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1. Introduction

Y 2028 NASA seeks to deploy surface construction technologies for the development of a permanent lunar base.

While lunar construction will undoubtedly depend on multiple advanced construction technologies working in-
concert, NASA has committed to developing in-situ resource utilization (ISRU) additive manufacturing (3D-printing)
capabilities with excavation and handling technologies to realize surface-site elements. Large-scale additive
manufacturing technologies will be applied to autonomously construct surface infrastructure prior to a crew’s arrival.
Multiple sheltering aspects will be needed for early settlements to reliably protect crews against radiation, micro-
meteoroids and provide exhaust plume protection during subsequent launches. Future precursor missions depend on
safe, durable, and protective housing and infrastructure and will rely on ISRU-based additive manufacturing to
construct landing pads, roads, berms, garages, and habitats.[!!

NASA’s Moon to Mars Planetary Autonomous Construction Technologies (MMPACT) is a program developing,
delivering, and demonstrating on-demand capabilities to protect astronauts and create infrastructure on the lunar
surface via the construction of landing pads, unpressurized and pressurized radiation shelters, roadways, berms, and
blast shields using regolith-based materials. Project Olympus is ICON’s multi-year initiative to develop an
autonomous, large-scale construction system capable of manufacturing both horizontal and vertical construction
typologies and surface infrastructure on the Moon and eventually Mars.

In 2020 ICON was awarded an SBIR contribution from MSFC to contribute to the MMPACT program, and
employed SEArch+ to develop design schematics for mission-critical surface construction elements for a permanent
lunar settlement. The design process was informed by discussions with key ICON engineers and NASA collaborators.
The exchange not only ensured the constructibility of designs according to presently known hardware and material
processing limitations, but the architectural process was also able to influence and shape hardware requirements and
technology capabilities as they were being defined. This model of leveraging the design process to inform systems
requirements represents a novel and necessary workflow for accelerating the realization of human habitation concepts
within the aerospace industry.

A. Regolith Surface-Site Construction Activities

Future missions to the Moon and Mars will require the use of in-situ planetary materials for the construction and
manufacturing of habitats and infrastructure, as use of local and indigenous construction materials will drastically
reduce launch and transportation mass. Payload mass-optimization is the principal rationale for ISRU manufacturing
of materials, technology, and resources supporting autonomous surface habitat construction. Before 3D-printing is
deployed for infrastructure development, site establishments will rely on construction machinery for excavation,
leveling, grading, and terrain preparation. Regolith 3D-printing methods and construction activities have previously
been surveyed and evaluated in workshops and design reference studies, such as at the W.M. Keck Institute for Space
Studies in 2016.71 A variety of extrusion deposition and layered in-situ binding mechanisms have been considered
and compared, such as: cementitious, fused-deposition method, microwave melting, powder spray, laser sintering,
solar sintering, and selective inhibition sintering, among others.

B. Critical Infrastructure Elements

A shortlist of critical surface site infrastructure elements was derived from prior research to inform the scope of
this study, including the availability of power sources and power generation, landing systems, propellant production,
ISRU production, as well as site excavation and preparation activities. Lunar surface construction technologies must
support the manufacturing of critical infrastructure elements such as: landing pads, rocket engine blast protection
berms, garages, roads, dust-free zones, equipment shelters, and of course human habitats and radiation shelters. 3D-
printing provides unprecedented versatility to manufacture a wide range of structural geometries on-demand. ISRU
capabilities are necessary to an overall mission architecture in which multiple technical discipline elements such as
mobility, material processing, product storage, and distribution are connected and tied to other systems.”) ICON’s
construction system is planned to first demonstrate capabilities to manufacture critical horizontal structures such as
roads and landing pads, followed by demonstrations of critical vertical structures including unpressurized radiation
shelters as well as habitats.

C. Phased Development Timeline

Not only will regolith construction capabilities (including excavation and material processing) need to advance
significantly from the current state-of-the-art to deliver autonomously constructed habitats, but it is probable that
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foundational surface structures will be constructed using a combination of structural typologies and construction
methods (see Figure 1).
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Figure 2. Roadmap demonstrating parallel paths between regolith construction capabilities milestones and
phased development milestones for the construction permanent lunar infrastructure.

Research pushing towards the realization of 3D-printed surface habitats will advance in parallel with technology
development in construction robotics, ISRU capabilities, and autonomous systems. NASA has designated three classes
of space habitat paradigms: Class I consists of hard-shell modules pre-integrated on Earth (i.e. the ISS), Class 11
habitats are prefabricated and surface-assembled modules (such as inflatable structures), and Class III space habitats
utilize ISRU for the autonomous construction of structures that integrate with Class I and II modules." Currently 3D-
printed ISRU surface habitats constitute a later-stage initiative with multiple technology milestones needing to be met
prior to realization. These milestones include capabilities for printing at greater tangent overhang angles, multi-
material printing of composite layups, and the deposition of a non-porous material or installation of a material liner
capable of creating a hermetic seal to maintain pressurization (see Figure 3). The current project assumed a 20°
tangent-overhang angle as a constraint. Foundational habitats planned by the Artemis program will likely consist of
Class I and Class II modules. To advance the viability and technology readiness of additively manufactured ISRU
surface habitats, technology development not only depends on the additive deposition technologies themselves but
likewise in the robotic integration of pre-integrated hard-surface modules and precision-manufactured elements
launched from Earth.

