still relatively high. For shell elements, however,
this stage focused on linear elements and their cross-sections. This, however, shows a
decrease in the number of members without active load-bearing roles, indicating that
the improved cross-sections of the linear elements had a positive impact on the overall
structural efficiency, and at the joints where the floor load is transferred through columns,
it indicates better results and the decreased maximum utilization value for tensile stress
to 891%.

The third stage introduced the structural walls, including the perimeter walls and
internal partitions, as part of the analysis. The inclusion of these wall elements had
a noticeable impact on the stress distribution. For the linear elements, the number of
members that reached their yield strength decreased to 99, and the maximum utilization
value reduced to 264%. A similar trend was observed in the shell elements, where the
number of members that passed their yield strength decreased to 23, and the maximum
tension value reduced to 151%. The addition of the exterior walls helped the unity of
structure to minimize the accumulation of stress in just cantilever parts and showed that
adding exterior walls helped better distribute the load, especially from the first floor. This
also decreased the torsion and bending. The previous stage showed massive tension in the
top part of the north and lower parts of the south cantilevers and the reduced concentration
of stress in the structure, especially in cantilevers, and it showed more balancing behavior
in the PDF of elements.

At the fourth stage, the analysis revealed an increase in the number of failed elements
under tension, but the maximum tensile stress was reduced to 182%. Interestingly, the
members under tension with the utilization value in the range of 50% to 100% had a less
promising structural role, while those between 100% and 150% experienced more failures.
Although the cantilever parts act in the most balanced way compared to the previous stages,
this highlighted the need for a more targeted approach to address the stress distribution
across different zones of the structure. For shell elements, the result is much more efficient
as the number of elements that have passed the yield stress decreased to 12. Because of
cantilever parts, the probability of elements hardly reaches a straight balanced line.

The final stage of the analysis involved the use of the optimization component in
Karamba-3D to determine an optimal range of cross-sections for the structural members. By
assigning smaller cross-sections to members under lower stress and larger cross-sections to
those under higher stress, a more uniform stress distribution was achieved. The result was
a refined design where the linear members under tensile stress above 30% of the utilization
value experienced similar and balanced stress levels. The maximum collaboration between
the structural elements led to a stable and balanced structure, with the maximum utilization
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value reaching 88% for the linear members and 92% for the shell elements. The most
significant tensile stresses were observed in the exterior ring for 1.70 kN/cm2 of beams
where the curvature changes and in the cantilever regions where the maximum wind load
pressure is exerted.

The iterative analysis process, including cross-section optimization, wall inclusion,
and stress-based zoning, led to a significant improvement in the structural performance
of the MHUs. The final design effectively addresses the unique challenges posed by the
Martian environment, ensuring the structural integrity and resilience of the habitat (also
see Figure 17).

Figure 17. Optimization process and solutions during the primary set of analyses. (a) Pre-analyzed
proposed structural components, exceeding the maximum utilization rate. (b) Addition of extra
columns to the outer envelope to reduce the utilization rate, and (c) rectangular column utilization rate,
exceeding 100%. (d) Cylindrical column utilization rate with better results compared to rectangular
ones and subcritical behavior.

Upon examining the top view of the stress analysis results of beams, it is evident that
two distinct types of behavior exist, namely, the interior and the exterior beams.

Beams that are in direct contact with the outside, such as those found on the +8.00 and
+12.00 stories, experience greater stress levels. In these elevations, most interior beams are
under tension. This phenomenon demonstrates the impact of interior/exterior pressure
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on the bending of the structural members, occurring in the opposite direction to that of
the bending stress experienced by structures on Earth. The stress on joints in interior
beams is only compression, which results in moment joints that alter the stress experienced
by the member to compression. On the other hand, exterior beam rings experience a
combination of weight, internal/external pressure, and wind pressure. These beams exhibit
symmetrical tension and compression stress along a horizontal line. The right side of the
ring experiences a higher level of bending stress due to external wind pressure applied to
the right part of the exterior surface in the analysis process.

The stress in columns on the structured set for Mars shows mainly tension, which
can be attributed to the internal/external pressure acting on them, as shown in Figure 18.
Columns on the structure act as ropes that restrain beams in their place due to inter-
nal/external pressure. This pressure has a significant effect on the structure as a whole. It is
essential to consider this factor while designing and constructing any building or structure
on Mars.

