© 2025 Space Copy Inc.

SpaceOps-2025, 1D #117

Assessing Additive Manufacturing Methods For Regolith Based Infrastructure Development To Support
In-Situ Human Spaceflight

Feehan, M.C.2*
@ Space Copy Inc., 2500 Stantec Tower, 10220 103 Ave NW, Edmonton, AB T5J 0K4,

madison.feehan@spacecopy.com; +1 (780) 975 5307
* Corresponding Author

Abstract
The use of 3-dimensional printing for in-space manufacturing (ISM) of infrastructure, precision tooling, and

repair parts are of interest to lunar development efforts pioneered by NASA and the greater science community from
both a scientific merit perspective, and an economic perspective for reducing lunar resupply payload cost, and
frequency. The development of advanced lunar hardware introduces an improved method for additive manufacturing,
and the integration of autonomous powered material characterization, beneficiation, and qualification sub-systems,
allows for the identification, handling and effective use of lunar resources for off-world construction activities. By
enabling the on-demand production of mission-critical tools and replacement components directly on the lunar surface,
this technology significantly enhances the autonomy and resilience of human spaceflight operations. It reduces
logistical dependencies and provides a pathway for prolonged human presence in extraterrestrial environments. Space
Copy Inc. introduces a novel, patented, and private technology designed to operate in extreme environments on Earth
and in-space to additively manufacture critical supplies using in-situ resource utilization (ISRU) with beneficiated
regolith as a primary feedstock for Laser Powder Bed Fusion (LPBF).

Currently demonstrated at a technology readiness level three (TRL 3), the additive manufacturing technology
introduced by Space Copy, operates in various phases to combine Raman spectroscopic material characterization for
parameter optimization and chemical diagnostics, in conjunction with beneficiation of small to medium sized
particulate for effective particle size distribution to be utilized in a novel Selective Laser Melting (SLM) process that
operates in vacuum conditions with consideration of mitigating the challenges associated with microgravity, external
radiation, and porosity of prints. Combining materials science with robotics, the future development of lunar hardware
for regolith-based manufacturing holds potential for both crewed and uncrewed missions. The printer’s compact design
and capabilities for continuous regolith processing cycles meet the technical demands outlined by the environmental
restrictions of space travel, making the lunar hardware a suitable candidate for a lunar lander, and Earth-based defense
applications for extreme and remote environments.

Keywords: 3D printing, additive manufacturing, in-situ resource utilization (ISRU), lunar regolith, material
beneficiation, dual-use technology.
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OffPlanet Research Near Highlands Simulant (OPRH2N), Lunar Highlands Dust Simulant One (LHS-1D), Black Point
One Simulant (BP-1), New Simulant of the Lunar Highlands Regolith, (NUW-LHT-5M), Apollo 17 Simulants (A-
71501 or A-71520), International Space Station (ISS), Low Earth Orbit (LEO), Moon to Mars (M2M), National
Aeronautics and Space Administration (NASA), European Space Agency (ESA), In-Situ Resource Utilization (ISRU),
Selective Laser Melting (SLM), Fused Deposition Modeling (FDM), Laser Powder Bed Fusion (LPBF), Electron
Beam Melting (EBM), Binder Jetting (BJ), Selective Laser Sintering (SLS), Central Processing Unit (CPU), Artificial
Intelligence (Al), Machine Learning (ML), Multi-Layer Insulation (MLI), Phase Change Materials (PCMs),
Environmental Control System (ECS), Thermoelectric Coolers (TECs), Electrostatic Discharge System (ESD), Solar
Particle Events (SPEs), Galactic Cosmic Rays (GCRs), Internet of Things (IoT), Kilogram (kg), Kilojoule (kj), Watts
(W), Low Frequency (Lf), Material's Figure of Merit (ZT), Kelvin (K), Surface Area (A), Emissivity of Radiator
Material (g), Micron (pum).

1. Introduction

The concept of producing infrastructure, precision tools, and simple items in-space has gained popularity over the
past decade as space research catalyzes in anticipation of the second space race. Beginning in 1967, additive
manufacturing (AM), or 3D printing, has been identified by NASA[1] as a suitable method due to its ability to create
complex, customized geometries with minimal waste materials and flexible adaptability; therefore, AM has become a
feasible option for manufacturing in-space, from Low Earth Orbit (LEO), spanning from cislunar to lunar space
exploration.