Additive manufacturing on the lunar surface will occur in multiple phases of development (see Figure 4), aligning
with expansion of the lunar base itself as well as multiple phases of crewed lunar exploration. Anticipating
autonomous robotic operations, initial cargo arrivals will support robotic activities on the lunar surface and precede
the arrival of the first crew. Activities supporting robotic site excavation, materials acquisition, and power generation
will almost certainly precede regolith construction activities. Sequencing of regolith surface construction activities
will depend in large part on integration and interfacing with ISRU activities as well as available power resources.

II. Site Analysis and Master Planning

Architecturally, the project assumed a site-agnostic strategy due to the lack of resolve in regards to landing
locations at the lunar South Pole."®! Despite the fact that site selection may not occur for some time, the design team
remained cognizant of the fact that inherent features (topological and otherwise) of the immediate landscape not only
impact the design of a foundational habitat, but pose dramatically different concepts of operations (ConOps) for the
deployment of surface site infrastructure, adjacencies and distances between resources, as well as surface exploration
activities (such as geo-planetary science, ISRU propellant production, etc).
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A. The Lunar South Pole

NASA has selected the lunar South Pole for initial Artemis missions. Possible landing locations and regions of
interest for future exploration missions have been evaluated by Flahaut et al.[%! In this research, case studies
demonstrate that precise landing site selection is highly mission-dependent. NASA is interested in the South Pole for
geologic research and in light of increasing evidence for cold-trapped water-ice and volatiles in the region.[) Flahaut
et al. note that illumination and Earth visibility at the South Pole nonetheless remain limited and will strongly impact
future mission scenarios.! The presence of a highly varied topography at the South Pole presents a challenge which
greatly differs from Apollo missions. The nature of seismic activity in the South Pole is comparatively unknown to
the mid-latitude regions. But from the limited data we have, one moonquake of Richter 3 magnitude has been observed
near the South Pole. As opposed to the 14 day-14 night cycle in the mid-latitudes where the Apollo missions were
carried out, being in the polar regions forces us to consider how to design within permanently shadowed regions,
permanently lit regions, and everything in between. The perceived day-night cycle for a given region depends greatly
on the topography of the area and its surroundings. Construction strategies are hence difficult to generalize for this
region—apart from obvious suggestions to place solar power collectors in highly lit areas. The extremely low Sun
angles around the poles may result in uneven heating of infrastructure. Also, the regolith in the south pole has different
geological and mineralogical characteristics; while the Apollo missions were in the Maria (and/or basins), the south
pole is in the Highlands.

B. Site Analysis & Preferred Landing Site Criterion

Site data analysis began with studying imaging from the Lunar Reconnaissance Orbiter (LRO) maps. A site
analysis was conducted to determine high-value potential landing site locations that also met site planning
requirements. Different site locations at the South Pole introduce different potential advantages for construction; for
example, some sites around the ridges between the Shackleton crater and De Gerlache have high solar energy that
exceeds 90% illumination over the course of a year. Other permanently shadowed regions (PSRs) at the bottom of
craters are known to contain ice deposits. In contrast, other sites have flat topographical features which could ensure
better maneuvering for rovers and construction robots.

An integrated analysis was initiated by overlapping the following lunar maps: illumination, topography, and
temperature (see Figure 5). Multiple maps were analyzed by pixelating LRO imaging and assigning numerical values
according to color. An approximate area of 140,000 m x 140,000 m located near Shackleton crater was analyzed
according to this method. A grid of 100,000 points with assigned numerical values for elevation was generated to
compare illuminance, topography, and temperature data within the region. Minimum and maximum values were
assigned by color, and the maps were graphically “layered” to parse and identify preferred site locations with the
lowest temperature deviation, highest illuminance, and minimal slopes. Minimal temperature deviations, greatest
illuminance, and flatness of the topography served as the primary criterion for site analysis.
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Fi;gure 6. Left: Lunar Reconnaissance Orbiter maps. Center and right: Graphic showing how numerical
illuminance, topography, and temperature data from the Lunar Reconnaissance Orbiter maps were layered
and quantitatively parsed to identify preferred site locations.

An additional selection criteria was then assigned to further refine site selection results. Using an algorithm-based
model, we created a tool that highlights flat sites with green, high illumination sites with yellow, and PSR with green.
The criteria evaluated 100 test points (a 2 x 2 km geographic area) from the previously generated grid and identified
regions with the following characteristics: flattest terrain (more than 80% of site has a slope less than 5.0 degrees),
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maximum illumination (more than 50% of site has illumination more than 90% of year), and least temperature
deviation (more than 60% of the site has a temperature deviation less than 200 K) (see Figure 7 right).