While analyzing the stress in columns, it is interesting to note that columns between
stories at elevations 4.00 and 8.00 m, which are not in touch with the exterior, are under
compression. This indicates that weight cannot be underestimated while designing struc-
tures for Mars; however, based on the reduction in tensile utilization of 1149% for linear and
839.84% for shell components at the third stage, it mostly shows itself in terms of higher re-
sistance to the interior/exterior pressure differences. The internal/external pressure acting
on exterior boundaries, including linear and shell components, plays an important role in
determining their stress levels. It is evident that the stress distribution on the top of the
floors is a complex phenomenon that involves both tension and compression. The tensile
stress between columns is a critical factor that determines the impact of internal/external
pressure and weight where the column is located, resulting in the tie effect of the columns.

Upon closer examination, it becomes evident that the floor situated between the garden
and the exterior of the MHU is subjected to a significant amount of stress and displacement.
This particular floor is under tensile stress at its topmost point, which is indicative of the
impact of internal/external pressure on the +8.00-story structure, as illustrated in Figure 19.

In the structural design of MHU, members that face the open air play crucial roles
in ensuring their stability and safety. In this regard, the +12.00-story, which is in direct
contact with the outside environment, experiences significant stress and displacement due
to external factors such as wind and internal/external pressure. The tension at the top of the
floor is a clear indication of the internal/external pressure effect, which is more pronounced
than the impact of weight on the structure. To counteract this effect, columns act as ties
that keep the floor in place and maintain its structural integrity (Figures 20 and 21).

The impact of the external ring on the structural integrity of a building has been
observed to be significant. It has been noted that the stress levels are higher in areas where
the floor ring is linear in form as compared to those with curvatures. This observation
can be attributed to the use of curvature as a means to reduce stress on floors, thereby
enhancing their functionality, durability, and longevity. In conclusion, the incorporation of
curvature in MHU design can have a positive impact on its structural stability and should
be considered as an important aspect of architectural design.
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Figure 18. (a) Compressive and tensile stress rates on the horizontal structural members at three
different levels of the structure, varying from −1.68 to +1.70 kN/cm2. Negative numbers (i.e., red
colors) represent compression, and positive numbers and blue colors represent tension. (b) Utilization
rate for the mentioned members varies from −94.3 to 98.7%. (c) Displacement rate on the horizontal
structural members at three different levels of the structure, varying from 0.00 to 0.03 cm.
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Figure 19. (a) Compressive and extensive tension rate on the columns from two different elevations,
varying from −1.68 to +1.70 kN/cm2. Negative numbers (i.e., red colors) represent compression, and
positive numbers and blue colors represent extension. (b) Utilization rate for the mentioned members
varies from −94.3 to 98.7%. (c) Displacement rate on the columns from two different elevations,
varying from 0.00 to 0.03 cm.
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Figure 20. The displacement rate at three different levels of the structure varies from 0.00 to 0.03 cm.

Figure 21. Utilization rate on the slabs at three different levels of the structure, varying from −94.3
to 98.7%.

The design of building foundations follows specific guidelines set by standard codes,
which outline both serviceability and strength requirements. Serviceability criteria typically
focus on the overall settlement of the foundation, while strength criteria consider the
bearing capacity of the underlying soil or rock. According to the Rankine formula, in order
to prevent the foundation from being punched under the influence of the underlying soil
the minimum depth of a foundation Df is determined as:

D f min =
p
w

(
1 − sinΦ
1 + sinΦ

)2
, (11)

where p denotes the gross bearing capacity, w is the density of the soil, and Φ is the angle of
response of the soil.

Further, to solve the equation, the characteristics of Martian regolith are needed. The
amount of bearing capacity of Martian regolith is about 30–100 N/cm2 [89] on Mars, and
the amount of density is about 1.52 g/cm3 [73]. Also, the angle of repose of regolith soil is
considered 40◦ [90].

Based on the information provided, the calculation for the minimum depth of the
foundation resulted in a requirement of 5 cm. However, after considering various factors
and taking into account the confidence factor associated with the specific type of regolith
expected to be present in the project area (i.e., Melas Chasma, Valles Marineris), it has been
determined that a raft foundation with a depth of 20 cm is the most suitable choice, which
is illustrated in Figure 22. This decision ensures a higher level of stability and structural
integrity for the project, taking into consideration the unique characteristics and potential
challenges posed by the regolith in that particular location.
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Figure 22. The illustration of the bearing surface of columns in a raft foundation and its divisions.

Next, the foundation bearing surface for each column was determined by calculating
the weight of the structure using the total mass and gravitational acceleration on Mars.
Subsequently, the loading surface of each column was obtained using Voronoi geometry
principles, as depicted in Figure 22.