A notable progress in AM for in-space manufacturing (ISM) is the creation of sophisticated feedstocks and binding
agents that are resilient to the extreme environments of space. NASA has worked with a number of research institutions
to create materials that are resistant to severe radiation, temperature swings, and micrometeoroids. Carbon fibre
composites, high performance thermoplastics, and thermoplastic polymers are some of these materials.[2, 3, 4]

The creation of additive manufacturing equipment that can function in regions with minimal or no gravity
(microgravity) is another significant industry development that has been remediated. In a zero gravity setting,
traditional 3D printers cannot deposit materials since they are dependent on gravity relative to methods such as
extrusion (FDM), powder bed adherence, powder levitation (LPBF), and more. Nevertheless, a balance of public and
private stakeholders including Redwire (MadelnSpace) and ESA have developed 3D printers that employ additive
manufacturing technology to build products one layer at a time, independent of gravity using thermoplastic and metal
feedstocks.[5, 6]

Lunar manufacturing in particular still faces several obstacles, despite over fifty years of research and advances in
the capabilities of 3D printing technology and general space hardware. The absence of a stable environment due to
solar radiation flares causing electrostatic charging of lunar regolith in conjunction with thermal cycling changes
between the lunar day and night are key principles that present difficulty. The precision and quality of 3D printed
objects can be impacted by the microgravity environment, with direct correlation and causation to the fact that the
layer-by-layer printing method depends on the prior layer's adherence to the subsequent layer, matrix structure, particle
uniformity, which is influenced by both the lack of gravity and lack of weathering under the standardized vacuum
conditions of the lunar surface. Furthermore, a consistently adapting atmosphere caused by moonquakes and
micrometeorite impact will lead to vibrations in the printer's components, which can compromise printing precision,
data collection and reporting accuracy, and long-term equipment lifespan.

The advantages of AM in-space utilizing local resources as feedstock are substantial, notwithstanding its
aforementioned difficulties. By significantly lowering the frequency of material transportation from Earth (upwards of
70% of total supplies delivered via payload to the lunar surface),[7] ISM can provide more effective and sustainable
space exploration, which can not only institute reinvestment of non-utilized payload resupply budgets back into
aerospace technology advancement, but it can enable the production of infrastructure, precision tools, and repair parts
that are specially created for space settings, lowering the possibility of equipment failure.

1.1 Explanation of Additive Manufacturing Utilizing ISRU Systems

One of the most important aspects behind the colonization of celestial bodies such as the Moon or Mars is building
functional bases where astronauts will be able to operate securely on a daily basis. The aim of this type of mission will
not only concern scientific experiments, but also will catalyze the development and testing of long-term technologies
that will assist in humanity’s goal of staying in self-sufficient bases for future generations, with immediate dual-use
application to terrestrial infrastructure development, primarily in remote, underdeveloped communities and
environments that are facing natural disasters, combat, and general thermal extremes. Initiating the construction of a
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base goes beyond habitat development, it encompasses maintaining life support systems, maintaining equipment, and
producing everyday life item will reduce mission complexity and resupply payload frequency, whilst simultaneously
instituting the development of structures that will permanently shield astronauts from environmental constraints and
extremities such as radiation, micrometeorite impact, thermal gradient fluctuations during the lunar night cycle, and
dust contamination that contains trace amounts of volatile organic compounds (VOCs) and similar carcinogenic
compounds that have an adverse risk on human health. Because the tremendous expense and logistical difficulties
involved with launching payloads of building supplies from Earth to the Moon are significant barriers ($1,200,000.00
USD per kg as of 2023)[8], using in-situ available lunar regolith for sustainable resource utilization (ISRU) as a
construction material has been identified by NASA and ESA as one of the best available technologies to support lunar
activities.