III. Requirements Definition: A Lunar Base

A. Methodology & Assumptions

The research methodology used to arrive at requirements for master planning consisted of the following:
application of baseline principles to site data analysis, evaluation of research precedents and case studies, followed by
identification of mission-critical operations, task activities and functions, and designation of rules and principles
relative to zoning and expansion. Zoning and expansion rules included sequencing requirements for a phased
development timeline, required safety or keep-out zones, required program adjacencies, and minimum/maximum
travel distances. Adopting design principles developed by Sherwood et al., baseline principles and assumptions for a
permanent lunar outpost within our study included: adaptability (accommodating off-nominal conditions), flexibility
(adapting to changing requirements), resilience (accommodating failure), and multi-use (commonality and reuse of
hardware and product elements).l”! Functions of a lunar base and facilities to be included in a master plan were
evaluated based on research by Koelle et al., including: support for lunar science and technology activities (such as
operation of laboratories, observatories), ISRU production of raw materials (such as resource mining, beneficiation of
lunar soil, and production of gases, raw materials and feedstock), manufacturing of end-products and commercial
services (such as manufacturing of structural components, propellants, energy for export), and direct support
operations (such as supervision and control of equipment, communication services, data management, housing of
crew, health and recreation for crew, maintenance and repair of facilities and equipment, etc).!®! Earth-brough lunar
surface elements were evaluated based on a study by Bodkin et al., which considered multiple utility rovers for
construction and maneuvering of base components (habitat modules, airlocks, and cargo containers) on the lunar
surface.[! Additional principles informing requirements for the design and planning of a lunar base focused on: safety,
efficiency, and expandability.['”’

B. Historical Precedents and Case Studies

The research phase of the project considered several precedent projects and examples of lunar bases, both historic
and contemporary. Multiple examples of lunar base designs were evaluated and studied according to their specified
and selected infrastructure elements, equipment and assets, site planning strategy, architectural approach, construction
sequencing approach, as well as number of anticipated crewmembers.

1) Project Horizon
Project Horizon was evaluated for its distinct approach to lunar outpost design. The semi-hypogean U.S.
Army base, made of Class 1 horizontal modules, is covered in loose regolith to shield against radiation. The
L-shaped master plan is site-agnostic, and it's built around the safety constraints.
2) RLSOI1 and RLSO2
RLSO1 was evaluated for its use of robotic operations on the lunar surface. Some of the key takeaways of
this analysis included: the need for a gantry-like asset which could perform multiple functions, the existence
of traffic routes highly influenced construction timelines, and lastly base assets must remain protected from
lander jet debris.
3) McMurdo Station
McMurdo Station was evaluated for its master planning approach within an extreme environment. What
started out as a geometric and symmetric site plan with modular structures gradually evolved towards
adhering to Antarctica’s natural topography, and fewer sloped roads and more compressed habitats were
ultimately built.
4) Other Projects
Other projects evaluated as precedent case studies included NASA’s Constellation program, ESA/Liquifer’s
Regolite project, and ESA/SOM’s Moon Village. Regolite in particular was evaluated for its use of solar
sintering and the design of an unpressurized, self-supporting additively manufactured shield.!'!] Orbital’s
lunar infrastructure design was evaluated in regards to its approach to habitat programming and
functionalities as well as circulation studies.[’’ A variety of mobility platforms were evaluated and considered
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to support the Olympus construction system, including ATHLETE’s use within the Constellation program.!

The final hardware configuration for the Olympus deposition system may be seen in Figures 6 and 22.

C. Master Planning & Expanding on RLSO2

The design team applied the preferred site locations identified within the site analysis phase to three planning and
phased development schemes developed by RLSO2.['*1 Within RLSO2, criteria for site planning and expansion
depended on access to natural features of the landscape (in this case Shackleton crater) for ISRU water mining,
excavation, and propellant production. The three site options presented by RLSO2 introduce different options for base
location: option one is within the Shackleton crater (permanently shadowed region), option two is on the rim of
Shackleton crater (permanently lit region), and option three is several kilometers away from the crater rim
(permanently lit region). The three options within the design team’s development and adaptation of RLSO2 also
introduce different concepts for: excavation locations (two options are within permanently shadowed regions and one
a combination of shadowed/lit), regolith characteristics (based on whether there is a higher or lower anticipated
concentration of water-ice), and power transmission methods.
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Figure 8. Left: Three possible ﬁiannilng strategies and a phﬁsed development approach aopte from and
based on RLSO2. Figure 9. Right: Further refined site selection based on additional criteria applied to 2 x 2
km test points at the South Pole.

D. Planning Requirements

The research on historical precedents and case studies was used to determine a logic for zoning and expansion.
Zoning adjacencies, minimum travel distances, and safety keep-out zones were determined from these analyses. A
planning manual was developed to document initial dependencies for the locations of surface infrastructure elements.
For example, lunar landing pads would benefit from being close to an initial Lunar outpost’s critical infrastructural
elements to allow for efficient off-loading of goods and resources. While logistical proximity to infrastructural
elements would increase, safety and keep-out distances must nonetheless be considered.