5.2. Structural and Architectural Collaboration

Upon the completion of the simulation process, it is imperative to ensure the alignment
between the structural 3D model of the MHU and the architectural 3D model. This
verification process necessitates an interdisciplinary collaboration in accordance with
Building Information Modeling (BIM) guidelines. To accomplish this, the structural 3D
model was exported from Karamba-3D and imported into a Rhinoceros v7.0 3D model,
representing the architectural design. The resulting collaborative models are depicted in
Figure 23, with red denoting structural elements and white representing other architectural
elements. The location of each column is also indicated in Figure 23 on both ground and
first floor plans, revealing clashes between architecture and structure that require attention.

Upon analysis of the collaborative model, it was determined that nearly 95% of struc-
tural elements were situated within the wall thickness. However, issues arose with columns
at the top and bottom of the first-floor plan, impeding corridors and necessitating redesign.
Figure 23 further illustrates how seamless interactions between structural beams and archi-
tectural walls at various heights allow for the incorporation of voids and stair boxes into
any hexagonal module of MHU plans. Furthermore, the modular design of the MHU has
facilitated construction from both architectural and structural perspectives. The continuous
hexagonal beam systems enable multiple 3D printers to operate simultaneously, while com-
pletion of the structural system in each floor allows for assembly of architectural elements
such as walls and ceilings guided by the structural beam system. Additionally, there are
a few interactions between interior glasses and columns that can be easily resolved by
adjusting the widths of the windows. Furthermore, the integration between the structural
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system and exterior glazed façade is optimized to maintain the desired window-wall ratio
(WWR) as determined by the design calculations.

 

Figure 23. Final structural 3D model (in red) implemented on the MHU architectural 3D model in
Rhinoceros 7. (Left) Structural columns, illustrated on the architectural plans to identify clashes.
(Right) The collaborative structural and architectural 3D models presented at five different levels to
identify beam and void clashes.
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Additionally, the thickness of the structural columns is carefully designed to align with
the thickness of the walls, ensuring that all structural elements are seamlessly incorporated
within the architectural walls and ceilings, minimizing any necessary alterations to the
architectural plans. Another noteworthy aspect of this collaboration pertains to facilitating
rover movement within the parking lot. A previous study by [1] outlines the size and
specifications of rovers for Mars conditions, including a designated area for their parking
in the architectural plans. The positioning of structural columns near this parking area has
been estimated not to impede rover mobility. Overall, this collaborative effort guarantees a
structurally sound final design that meets all architectural requirements for a successful
design of the Martian Habitat Unit (MHU).

From an alternative standpoint, opting for 3D printable material derived from Martian
soil for constructing the MHUs not only significantly reduces construction costs and
time but also enhances environmental sustainability (i.e., planetary preservation) while
respecting contextual design conditions. This approach also presents a strategic design
solution applicable to future Martian habitat architects.

6. Conclusions
The current project, defined based on the previous work of [1], further explored the

possibility and technicality of the construction methods of the therein proposed Martian
Habitat Units (MHUs) on the surface of Mars. As the initial idea of the 3D printing method
utilizing in situ resources to build the MHUs was an important design driver, specifically
apparent in the extreme modularity of the units, this manuscript investigated the advan-
tages of additive manufacturing (AM) technologies over the conventional construction
methods for space habitats and proved the feasibility of available materials to propose a
structural model by a detailed and thorough application of such methods to the specific
case of the MHUs.

The 3D printing construction method and in situ resource utilization were evaluated
to be an efficient solution considering the challenging environmental conditions of Mars
and possible threats to humans, as well as the logistics and transportation costs of space
missions. The capability of printing complex geometries and theoretically using any
available material made AM technologies seem more attractive for such a design from an
architectural perspective.

To provide a better frame of reference prior to the design of a structural model, the
extreme environmental conditions on Mars and their impact on construction technologies,
materials, and the final printed structure were investigated. To simulate the designed
structure, a set of prerequisites, including the mechanical properties of the material, had to
be discussed. For this, a thorough literature review was conducted to gather the material
properties proposed for space construction and specifically for 3D printing in deep space
settings. The structural analysis was then carried out with processed regolith into sintered
basalt, which is proposed to have a high tensile strength in comparison to other materials.
Furthermore, the effects of the exterior atmospheric flow field based on CFD analyses in
extreme cases of intense dust storms and with wind directions defined as the worst-case
scenario, as well as the internal/external pressure difference between the habitable area of
the unit and the Martian atmosphere, were discussed, representing the main loads acting
on the units. This resulted in reduced compressive stresses compared to Earth, and more
importantly, lower tensile stresses caused by the internal-to-external pressure differential,
as discussed in earlier sections.