In order to solve this, additive manufacturing (AM) technologies, namely 3D printing, in conjunction with in-situ
resource utilization (ISRU) have emerged as promising alternatives to promote sustainable lunar exploration and
construction for long-duration crewed missions and autonomous operations leading up to the pinnacle of a lunar
economy.[9, 10]

1.2 Composition of Lunar Regolith

Lunar regolith, the layer of unconsolidated, fragmented material covering the Moon’s surface, exhibits a distinct
mineralogical and physical composition that reflects the unique conditions of its formation. Primarily composed of
silicate minerals like Silicon Dioxide (Si0,), Aluminum Oxide (Al,03), Ferrous Oxide (Fe0), plagioclase, pyroxene,
and olivine, it also contains volcanic glass, agglutinates formed by micrometeorite impacts, and small amounts of
elemental iron.[11] The presence of this iron, in its reduced nanophase form, contributes to the regolith's distinct optical
properties and complicates its interaction with mechanical systems. The variability in mineral composition across
different lunar regions further impacts its behaviour during mechanical manipulation, as the highland regolith is more
feldspathic, while mare regolith contains higher concentrations of basaltic material, affecting the suitability of different
regions for in-situ resource utilization (ISRU) processes.

The physical attributes of lunar regolith make it particularly challenging to work with in engineering applications.
Regolith particles are highly angular and irregular due to the lack of atmospheric weathering processes. [12] This
angularity contributes to their abrasive nature, making them prone to causing wear and tear on machinery and hardware.
Additionally, the angle of repose—the steepest angle at which material remains stable—varies significantly based on
particle size and compaction, typically falling between 30 and 40 degrees for lunar soil.[13] This attribute is critical
when considering the stability of piles or slopes of regolith during excavation or construction efforts on the lunar
surface.

Agglomeration rates in lunar regolith are influenced by the vacuum environment and the electrostatic charging of
particles. Fine particles, which are abundant in regolith, tend to adhere to surfaces and each other due to electrostatic
forces generated by the solar wind and ultraviolet radiation. This charging is exacerbated by the pervasive nature of
the fine particles, which infiltrate mechanical systems and cling to surfaces, presenting challenges for both operational
functionality and long-term maintenance. The non-uniformity in particle size, ranging from fine dust to gravel-sized
fragments, complicates handling processes, as larger particles behave differently from fine grains, leading to
heterogeneity in material flow and compaction properties.

Electrostatic charging is particularly problematic during regolith excavation and handling. Fine particles acquire
significant charge in the lunar environment, leading to adhesion to equipment and potentially causing malfunctions or
blockages in mechanical systems. This electrostatic behaviour, coupled with the extreme vacuum and temperature
fluctuations on the Moon’s surface, leads to unpredictable particle behaviour during transportation and processing,
such as in the operation of ISRU equipment or 3D printing systems. This phenomenon is also responsible for
“levitation” effects observed in fine regolith particles, where they can become suspended above the surface, further
complicating handling and collection efforts.

2. Additive Manufacturing Methods Behind Space Copy Inc’s Technology

Space Copy's four-stage additive manufacturing process integrates numerous advanced technologies to enable a
novel method of in-situ manufacturing in extreme environments, primarily targeting the lunar surface. The process
begins with regolith beneficiation, carrying over to feedstock sampling and material analysis using Raman
spectroscopy to identify the composition and suitability of lunar regolith as feedstock in various potential landing sites
for upcoming crewed missions. The third stage involves one of two methods of AM, Selective Laser Melting (SLM),
a refined method of Laser Powder Bed Fusion (LBPF) manufacturing and Fused Deposition Modeling (FDM), a
classical extrusion mechanism that employs the use of regolith filaments. The SLM process uses a CO2 laser under
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vacuum conditions to melt the regolith feedstock, layer by layer, to create complex structures, whereas the FDM
process binds regolith between deposited layers using a high temperature, non-corrosive nozzle. Data from each
iterative stage of feedstock preparation and additive manufacturing is collected and interpreted by a machine learning
algorithm that processes the spectroscopic data and affiliate information collected during the printing process through
high speed and thermal cameras to optimize material properties and guide the manufacturing process through
enhancing parameters based on composition challenges and variability of the feedstock. A physical mitigation method
to manage these environmental constraints relative to the sensitivity of AM technology in this regard includes precision
heating, radiative cooling, and shielding mechanisms to manage the outgassing of particulates. During the final stage,
post-processing and refinement of geometries occurs, where the printed object undergoes surface treatment, inspection,
and quality checks, ensuring dimensional accuracy and structural integrity for use in aerospace, defense, or
construction applications by employing the use of an autonomous five axis robotic arm, coupled with the
aforementioned Raman spectroscopy data to identify anomalies such as cracking and increased porosity without careful
calibration.