IV. Printing Horizontal Structures: Lunar Landing Pads

The design and construction of lunar landing and launch pads ranks as a high-priority element of strategic
infrastructure to be constructed on the surface of the Moon. To develop civil infrastructure on the Moon and eventually
Mars, repeated visits to the same location will be necessary. Landing pads on the Moon would prevent regolith dust
from sandblasting other infrastructure at 3 km/s, which would spread over the surface of the Moon and even enter
lunar orbit.!'*! A landing pad provides a stable zone for a lander’s touchdown and would deflect exhaust plumes
without excavating a hole under the lander.['*! The Artemis missions will require increased capability over previous
Apollo missions for accurate descent and landing systems with greater abilities to detect and avoid hazards.
Autonomous space landings and precision landing to a prescribed target on the Moon will present additional
challenges unmet in previous spaceflight missions—and the construction of landing pads from in situ resources will
mitigate risks posed by frequent and repeated landings to locations close to a lunar outpost.
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Figure 10. Left: Schematic representation of landing pads designs. Figure 11. Right: The Olympus
construction system 3D-printing a landing pad.

A. Landing Distances: Principles & Rationale

Lunar landing pads would benefit from being close to an initial lunar outpost’s critical infrastructural elements to
allow for safe and efficient off-loading of cargo, goods, and resources. While logistical proximity to infrastructural
elements would increase operational efficiency, standoff distances ensuring habitable and occupiable structures’ safety
remain a critical constraint in site planning. Not only do standoff distances need to be far enough to protect outpost
structures from damage against rocket plumes, but also from the acceleration of dust particles during landing and
launch. Because high-velocity dust impacts are incredibly damaging to hardware, keep-out zones are of extreme
significance. Current research is not yet able to define safe landing distances; while NASA guidelines define an
arbitrary 2-km keep-out zone, larger landers may require larger keep-away distances, and sensitive equipment may
require additional keep-out specifications.

High-velocity dust impacts are a significant design driver for landing pads. As dust particles become airborne, they
can accelerate to supersonic speeds and travel beyond the lunar surface and enter into orbit. We have evidence
demonstrating that larger particles, traveling at supersonic speeds, eject at a lower angle of 3 degrees, and slower,
smaller particles eject at a higher angle closer to 17 degrees.!'>) Smaller particles are more subject to intra-particle
collisions, slowing down the travel speed and giving rise to more complex trajectories. Current research indicates that
the majority of ejecta can be contained with a blast wall at the height of 17 degrees.!'*! Additional variables driving
landing distances include the landing accuracy of the descent vehicle as well as the size and thrust of the rocket.
Current computational landing accuracies of 100-m!'®! necessitate a fairly large landing pad—but as landing accuracies
improve, landing pads may become smaller and more efficient. Recent studies indicate 25-m as an achievable landing
accuracy using a system of surface beacons.!”!

BLAST WALL

DUST TRENCH

CENTRAL PAD

EXTERNAL RING

M Supersonic Ejecta (3°)
Subsonic Ejecta (3°<x<17°)

Figure 12. Left: Diagram of the anticipated path of supersonic ejecta between 3-17 degrees from point of
touchdown, and the path of supersonic ejecta at 3 degrees from point of touchdown. Figure 13. Right:
Components of landing pad design including: blast wall, dust trench, central pad, and external ring.
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Figure 14. Three landing pad sizes proposed within the design process. The red dashed circle denotes a 100-m
diameter based on recent computationally-modelled landing accuracies determined in research, and the orange
circle denotes a 25-m diameter zone, assuming improved landing accuracy with beacons.

B. Landing Pad Conceptual Design & Construction Methods

This study expands on prior research differentiating the touchdown or center zone of the landing pad from the
immediate area surrounding it, described as a secondary zone.'¥l Four main components for a landing pad are
introduced including: multi-material concentric rings for the central landing surface, a blast wall, a support berm, and
a dust trench. Within this study, multiple construction options were considered including: a continuous sintering
method, paving options which include a solid paving surface, the creation of interlocking paver elements, and a layer
of 3D-printed gravel aggregate. Further study of how solid paving, 3D-printed gravel, and interlocking pavers behave
is needed before a final recommendation is made. Pavers have been studied and prototyped in current research such
as in NASA’s collaboration with PISCES; however additional research is required to determine the exact shape, size
and thickness recommended for a durable paver.['’]

o
NmANmANmANE

Figure 15. Left: Ideation relative to horizontal construction. From top left. loose gravel and rocks of various
sieve sizes which could be manufactured using the Olympus construction system, stacked pavers for use within
landing pad designs, pile pavers (center), sidewalls adjacent to roads which could be modular components or 3D-
printed regolith (far right). Figure 16. Right: Concept for robotic emplacement of surface pavers.

Blast walls are a critical functional element of the landing pad. Our study introduces several blast wall options,
including a continuously sintered wall, a wall constructed of sintered stacked pavers, and a 3D-printed “box”
formwork filled with loose regolith. The blast wall design may include an angled dust barrier or wall with a height
determined by the 17 degree angle requirement!!> and a dust trench that would collect most of the supersonic ejecta
for later removal. While an understanding of the physics of plume effects drives the design of the blast wall and dust
trench, additional trade studies are required to validate these approaches and determine a final recommendation.
Additionally, a thorough understanding of the relationship between deposition time and feedstock quantities needed
for each design will enable a more successful trade study to be conducted.
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Figure 17. Three design options for landing pad blast walls. The options represented include: a continuously
sintered wall (left), stacked pavers (center), as well as a sintered formwork filled by loose regolith (right).