Following the hexagonal patterns and progressive modularity introduced in the pre-
vious work [1], polygonal modules with square profiles were proposed for horizontal
structural components (i.e., beams), building an incorporated diaphragm for the floors
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while allowing consistent printing. The vertical components (i.e., columns) were designed
to have circular cross-sections. The proposed structure, its stability, and durability under
the loads were then simulated in the Karamba-3D plug-in for Grasshopper, where the cross-
sections and dimensions of the beams and columns were optimized based on the results
from the deformation analysis using an FEM-based method, which takes the buckling and
yield stress of the structural elements into account.

The structural research conducted in this investigation delved deeply into examining
and comparing diverse structural simulations in terms of shapes, sizes, and dimensions
that were limited by the constraints of architectural plan efficiency. Five different iterations
were made to achieve the stabilized structure. These stages were as follows:

1. Analyzing the loading using the custom setting;
2. Reshaping the cross-section of the axial components;
3. Adding structural role to exterior and garden exterior facades;
4. Dividing structural components based on their interaction with internal/external pressure;
5. Optimizing the range of cross-sections for structural components based on their

utilization value.

The result at each stage noted the impact of internal/external pressure on the structure.
It was found that the most effective steps among the abovementioned stages were in the
following order: (3) adding exterior walls, followed by the last (5) optimization stage, and
then (4) dividing structural components simulation. To put it in a quantitative manner,
a reduction in tensile utilization of 1149% for linear and 839.84% for shell components
resulted from stage (3). Stage (4) yielded a reduction of 81.49% for linear and 14% for
shell components, and stage (5) yielded a reduction of 182% for linear and 84% for shell-
type components.

After extensive analysis, the study ultimately revealed the most optimal configuration
for the MHU architectural design, presented at length in this manuscript.

In light of the challenges related to a Mars settlement, adopting a structural approach for
all components appears to be the most effective strategy, owing to its superior construction and
architectural efficiency. This approach also facilitates the use of smaller, more optimal elements.

Overall, achieving the desired targets in the structure needed in the Martian Habitat
Unit is commendable and represents a significant step toward establishing a permanent
human settlement on Mars.

Ultimately, it is important to consider that this work is carried out at a time when the
construction scale rapid prototyping is in its infancy and the accurate mechanical behavior
of Martian regolith is not only unavailable due to a lack of real samples from Mars, but
also the mechanical properties of a printed paste of the processed Martian regolith are
partially unknown. The durability of these printed materials under the instantaneous
impact of the Martian environment, and the possible stress/deformation between layers in
layer-by-layer printing requires more follow-up research to mitigate by using correct and
optimized printing sequences.
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Nomenclature

Latin Letters
A Area
B Strain-displacement
b Width
Cw Web height
D Cross-diffusion term
E Young’s modulus
f Force
fy Yield strength of the material
F External body force
Fe Element nodal forces
Fs Effective tension/compression
Gω Generation
G Shear modulus
ge Acceleration of gravity on Earth
gm Acceleration of gravity on Mars
H Energy
h Cross-sectional height
I Unit tensor
Ix Moment of area in the x-axis
J Mass flux
k Thermal conductivity
K Stiffness matrix
L Distance (lateral restraints of beam)—buckling
Lo Initial length (pre-load application)
M Bending moment
Mcr Elastic critical moment
N Normal force
Ncr Elastic critical force for flexural buckling
P Static pressure
p Gross bearing capacity
r Cross-sectional radius
S Source term
T Temperature
U Inlet wind velocity
u Global displacement vector
U* Friction velocity
υ Velocity component
W Moment of resistance
w Density of the soil
Y Turbulence dissipation
y Furthest perpendicular distance to the neutral axis
z Height
z0 Aerodynamic roughness length
Greek Letters
δ Total displacement
ε Basic strain
κ von Karman coefficient
σ Stress
v Kinematic viscosity
Γ Effective diffusivity
ρ Density
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τ Shear stress
α Buckling curve imperfection factor
χ Reduction factor
χLT Reduction factor for lateral-torsional buckling
Φ Angle of response of the soil
ϕ Over-strength factor
φ Factor to determine the reduction factor χ

φLT Factor to determine the reduction factor χLT
λ Buckling load
λLT beam slenderness (lateral torsional buckling)
γ Taper ratio of the beam-end sections’ height