2.1 Understanding Beneficiation and Feedstock Preparation Requirements of Lunar Regolith

The beneficiation of lunar regolith involves a multi-step process designed to refine and prepare the material for in-
situ resource utilization (ISRU) and advanced manufacturing technologies. In Space Copy’s approach, the first step
involves jaw crushing, where larger regolith particles are mechanically broken down into finer fragments. This stage
helps reduce the size of larger rocks and agglutinates into manageable pieces, initiating the process of homogenizing
the regolith material. After crushing, the regolith undergoes dual centrifugal mixing at speeds of approximately 1200
RPM. This process plays a key role in achieving a more uniform particle distribution by utilizing centrifugal force to
separate particles based on their size and density. The high-speed rotation induces shear forces that help break down
angular fragments, rounding off sharp edges, which in turn reduces the abrasive nature of the material. As the particles
become less angular and more uniform, the risk of excessive wear on processing equipment and printing hardware
decreases.

The next step involves mechanical sieving and vibrational separation. The regolith is passed through a series of
sieves and subjected to vibrational sorting mechanisms to isolate particles of a near-uniform size distribution, targeting
a particle size of 50 um. Vibrational separation enhances the efficiency of this process by shaking the material,
encouraging finer particles to fall through while preventing larger or irregular particles from passing while
simultaneously reducing electrostatic forces that are acting on the regolith particles, causing agglomeration and
adherence of lunar dust to external surfaces of the printer, leading to contamination and increased print failures, coupled
with shorter equipment lifespans.[14] This refinement is crucial for ensuring consistent feedstock quality for additive
manufacturing, as the near-uniform particle size improves the packing density and flow characteristics of the regolith
in the SLM FDM processes. A more detailed explanation of the surrounding context is chronicled below.

2.1.1 Jaw Crushing

The beneficiation process begins with jaw crushing, a mechanical method used to reduce larger regolith aggregates
into smaller, more manageable sizes. The regolith, when extracted from the lunar surface, contains particles of varying
sizes, ranging from millimetre-sized pebbles to pm-scale dust. In the jaw crusher, the regolith is subjected to
compressive forces between two plates: one fixed and one movable. As the movable jaw closes against the fixed plate,
the larger particles are broken down into smaller fragments, primarily reducing them to sizes smaller than a few
millimetres. This step is critical in preparing the material for finer size reduction in the following stages, helping ensure
that the centrifugal mixing and sieving can be performed effectively.

2.1.2 Dual Centrifugal Mixing at 1200-1750 RPM

After initial crushing, the regolith is subjected to dual centrifugal mixing. In this process, two opposing high-speed
centrifugal mixers, operating at an average speed of 1200 RPM, coupled with yttria stabilized beads that can support
the centrifuge to increase to a net of 1750 RPM at its maximum capacity, apply shear and compressive forces to the
crushed regolith. OPRH2N and LHS-1D, recognizant of Apollo A-71501 or A-71520, have been assessed to ensure
his process is accurate with particle size distributions ranging from 25 um to 4mm. This technique not only further
reduces the particle size but also addresses the shape and angularity of the particles. The high rotational speeds cause
the regolith particles to collide with each other and the walls of the mixing chamber, smoothing out the sharp edges
and reducing their abrasiveness.

SpaceOps-2025, ID # 117 Page 4 of 18



© 2025 Space Copy Inc.

The advantage of dual centrifugal mixing at high speeds is the energy imparted to the particles. The intense shear
forces created by opposing centrifuges help break down larger particles and distribute them more evenly. As a result,
the particle shapes are transformed from angular to more rounded, which is essential for reducing wear and tear on
equipment used in lunar construction or manufacturing.

2.1.3 Mechanical Sieving

Once theregolith ishomogenised by the centrifugal mixers, the next step is mechanical sieving. Mechanical sieving
separates particles based on size, ensuring a near-uniform particle size distribution of 50 um. This is achieved by
passing the regolith through a series of mesh screens with progressively finer openings.

The sieving system vibrates at high frequencies, allowing smaller particles to pass through while larger particles
are retained. Sieving is a key step for achieving the desired particle size distribution, as particles larger than 50 um are
returned for further processing. Proper sieving ensures consistency, which is particularly important for applications
like additive manufacturing, where uniform particle sizes ensure smooth material deposition and predictable
mechanical properties in the final product, a feature that while performed in microgravity or reduced gravity
environments is significantly challenging, a key feature of Space Copy’s technology is to tackle this challenge while
also creating a near-uniform feedstock.