C. Environmental Conditions Affecting Landing Pad Construction

Several environmental factors guide the design of a lunar landing and launch pad including but not limited to:
temperature swings associated with day/night cycles, a site or location within permanently shadowed or permanently
lit regions of the Moon, seismic activity, anticipated frequency of micrometeorite impacts, as well as materials
degradation due to thermal swings. Traditional building methods of expansion joints and saw-style cuts may be
valuable mitigation strategies to address thermal stress. The introduction of spaces between pavers to allow for
expansion and contraction may relieve stress on 3D-printed surfaces and could also channel rocket plume and its
associated ejecta toward a blast wall and dust trench. Additionally, using various patterns of alternating or layered
contour and deposition tool paths may more reliably control materials failures in 3D-printed horizontal structures.
Specifying alternating tooling patterns within a 3D-printed layup may improve strength properties and assist with
understanding failure points.

D. Final Design Directions

Two design directions, titled the “sunflower vault” and the “eyelashes” directions, were down-selected at the
conclusion of an iterative concept phase. Both designs provide countermeasures to blast ejecta using different
strategies. The sunflower vault uses a continuous printed circular wall to contain the ejecta, offering different rebound
angles according to the different sizing of the regolith particles: the biggest ejecta will fly on a lower angle but at
supersonic speed while the lighter, slower ejecta will fly at an higher angle. The circular wall is shaped in radial petal-
vaults, designed to slow the regolith and collect it on the ground where it can be collected by an autonomous robot.
Following wall completion, loose regolith may be dumped on the exterior ring to add structural integrity and
penetration protection from the fastest ejecta particles. Three tunnels built radially around the landing area allow
access to the pad. The three tunnels are oriented on the tangent angle with the internal wall circumference to limit the
spread of regolith in the access paths.
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Figure 18. Sunflower vault landing pad design. Left: axonometric. Right: section.

The second proposed design, named “eyelashes” performs by absorbing ejecta. The aim of this concept is to force a
high level of particle interactions and create a “cloud” of regolith that will exhaust the potential energy in intra-particle
collisions. To achieve this objective, a ring will be excavated around the landing pad, after which a pattern of sintered
regolith pillars will be constructed to stimulate the particle interaction in a specific area. The exhausted particles will
sequentially fall into the collection ring. This direction may require less printing time, but will likely filter fewer
particles compared with the sunflower vault option.
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Figure 19. Eyelashes landing pad design direction. Left: axonometric represen

The above landing pad design investigations indicate that additional research is necessary to develop solutions which
mitigate high-velocity dust impacts for a variety of lander types and lunar outpost configurations. The ejecta behavior
is greatly influenced by the footprint of the landing vehicle and its mass; the speed of the particles as well as travelling
angles thus have a high impact on landing pad design requirements.

V. Unpressurized Infrastructure & Surface Shielding

As mentioned earlier, multiple regolith-constructed shielding elements will prove critical in the creation of a
permanent lunar base; these include rocket engine blast protection berms, garages, roads, dust-free zones, equipment
shelters, and of course human habitats and radiation shelters. While foundational habitats launched by NASA’s
Artemis program will likely consist of Class I and Class II structures, future lunar base structures will include
Olympus-constructed Class III structures, and may viably include combinations of Class I, II, and III structures
therein.['l The types of surface structures considered in the project drew from elements outlined within the Regolite
consortium, which posed valuable distinctions between pressurized, unpressurized, and external (tertiary) facility
types.'! For example, types of pressurized facilities may include a base habitat, recycling plant, and greenhouse,
whereas types of unpressurized facilities may include an electrical power supply facility, gas and fuel and other storage
facilities. Benaroya has overviewed key issues and concepts relative to habitat design within the harsh lunar
environment, and surveyed examples of Class I, Class Il and combinations therein within prior research.°! Multiple
options have been considered relative to locating a habitat on the lunar surface—above the surface and shielded by
regolith, inside lava tubes, or partially excavated within the ground plane.?! Concepts for packed, modular regolith
components were investigated and expanded on from a study conducted by Kaplicky, Nixon, and Wernick.!** Various
formal geometries were investigated relative to stacking, filling, and interlocking modularly constructed units with
civil engineering applications.

0

Figure 20. Ideation relative to dust mitigation and various shielding elements. From right: berm wall
constructed from 3D-printed jacks, blast wall constructed of stacked pavers, 3D jack for stacking and filling
(center), archway composed of modular brick elements (far right).