Abbreviations
ADSM Anti-dust-settlement membrane
AM Additive manufacturing
AU Astronomical unit
CC Contour crafting
CFD Computational fluid dynamics
CHTC Convective heat transfer coefficient
FDM Fused deposition modeling
FRP Fiber-reinforced polymer
GCR Galactic cosmic ray
HAWT Horizontal axis wind turbine
ISRU In situ resource utilization
ISS International Space Station
MCD Mars Climate Database
MHU Martian Habitat Unit
MLI Multilayer insulations
MRS Martian regolith simulant
LSD Layer-wise slurry deposition
LSS Life Support System
RANS Reynolds averaged Navier–Stokes
SLS Selective laser sintering
SPE Solar particle event
TSA Temperature-swing absorption
Subscripts
DoF Degree of freedom
eff Effective
m Mass
SE Super extremal
ω Specific dissipation rate
y Yielding

Appendix A. Relevant Materials
In this section, a more comprehensive description of the state-of-the-art of the relevant

materials for space habitation and technology is presented.
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Table A1. State of the literature on relevant materials.
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Mechanical Properties

Remarks
Compressive

Strength [MPa]
Tensile

Strength [MPa]
Young’s

Modulus
[MPa]

Failure Other

JS
C

M
ar

s-
1A

G
ou

la
s

et
al

.[
91

](
20

17
)

Volcanic ash,
irregular

morphology.
For details,

grain size, and
chemical

composition,
see ref.

- - - -
Melting point

1330 ◦C.
24.3% porosity

- Additively manufactured test samples
with a selective laser melting machine
(powder bed fusion)

- Spectral absorbance values of up to 60%
within the VIS–NIR spectra

- High volatility (30% weight change)
- Poor packing performance
- Not suitable for powder bed fusion

3D printing

Ja
ku

s
et

al
.[

92
](

20
17

) Synthesized
Martian regolith

simulant inks
(MRS). For

details,
morphology,
and chemical
composition,

see ref.

- - 2–3

10–20% elastic
strain, fracture

at 50–175%
strain at approx.

0.2–0.3 [MPa]
tensile stress

with strain rates
10−1–102 min−1

35.5 ± 4.7%
porosity

- 70–75% by volume regolith simulant,
25–30% by volume elastomeric binder
polylactide-co-glycolide (PLGA), solvent
mixture that includes mainly
dichloromethane (DCM)

- 3D-printed samples (blocks) with
layer-by-layer deposition method

- Regolith ink compatible with a range of
nozzle diameters and extrusion pressures,
controllable fabrication resolution,
and rate

- Rapid solidification and bonding to
previously deposited layers, promising
for low gravity conditions

- Recyclability, possibility of ISRU
- Requires countermeasures to collect the

toxic vapors produced in manufacturing
and outgassing of the 3D-printed
sample (habitat)

M
M

S-
1

[7
5]

Fu
jik

aw
a

et
al

.[
93

](
20

19
)

Finely crushed
or sorted

granular basalt.
For details,

grain size, and
chemical

composition,
see ref.

- - - -

Internal friction
angle

37.1◦–46.0◦ .
Cohesion

3.8 −15 kPa.
Bulk density

1.2–1.5 g/cm3

- Investigation of geomechanical properties
with the drained direct shear test and
shear wave velocity test for soil samples
with different relative densities

- Comparison of the results with other
regolith simulants and the regolith found
on different landing sites on Mars
(see ref.)

Pe
te

rs
et

al
.[

73
](

20
08

) Mechanically
crushed

saddleback
basalt. For

details, grain
size,

minerology, and
chemical

composition,
see ref.

(Whole rock,
uniaxial)
89–144

(Whole rock,
Brazilian)

6.9–7.9
51,000–
59,000 -

(Rock, dust)
angle of friction

30.0◦–439.0◦ .
Cohesion

0.38–1.96 kPa.
Dry density

911–1384 kg/m3 .
(whole rock)

Poisson’s ratio
0.24–0.29

- Rock, sand, and dust samples
- No additives
- Comparison of the shear properties with

other regolith simulants and the regolith
found on different landing sites on Mars
(see ref.)

- Bulk properties and printability unknown

M
G

S-
1C

K
ar

le
ta

l.
[9

4]
(2

02
0) Clay modified

version of
MGS-1,

produced by
mixing 40 wt%
smectite clay
sodium mont-

morillonite

30.8 ± 2.47
(LSD) - -

For 30 LSD
samples with
16.89 ± 0.64%

apparent
porosity, the

Weibull
characteristic

strength is
53.53 MPa

True density of
2.951 ± 0.011

g/cm3

- MGS-1 is a Rocknest-based basaltic
Martian regolith. For more details about
its minerology, and chemical properties
see ref. and Cannon et al. (2019) [74]

- The amount of smectite in MGS-1C is
based on the hydrated clay reference case
from a NASA Mars water in situ resource
utilization study

- Prepared slurry is shaped using multiple
technologies, including slip casting (a
process where a liquid clay slurry is
poured into molds to form a solid layer)
and robocasting (an extrusion-based 3D
printing technique that deposits material
layer by layer). Other methods include
layer-wise slurry deposition (LSD)
coupled with 3D printing and
dry pressing.