2.1.4 Vibrational Separation

To further refine the sieved regolith and ensure it meets the required specifications, vibrational separation is
employed and the final mechanism of beneficiation. This process is designed to remove any remaining angularity,
reduce the abrasiveness of the particles, and achieve near-neutral electrostatic charge.

In vibrational separation, high-frequency mechanical vibrations are applied to the regolith, further smoothing the
particles. Additionally, vibrational energy can induce particle-particle interactions that help neutralise any residual
charges. Lunar regolith is known for being electrostatically charged due to solar radiation and the lack of an
atmosphere, which makes handling and processing it challenging. The vibrational separation process neutralises this
charge by allowing particles to exchange electrons, stabilising the material and making it easier to handle for further
manufacturing processes.

2.1.5 Final Product: Near-Uniform, 50-um-Sized Particles

By the end of the beneficiation process, the regolith has been transformed into a near-uniform particle size
distribution, with particles sized around 50 um. The particles are less angular and less abrasive, which is essential for
mechanical processing and usage in industrial applications like additive manufacturing. The regolith is also rendered
near-neutral in charge, mitigating issues related to electrostatic clumping, which would otherwise complicate further
handling and processing on the Moon’s surface.

2.2 Raman Spectroscopy for Regolith Composition and Printing Optimization

Raman spectroscopy is another key technology utilized by Space Copy to scan and analyze the mineral composition
of lunar regolith. This non-destructive optical technique works by irradiating the regolith sample with a laser and
detecting the inelastic scattering of photons caused by molecular vibrations. Each mineral in the regolith has a distinct
vibrational fingerprint, allowing Raman spectroscopy to identify the composition, including silicates, oxides, and other
relevant mineral phases. This composition data is then interpreted into a detailed mineral profile of the regolith.

Once the Raman spectroscopy scan is completed, the data is fed into the CPU, which analyzes the mineralogical
composition and automatically optimizes the printing process parameters. For example, in selective laser melting
(SLM), the CPU can adjust the laser scan speed, ensuring optimal energy transfer based on the specific melting points
of the detected minerals. In fused deposition modeling (FDM), the nozzle temperature is similarly optimized to account
for the material's thermal behaviour. The CPU can also adjust hatch spacing—the distance between successive laser
paths or extrusions—to ensure complete and uniform melting or deposition of the regolith. This intelligent adaptation
ensures higher-quality 3D-printed structures, minimizing defects related to improper energy application or inconsistent
material flow.

In addition, after the 3D printing process has occured, Raman spectroscopy is employed a secondary time as part
of the post-qualification process. By scanning the printed part, Raman can detect subtle changes in the material
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composition, which may indicate the presence of defects such as cracks, pores, or incomplete bonding between layers.
These flaws could manifest as shifts in the vibrational spectra or as anomalies in the expected mineral signature.

This post-qualification assessment is critical for ensuring the structural integrity of parts intended for use in extreme
environments, such as the lunar surface. [15, 16] Identifying cracks or pores at this stage allows for real-time quality
control and enables corrective actions, ensuring that only fully-qualified, defect-free components are utilized in
mission-critical applications. This dual-use of Raman spectroscopy—from pre-processing analysis to post-printing
qualification—enhances the reliability and efficiency of Space Copy’s additive manufacturing processes in both
terrestrial and lunar applications.

2.3 Use of Radiative Heating and Cooling Mechanisms in the Absence of Convection Heating

Radiators are commonly used in space applications due to their reliance on passive thermal radiation, which works
effectively in the vacuum of space.[17] With no moving parts, radiators are highly reliable and low-maintenance. The
panels are typically made from materials with high thermal conductivity, such as aluminum, to absorb heat efficiently
and high emissivity to radiate it away. In the context of a 3D printer, heat is generated by electronics, motors, and the
printing process, which is then conducted to radiator panels. Heat pipes may assist in transferring heat more efficiently
to the panels, where it is emitted as infrared radiation into space, cooling the system without the need for air or
convection.