A. Architectural Typologies for Shielding and Sheltering

By combining multiple enclosure types and construction methods the design team sought to alleviate the burden
of internal pressurization using 3D-printed regolith alone, and optimize additively manufactured regolith construction
for critical structural elements. Additive manufacturing and directed energy sintering technologies under consideration
within the MMPACT program are both energy- and time-intensive processes. The design team iterated on structural
typologies and approaches which essentialize the use of 3D-printed structure with other, arguably less time and energy
intensive construction processes such as regolith infill. Several technology development challenges remain present
when considering 3D-printed construction with regolith alone (these challenges have been described as technology
development milestones within Figure 1). Firstly, printing tangent overhang angles less than 20° from a previously
printed layer without structural support is a present limitation of the state-of-the-art, and thus was assumed as a
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constraint within the design process. Presently, many 3D-printing technologies incorporate temporary scaffolding and
support material to additively manufacture overhangs (although this is highly dependent on the material being utilized
as well). Secondly, it is yet unknown whether regolith construction alone may create a hermetic seal structurally sound
enough to maintain internal pressurization on the lunar surface. Regolith is materially porous and present research has
yet to indicate that it may support the creation of an airtight seal. Alternatives and solutions posed to this problem
include deploying a fabric or material liner to the inside of the regolith shell, or applying a spray-on (possibly polymer-
based) material to seal the interior of the structure.
R R

A\ . )] 8 - ! = " Eccmatd g Guld buse
Figure 21. Various typologies for shielding, sheltering and internal pressurization. From left: an Earth-
brought pressurized inflatable surrounded by a partially pressurized 3D-printed enclosure for radiation and
ballistic shielding, a 3D-printed pressure membrane, a 3D-printed enclosure relying on a printed polyethylene liner
to maintain the pressure seal, an early rendition of the “bucket” scheme representing a hard-shell pressurized
structure surrounded by a 3D-printed archway with multiple ledges or “buckets” capable of catching loose regolith
for radiation shielding.

B. Design of Unpressurized Shelters

Multiple types of unpressurized shelters were iterated on and considered in the design process, while relying on
various types of inflatable as well as hard-shell surface structures for the purposes of internal pressurization and
maintaining a closed hermetic seal to the lunar environment. Habitat geometry for the .707 hardshell structure (Figure
22) was adopted from Bodkin et al.”’ Habitat geometry for the inflatable structure (Figure 23) was adopted from
habitable soft-goods inflatable studies by NASA.[?1 Within the so-called bucket scheme, a 3D-printed shell is printed
in-place through one of two methods: construction with a capstone at the roof of a dome structure, or construction of
an unenclosed vault using sectional “slices” that are printed horizontally and tilted up to a vertical orientation (see
Figures 19, 20).

’E’—"f T \U%rh* 7 ‘UU/

34 z 68

31 4 42 68 42 4 ar

21

M

Figure 24. Left: Portrayal of bucket scheme surrounding a pressurized inflatable structure, constructed
using an emplaced capstone to enclose the dome. Figure 25. Right: Portrayal of bucket scheme archway
surrounding hardshell .707 pressurized structure, constructed using the tilt-up method.

1) Construction with Capstone
In this design scheme, the construction system prepares the foundation and prints the vault or dome up to the
overhang limit. Then the crane places the 3D-printed capstone on top of the dome (Figures 17 and 19). The
structure's maximum footprint thus depends on the crane arm size.

2) Tilt-up Construction
This scheme and construction method may only be used for the vault design. The foundation in this design
has railings to move vaults and lock them together (Figure 18 right). The structure's dimension has no limit
in extruded length, but its span is limited to the weight capacity of the crane. Figure 20 right shows a gantry
system (double crane) tilting the end vault.
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Figure 26. Left: Tilt-up construction of bucket scheme. Figure 27. Right: 3D-printed construction of bucket
scheme with emplaced capstone at top.

VI. The Lunar Lantern: Structural Design

The ensuing habitat design is titled the Lunar Lantern and introduces a protective and illuminated outer shield
structure surrounding a continuously 3D-printed pressure vessel. The combination of discretely manufactured panels
on the outside of the structure surrounding a continuous 3D-print for the pressure seal introduces an added layer of
redundancy and protection for the habitat. The form of the continuously printed inner habitat was generated by two
drivers: the realization of a formal pressure membrane, and the constraint of only 3D-printing tangent overhang angles
less than 20° from a previously printed layer (see Figure 23). A critique afforded to the project in review claimed that
it may be possible to print overhangs at greater angles in the future, however the project assumed 20° as a present
constraint. Several structural load cases were analyzed for the Lunar Lantern, including the lunar environment’s harsh
temperature differentials as well as internal pressurization of the structure. The analysis encouraged the team to
consider other structural technologies mitigating structural vulnerabilities and validated the necessity of a double-
shield structure for the design.

P
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Figure 28. Left: perspective view of the Lunar Lantern. Figuregi9. nght Oiympus construction systém 3D-
printing the habitat design.

A. Habitat Performance Objectives

Throughout the lifecycle of the habitat, the structure will need to prove resilient to cyclic and fatigue loading, long
duration seismic events, asymmetrical thermal loading and internal pressurization. For these reasons the sintered
regolith material will need to remain elastic; being a brittle material, the design intent is to avoid crack formations
under low stress limit states as much as possible. Ensuring structural resilience may be the single most important
concept relative to the development of a thriving, self-sufficient and permanent settlement on the lunar surface.?*23
In order to mitigate the risks of micro-meteorite impacts and secondary impacts that may cause catastrophic failure
due to rapid depressurization, habitats must be designed with robust and durable shielding. New failure modes must
be anticipated to better evaluate the life cycle of lunar structures and infrastructure. Intelligent structural monitoring
must be considered, such as by incorporating embedded sensor networks to monitor structural health and integrity as
well as probabilistic risk assessments that may predict anomalies within structures. Some damage may be acceptable
to the habitat’s structural shell so long as it can be repaired and maintained.
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Figure 30. Left: Representation of tangent overhang angles within the cross-section of the habitat. Figure 31.
Right: Exploded view of the habitat wall system, including structural technologies incorporated within the

design.