- Clay materials are well suited for the LSD
process as their plasticity can
accommodate biaxial stresses, and this
method is feasible for ISRU

- Slurry with 5% smectite (MGS-1C/8)
printed with LSD, no crack formation

- MGS-1C/8 layers dry slowly, compared
to other ceramic slurries

- LSD shaping method with polymeric
binder has the highest compressive
strength in comparison to the
other methods
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Table A1. Cont.
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JE
Z

-1

Yi
n

et
al

.[
71

](
20

21
)

MGS-1
mineralogy,

smectite clay,
Mg-carbonate,
and additional

olivine. For
details, grain

size and
chemical

composition,
see ref.

- - - -

Peak and
residual
cohesion
<4 kPa.

Peak and
critical

internal friction
angles of 40.6◦

and 39.7◦

- 1D oedometer test performed on a dry
JEZ-1 simulant, to provide its properties
of compressibility

- Quite low compression index (Cc) and
swelling index (Cs), hence less
compressible and lower swelling soil

- Since water was not considered in this
paper, the interface direct shear test
samples are prepared by the dry
tamping method

Pr
oc

es
se

s
R

eg
ol

it
h

N
as

er
[7

7]
(2

01
9)

Processed
regolith into

cast and
sintered basalt

162–490
(Cast)

10 (Cast)
14 (Sintered)

73,000
(Sintered) -

(Cast)
Density

2900–3000 kg/m3 .
Thermal

coefficient of
expansion

7.7–8.6 × 10−6
◦C−1 .

Bending
strength 40 MPa.

Specific heat
500–800 J/kg K.

Thermal
conductivity

0.02–0.105 W/mK.

- Cast basalt is a black, amorphous, and
homogeneous solid with glassy features

- It can be produced through melting
or sintering

- Possibility of molding cast basalt into
bricks or plate-like structural units (slabs)

- From molten basalt at a temperature
range of 1250–1375 ◦C, it is possible to
produce fibers with high tensile strength
in the range of 2–2.9 GPa and Young’s
modulus of 80 GPa

- Molten cast basalt can be used in welding
- Sintering of basalt is dependent on the

achieved peak temperature
- A 100 ◦C rise in the peak temperature can

increase the strength of sintered basalt
from 3.4 to 14.47 MPa

- Sintering can be a fast construction
method since most specimens in the
study reached up to 90% of their
maximum strength within the first 30 min

- Although basalt has high resistance to
chemicals and abrasion, it might behave
brittle under tensile stress

- Cast basalt has large shrinkage
deformations during cooling that might
produce thermal cracking

- High hardness makes further shaping, for
example, cutting, very difficult

C
on

cr
et

es

Sc
ot

te
ta

l.
[9

5]
(2

02
0)

Basaltic
aggregates with

magnesium
silica binder.
For details,

see ref.

Up to 35 - - - -

- Magnesium oxide, amorphous silica, and
water combined with four different
basaltic Mars regoliths

- Mortar cube samples
- Air-cured or sealed samples showed

better compressive strengths than those
of the water-cured samples

- The carbonation of brucite to
Mg-carbonate utilizing Martian
atmosphere can increase the compressive
strength and densify the pore structure in
reactive MgO cement systems

- Challenging in terms of energy
requirement, mineral extraction
efficiencies, and the production of
concrete components on-site

N
as

er
an

d
C

he
ha

b
[9

6]
(2

02
0)

Polyester
concrete

54 11.6 11,000 -
Flexural
strength
15.1 MPa

- Use of polymers in space construction can
be beneficial due to their low overall
weight-to-size ratio for transport

- Polymers deteriorate under harsh space
environments (for details, see ref.)

- Polymers can be used instead of water to
cast and cure concrete

- The choice and amount of the
epoxy/resin binder, type of aggregates,
preparation method, and the degree of
adhesion developed between both
polymer binder and aggregates affect the
overall characteristics of the concrete

- Suitable for rapid construction
- The porosity of the polymer concrete is

comparable to ordinary concrete
- Addition of polyester fibers might reduce

the stiffness of concrete, but they seem to
increase the strain at which the
concrete fails

- Embedded steel and fiber-reinforced
polymer (FRP) rebars and glass powder
can improve the properties of polyester
polymer concrete

- Polyester concretes perform better than
epoxy concretes in
temperature fluctuations