Multi-Layer Insulation (MLI) is another crucial component in managing heat in space. MLI works by minimizing
radiative and conductive heat transfer, consisting of layers of thin reflective foils, like aluminized mylar or kapton,
separated by low-conductivity spacers such as polyester or fibreglass.[18] The foils reflect the majority of incoming
thermal radiation, while the spacers minimize conductive heat transfer between the layers. Key properties like high
reflectivity (around 0.98 for aluminized mylar) and low emissivity (around 0.02) enhance MLI's effectiveness in
insulating the 3D printer from extreme external temperatures. MLI can be applied strategically throughout the 3D
printer to protect sensitive components like control electronics, motors, the print head, and the nozzle. It helps maintain
operational temperatures by shielding the printer from external thermal radiation and reducing thermal cycling stress,
thereby improving reliability. For the outer housing, MLI provides a thermal barrier between internal components and
the harsh lunar environment, stabilizing internal temperatures despite external fluctuations. ML is typically composed
of 15 to 30 layers and is installed tightly around components to minimize air gaps that could increase heat transfer.
Thermal breaks are used between insulated sections to further prevent unwanted heat transfer, contributing to a well-
balanced thermal control system for space applications.[19]

2.4 Effectiveness Analysis:
To understand the effectiveness of MLI, let’s consider a simplified example with the following parameters:
External Lunar Temperature:

Daytime Temperature Average (High): +127°C (400 K)
Night Time Temperature (Low): —173 °C (100 K)
Internal Desired Temperature T;,,;: 25 °C (298 K)
Surface Area of Insulated Components: A = 2m?
Number of Layers: N = 20

Emissivity per Layer (g): 0.02

3. Calculation of Heat Transfer Reduction
3.1 Radiative Heat Transfer:

Ty — Tt
0= an ety
€l " €2
o = Stefan-Boltzmann constant (5.67 x 10 — 8 W /m?K*)

el and (12 = Emissivity of external and internal surfaces, respectively (for simplicity, let’s assume both are equal to
the MLI material emissivity)
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For a single layer:

(400* — 298%)
i — = o. * * * —_— .
Qsmgle layer 5.67 10_8 2 1 1 2294 W
0.0z 0.0z 1

3.2 Effectiveness of Multiple Layers
For multiple layers, the heat transfer is reduced by a factor that depends on the number of layers.

The effective emissivity after N layers is:

1
Cerr ¥
1 N-1
€
For N = 20 layers:
1
€erf ~ T ~ 0.0026
dozt 20-1

The radiative heat transfer with 20 layers:

(400* — 298%)
I S
0.0026 ' 0.0026

Q20-1ayers = 5.67 % 1078 % 2 % ~ 297W

1

229.4

Reduction = (1 - >* 100 = 87.05%

This shows that the MLI reduces heat transfer from 229.4 W to 29.7 W , an almost 88% reduction.

4. Implementation and Effectiveness of Passive Radiators for a Lunar 3D Printing System
4.1 Contrasting Differences Between Radiative and Convection Heating and Cooling

Passive radiators are a crucial component of thermal management systems in space applications, where there is no
feasible atmosphere for convective cooling.[20] In a lunar 3D printing system, passive radiators can effectively
dissipate excess heat generated by the printer, particularly from high-power components like lasers and electronics.
Passive radiators are optimal for in-space conditions and their implementation in a lunar AM system can be
demonstrated through an analysis of effectiveness, including numerical calculations.

4.2 Working Principle of Passive Radiators

Passive radiators dissipate heat by radiating thermal energy into space.[21] Unlike on Earth, where heat can be
dissipated through convection and conduction via the atmosphere, space systems rely solely on radiation due to the
vacuum environment.

Key Properties:

e Emissivity (g): The effectiveness of a surface in emitting thermal radiation. High emissivity materials like
black anodized aluminum have emissivity close to 0.9 or higher.
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Surface Area (A): The amount of heat radiated is directly proportional to the surface area of the radiator.

Temperature (T): The amount of radiated heat is proportional to the fourth power of the temperature (T¢)
according to the Stefan-Boltzmann law.

4.3 Implementation of Passive Radiators for Lunar 3D Printing and Components to be Cooled:

A series of critical decisions were taken into account when determining the structure, positioning, and

materials utilized by Space Copy in order to successfully implement the radiative system. These highlighted
components include:

Laser Assembly: High-power lasers generated significant heat during the sintering or melting process and
maintaining a constant temperature through radiative heating mechanisms provides a uniform environment
for the printer to optimally function.