B. Habitat Structural Design & Technologies

The risk of extreme temperature fluctuations and seismic activity on the Moon will cause extreme material fatigue.
Particular attention must be attributed to assigning factors of safety to structural design. Benaroya et al. have made
significant progress modelling temperature extremes at the South Pole, such as between lunar noon and night.!*s! The
following structural technologies have been introduced in the project to mitigate risks leading to structural failure:
parabolic base isolators, discrete whipple shield panels, and post-tensioning of the habitat shell.

1)

2)

3)

Base Isolation

To mitigate risks posed by long, shallow moonquakes and seismic activity on the Moon, we introduce base
isolation as an approach for earthquake-resistant design, which conceptually reduces seismic demand rather
than increasing the resistance capacity of structures.!*” Base isolation uncouples the building response from
the damaging action of moonquakes by interposing structural elements with low structural stiffness between
the structure and the foundation. Typically, the energy associated with the high frequency components of
ground motion is not transferred to the structure. Base isolation reduces seismic demand by a factor of 3-4
compared with a fixed base structure. Base isolation also reduces potential damage to the habitat while
concentrating damage to the isolation system, where elements may be substituted.

Discrete Whipple Shield Panels

To mitigate the risk of rapid depressurization from micrometeorite impacts, we introduce discrete 3D-printed
whipple shield panels additively manufactured on the lunar surface and robotically emplaced in a secondary
lattice structure surrounding the habitat (see Figures 22, 24). Whipple shields represent a mature solution
with high technology readiness for micrometeoroid and orbital debris (MMOD) aboard the I1SS.8n current
spaceflight operations, high risk areas are found by analysis and shield panels are added by EVA in places
where the greatest MMOD hits are anticipated. The whipple shield also serves as a secondary thermal barrier
to the habitat. The whipple shield may theoretically provide shading to the pressurized habitat shell during
construction, however more research is required to validate a ConOps where this is demonstrated.
Incorporating the whipple shield panels as a secondary structure to the continuously 3D-printed pressure shell
represents a powerful and strategic structural combination with high redundancy. The potential for
repairability and maintainability of the whipple shield panels suggests that shielding of the pressurized habitat
may happen with greater reliability.

Post-tensioning

Post-tensioning concrete provides critical performance enhancements in seismic resistance, vibration,
deflection, and most importantly crack control. Post tensioning keeps the habitat shell in a constant state of
compression, which provides critical performance enhancements in seismic resistance, vibration, deflection,
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and most importantly crack control. A combination of glass fiber and post-tensioning was considered by the
design team to mitigate crack propagation.

C. Habitat Construction Sequencing

Unlike Class 1 and Class 2 habitat construction typologies, construction sequencing development is a necessary
component for the ConOps of Class 3 architectures to ensure constructability and advance the level of development
of additively manufactured habitats. Construction sequencing for the Lunar Lantern is as follows: first, a circular area,
16 m in diameter and 2 m deep, is excavated using unmanned rovers to expose the more stable layer of the lunar
terrain. Ramps may be incorporated during this process to make the excavation and later utilization of this excavated
area easier. The 3D-printer will then print the foundation in the excavated area. Next, the 3D-printer will transfer the
habitat’s pre-integrated core from the lander onto the foundation while ensuring the proper connection between the
seismic base isolators and the notches on the foundation. Then, the 3D-printer begins printing the walls of the pressure
vessel. At this time, airlocks and windows are placed when the print level reaches the bottom level of these perforations
in the 3D-printed wall. After printing of the walls is complete, the top cap will be raised and locked into position. The
tension cables stored in spools on the top cap are then lowered down and attached to anchors on the bottom cap of the
core by unmanned rovers. Finally, the outer shield may be printed, beginning with the lattice structure and followed
by the separately printed whipple shield panels, which are placed into the lattice with the 3D-printer.

Figure 32. Construction sequence of habitat design. From top left to bottom right: 1) Placement of core on the
foundation, 2) Initiate 3D-printing of the walls and placement of airlocks/windows when necessary, 3) Finish
printing the walls and raise the top cap of the core afterwards, 4) Deploy tension cables from the top cap and tie it
to anchors on the bottom cap and place the light collection device on the top cap afterwards, 5) Initiate printing
outer shell lattice, 6) Finish printing the lattice structure, 7) Install separately printed modular whipple panels.