Carbon
fiber-reinforced

polymer
concrete

30–69.2 - 11,500 0.1–0.2% strain
Flexural
strength
42.6 MPa

Glass
fiber-reinforced

polymer
concrete

64.8 - 10,800 0–17% strain
Flexural
strength

24–37.6 MPa

Epoxy concrete 17–129 16.3 15,000 1–11%
Flexural
strength
21.3 MPa
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C
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cr
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M
ez

a
et
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.[

22
](

20
16

)

Cement-like
aggregate
mixture of

basaltic regolith
and a

thermoplastic
binding agent

6.9 (lunar
simulant,

polyurethane
binder)

0.7 (lunar
simulant,

polyurethane
binder)

- - -

- Autonomous manufacturing,
printability unknown

- No water required
- For polyurethane binder production, N2

is required
- Production of simple plastic binders,

polyethylene, and polypropylene, on-site
using CO2 of the Martian atmosphere
and H2 of electrolysis

- It is assumed that the Marscrete can reach
similar tensile strengths

W
an

et
al

.[
54

](
20

16
)

Martian regolith
simulant JSC
Mars-1A and

sulfur mixture.
For details
(see ref.)

Up to 50
(Brazilian/splitting)

up to
3.9 ± 28%

65,000
(LDPM) -

Highest fracture
energy 67 J/m2 .

Modulus of
rupture (MOD)

7.24 MPa.

- Three-point bending, unconfined
compression, and splitting tests
conducted on cubic/bulk samples

- The concrete is simulated by the lattice
discrete particle model (LDPM); for
details, see ref.

- Strength reaching similar or higher levels
of conventional cementitious concrete,
optimal volume percent of 50% sulfur

- The rich metal elements in Martian
regolith simulant and their reaction with
sulfur during hot mixing, forming
sulfates and polysulfides, further increase
the strength

- Fast curing
- Low temperature sustainability
- Acid and salt environment resistance
- Recyclable

Appendix B. CFD Governing Equations
Generally, the analytical approach toward the motion of a bulk of fluid is described

by fundamental conservation principles: namely, conservation of mass (also known as the
continuity equation), conservation of linear momentum (also known as the Navier–Stokes
equation–fluid flow equivalent and manifestation of Newton’s second law of motion), and
conservation of energy (also known as the first law of thermodynamics).

Since the direct analytical solution of the Navier–Stokes equations is not possible,
and even with some simplifications, they tend to be quite costly and time-consuming, it
is routine for CFD purposes to set the approximation of the system of equations to the
flow problem. RANS (Reynolds averaged Navier–Stokes) has been suggested and used
in the current research as a well-known method of approximation. RANS equations are
derived by averaging the Navier–Stokes equations. And as one distinguishes between
the general terminology of RANS, referring to the entire branch of averaging over Navier–
Stokes equations, with the more specific usage of the term RANS, using time-averaging for
statistically steady flows, in contrast to the unsteady RANS (i.e., U-RANS) approach, using
ensemble-averaging for time-dependent flows. As the steady RANS approach has been the
basis of the numerical investigations performed for the current research, the following set
of equations are utilized:

∂ρ

∂t
+∇·

(
ρ
⇀
v
)
= Sm (A1)
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ρ
⇀
v
)
+∇·
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(
=
τ
)
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⇀
g +

⇀
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∂
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⇀
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)
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(
ke f f∇T

)
+ S (A3)

=
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[
[∇⇀

v +∇⇀
v

T
]−

(
2∇
3

)
·⇀v I

]
(A4)

The flow condition in the current research could be best described as a surface-
mounted bluff body exterior flow field, hence 3D flow conditions, at least in near-wall
regions. In addition, the low viscosity and tedious atmospheric conditions of the Martian
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surface lead to large wake regions behind the body, leading to secondary and tertiary
flow adaptations.

To address the mentioned flow/geometry case, in terms of thoroughly obtaining of
the flow, using RANS equations would not be enough, since they only address the mean
flow components. To be able to solve for the turbulent fluctuation terms in the equation
unknowns, one needs to use turbulent models. Given the pressure gradients and swirl
behavior of the flow, as well as sharp bifurcations and expansions of the geometry sections,
leading to separation and reattachments in the flow field, the kω SST model has been
chosen in this manuscript. The model combines the accurate formulation of the kω model
in the near-wall regions with the free stream independence of kε model, suitable for the
problem at hand [97,98]. The transport equations of this model are as shown below;

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

(
Γk

∂k
∂xi

)
+ Gω − Yk + Sk (A5)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xi

(
Γω

∂ω

∂xi

)
+ Gω − Yω + Dω + Sk (A6)

Appendix C. FEM Governing Equations
The primary goal of a structural component design optimization is to reach a trade-

off between the consumed material (i.e., the mass) and the displacement of the given
component. The basis for the matrix displacement method is defined by the stiffness
relation for the entire structure, as Fe = K·u [99]. In this context, the Vandermonde matrix is
of great importance in applied matrix theory and many relevant applications [100].

Finite element method (FEM) formulae play a crucial role in structural analysis for
building design and evaluation. FEM is a numerical technique that breaks down complex
structures into smaller and more manageable elements, allowing one to accurately predict
their behavior under various loads and conditions. FEM is commonly used to analyze
beams and columns, in which they are discretized into a series of smaller elements, and the
equilibrium equations are then solved to determine the internal forces and deformations.

To delve into the governing principles of the FEM, the following presents the funda-
mental definitions [101]:

Buckling resistance, in compliance with NEN-EN 1993-1-1, art. 6.3.1.2. is defined as;

χ =
1

φ +
√

φ2 − λ2
, (χ ≤ 1.0) (A7)

and
φ = 0.5

[
1 + α

(
λ − 0.2

)
+ λ

2
]
, (A8)

where,

λ =

√
A f y

Ncr
, (A9)

Ncr =
π2EI

L2 (A10)

In line with the requirements of the Karamba-3D, the lateral torsional buckling resis-
tance is defined as;

χLT =
1

φLT +
√

φ2
LT − λ2

LT

, (χLT ≤ 1.0) (A11)

and
φLT = 0.5

[
1 + αLT

(
λLT − 0.2

)
+ λLT

2
]
, (A12)
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where,

λLT =

√
Wy fy

Mcr
, (A13)

Mcr =
π

L

√
ELz(C + π2 Cω

L2 , (C = GIt, Cω = EIω) (A14)

The two abovementioned concepts (i.e., buckling resistance and lateral torsional
buckling resistance) are used to measure the stability of elements, as;

NEd
xz NRK

γM1

+ kyy
My,Ed + ∆My,Ed

xLT My,RK
γM1

+ kyz
Mzy,Ed + ∆Mz,Ed

Mz,RK
γM1

≤ 1 (A15)

and
NEd

xz NRK
γM1

+ kzy
My,Ed + ∆My,Ed

xLT My,RK
γM1

+ kzz
Mzy,Ed + ∆Mz,Ed

Mz,RK
γM1

≤ 1 (A16)

NEN-EN 1993-1-1, appendix B, is used to obtain the interaction values for the cross-
section coefficients (kyy, kyz, kzy, kzz). To solve for the stresses and deformations in the walls
and floor elements using FEM, a computational grid (e.g., a triangular mesh system) could
be utilized. The demand in the analysis for the floors is to determine the bending moments,
shear forces, and the deflections experienced by the floor slab. In this light, the respective
stiffness matrix is given by [K] = [B]T[D][B]A·t, and the stress distribution σ = B·D·u, where
σ is the stress vector, [B] is the strain–displacement matrix, [D] is stress strain matrix and
u is the displacement vector, A is the surface area of the element and t is thickness of
the element.

Appendix D. Construction Plan—Additive Manufacturing
Based on the literature review of existing case studies, a 3D-printed monolithic shear

wall is considered as the structural solution for the exterior envelope. While AM technology
would accelerate the process of construction, some highlights should be considered. The
typology of the structure would have the main role in this process, and the suggested
solution is to create a continuous wall that could resist inner pressure and wind loads.
Also, the wall will be designed to act as an integrated element and minimize linear and
non-linear displacements.

As the design of the columns, beams, and the foundation of the unit were the focus
of this paper, given that the analysis with the chosen material proved to withstand the
loadings explained in Section 3 without yielding, the AM technology is the most preferable
construction method, as long as the mechanical properties of the printed paste are consid-
ered homogeneous, and the possible failures initiating from the contact surface of its layers
are negligible. Pre-programmed nozzles extruding the material in a layer-by-layer manner
with a fast-hardening binder to consistently print the beams and columns are suggested
to be used. A harmonious printing of the exterior envelope and the structural system
in a controlled environment (pressure and temperature) is of importance to decrease the
chances of future failures of the fully constructed unit.

The interior walls of the unit can be later printed with more flexibility regarding
the material choice, planning, and based on the needs of the crew. The choice of lighter
material considering the overall structural weight, or the use of tailored material to perform
a specific functionality in a specific part of the unit, as well as the possibility of maintaining
the interior of the units, are some of the advantages of this decision. Furthermore, in com-
parison to the initial 3D printing steps, which require multiple robotic arms on large scales,
the partitioning walls inside the unit can be printed with smaller and slower machines.
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