VII. The Lunar Lantern: Habitat Programming & Interior Layout

The interior habitat celebrates and promotes a design approach driven by human factors principles to ensure the
safety and security of future crew. The habitat is a three-story structure supporting a crew of four based on the
anticipated Artemis missions'>>>*% and our analysis of RLSO2.['31 Among the various mission drivers typically used to
determine habitat sizing and habitable functions, crew size was the one known parameter within the project, unlike
mission duration and activities. A range of surface operations have been evaluated to inform programmatic needs for
the habitat; these include resource extraction, planetary and biological sciences, and surface exploration.*! The design
team strove to create functional work and living spaces that could not only be adequate for future long-duration
missions of six months or longer, but to introduce functional programming, architectural, and interior design elements
that promote crew cohesion, performance, and overall health and well-being.
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Figure 33. Left: Crew quarters at the ground floor of the habitat. Figure 34. Right: Wardroom at the top
floor of the habitat.

Habitat program areas were adopted from studies developed by Bodkin et al., which separate crew functions into
distinct modules: a crew module (including crew quarters for a crew of 4, galley, hygiene areas, dining and wardroom
areas, as well as health and medical functions), science module, maintenance module, and logistics module (for storage
and maintenance!®— a distribution similar to NASA's Constellation program.?! The design team adopted the
aforementioned described module functionalities to separate crew module functions from science and research
activities and ensure safety of the crew. The design of the Lunar Lantern incorporates and designs for crew module
functions only. Research in habitat sizing and volume estimation places significant emphasis on mission duration,
crew size, and scientific objectives for optimal crew performance.***! Additionally, there is no accepted standard for
habitable volume at partial gravity which is also applicable to zero-g environments; studies have recommended the
standard be alternately approached as a habitable floor area since the crew will be subject to % gravitational forces.!’
For the purposes of this project, a constraint was not specifically given to the overall floor area within the habitat, but
instead focused on separation of programmatic elements based on function. Nonetheless, the design team did adapt a
methodology described in Rudisill et al. relative to allotting a certain percentage of floor area to “sand,” as well as
area for “subsystems, structure, stowage, outfitting and accommodations” (see Figure 28).53!

The ground floor features private programmatic areas: individual crew quarters for four astronauts, a lounge area,
bathroom, and a convertible health-lab / medical station. The hatch on this floor connects to the pressurized rover and
also functions as an emergency exit. The second floor features a dedicated area for communications and mission
control activities, a restroom/commode, a rack area for environmental control and life support system (ECLSS)
hardware, and an exercise area. This mainly public floor has two airlocks to connect to other modules such as the lab
or logistics (which again, remained out of scope for the current project). The third and top floor of the habitat features
a galley and communal recreation area, kitchen, storage, as well as an aeroponic garden that cascades to the second
level of the habitat. The top floor is adaptable in that it can shift from being a public gathering space to a more private
space observation and contemplation area. A window is located on every floor of the habitat and positioned to ensure
constant visibility to Earth.
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Figure 35. Left: Programmatic breakdown of habitat, logistics, and lab modules. Figure 36. Right: Floor
plans and axonometric for the Lunar Lantern.
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Figure 37. Left: Section of the Lunar Lantern design. Figure 38. Right: Day versus night interior lighting
within the Lunar Lantern.

Circulation within the habitat occurs through a ladder, an elevator, and closed corridors within early iterations of
the design to maximize efficiency of interior space. Three voids or openings to below were implemented within floor
levels of the habitat to provide open views that may enhance user satisfaction and psychological comfort. The most
considerable opening is the open staircase that starts from the ground floor and rises to the top floor. It enables the
crew to gradually see the entirety of the habitat, lowering the risk of claustrophobia. The other two voids are green
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spaces between the middle and upper floors. The continuous green wall beside the windows with the earth's view and
the hanging garden are designed to provide access to biophilia and ease the crew's communication between the floors.
The habitat's interior lighting and design program is based on the Social Zeitgeber Theory; any external or
environmental cue synchronizes the crew's biological rhythms to the Earth's 24-hour light/dark cycle and 12-month
cycle.? The separation of private and public spaces not only enables social interactions with crewmates but is also
anticipated to improve work/life balance, ensure crew performance in mission task activities, ensure stable eating and
drinking patterns, and promote regular exercises. Meanwhile, the Al-controlled artificial lighting system, controlled
atmospheric conditions and temperature helps manage and maintain the crews circadian rhythms.

VIII. Conclusion

Project Olympus introduces design schematics for critical surface infrastructure necessary to realize a permanent
Moon base, and envisions the construction of durable, self-maintaining, and resilient surface structures enabled by
advanced 3D-printing technologies. Olympus is ICON’s autonomous, large-scale construction system capable of
delivering a high variety of surface infrastructure elements. ICON’s hardware and technology development goals are
to develop, deliver, and demonstrate on-demand capabilities for critical surface infrastructure on the lunar surface—
including landing pads, habitats, shelters, roadways, berms and blast shields using lunar regolith. As a part of the
MMPACT program, NASA is evaluating multiple additive construction technologies, materials, and construction
element forms. ICON engaged SEArch+ to develop schematic concepts for both landing pads as well as a foundational
habitat as a means of informing and determining key engineering requirements and construction capabilities for the
Olympus system. ICON tasked SEArch+ with conceiving of schematic infrastructure elements critical for a 3D-printed
lunar base, including concepts for surface-site deployment and construction sequencing development. The schematics
developed for the project represent an initial component to ICON’s multi-year Project Olympus, which will deploy
additive manufacturing construction technologies on the lunar surface.
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