Electronics: Control electronics and power systems also generated heat that needs to be dissipated through
the radiative method and adjacent internal vacuum system.

Actuators and Motors: Mechanical components inside the printing chamber of Space Copy that require
thermal management to avoid overheating required meticulous calibration.

Radiator Surface Material: Selection of materials with high emissivity, such as black anodized aluminum or
thermal paints, was chosen to maximize radiative heat loss.

Radiator Placement: Positioning of the radiators to have an unobstructed view of space (away from the lunar
surface) to maximize heat dissipation.

Surface Area Calculation: Ensuring sufficient radiator surface area to dissipate the expected heat load was
also taken into consideration.

5. Calculation of Heat Dissipation
To estimate the effectiveness of passive radiators, the following parameters were considered:

Internal Temperature (T, ): Assuming the target temperature for the components to be cooled is:

Tine = 50°C (323 K).

External Lunar Environment: Assume the effective temperature of deep space:

Tint = 3K.

Emissivity of Radiator Material (g): Assume & = 0.9for black anodized aluminum.

Surface Area (A): Lastly, suppose the radiator surface area is

A=1m?

5.1 Stefan-Boltzmann Law for Radiative Heat Transfer

The power radiated by the radiator can be calculated using the Stefan-Boltzmann law:

Qradiatea =€*0 * A * (Ti;l:lt - Tsdtpace)

o = Stefan-Boltzmann constant (5.67 x 10 — 8 W /m?K*)

Plugging in the values,

Qradiated ~ 553W
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This result indicates that a 1 square metre radiator at 50°C can radiate approximately 553 W of thermal energy
into space.

5.2 Comparison with Heat Generation:

According to current projections, we estimate that the SLM 3D printer generates 500 W of heat from its laser and
electronics. With the above calculation, the radiator with a 1 m? surface area can effectively dissipate the entire
500 W of heat generated, keeping the system at the target temperature of 50°C.

5.3 Scalability

If the heat load increases (e.g., higher power lasers or longer operation times), the radiator area can be scaled
proportionally. For instance, if the heat generation doubles to 1000 W, the radiator area would need to increase to
approximately 2 m? to maintain the same operational temperature.

5.4 Suitability for Lunar Environment:

e Vacuum Suitability: The vacuum on the lunar surface makes radiative cooling the only viable option, and
passive radiators are ideal for this environment.

e Thermal Cycling: The radiator must be designed to handle the temperature extremes of the lunar day and
night cycles, potentially by using materials that remain stable across a wide temperature range.

e Weight and Power Efficiency: Passive radiators are mass-efficient and do not require power, making them
well-suited for long-term lunar missions where energy resources are limited.

5.5 Phase Change Materials (PCMs)

Phase Change Materials (PCMs) are substances that absorb and release thermal energy during the process of
melting and solidifying at specific temperatures.[22] This ability makes them extremely valuable for thermal
management, especially in environments like the Moon where there are extreme temperature fluctuations and no
atmosphere to facilitate convective cooling.

PCMs operate based on the principle of latent heat. When a PCM melts, it absorbs a significant amount of heat
without increasing in temperature, storing thermal energy in the process. Conversely, when the temperature drops and
the PCM solidifies, it releases the stored heat, again without a significant temperature change.[23] This makes PCMs
ideal for stabilising temperatures in systems like a lunar 3D printer.

The key to a PCM's functionality is its phase transition temperature, which is the temperature at which the material
changes from solid to liquid (melting) or liquid to solid (solidifying). By selecting a PCM with a melting point that
matches the desired operational temperature range of the 3D printer, the PCM can effectively absorb excess heat when
the printer is running and release it when temperatures drop.

During the 3D printing process, particularly with technologies like Selective Laser Melting (SLM) that involve
high temperatures, a PCM integrated near heat-generating components can absorb excess heat, preventing
overheating.[24] For example, if the laser in an SLM printer generates significant heat, a PCM with a melting point
slightly above the laser’s operating temperature can absorb this heat, maintaining stable conditions.

After the printing process or during lunar night when temperatures plummet, the PCM will begin to solidify,
releasing the stored heat gradually. This helps in maintaining a relatively stable temperature for the printer’s
components, protecting them from the extreme cold of the lunar environment.

The lunar environment experiences drastic temperature changes between day and night, ranging from about
+127°C during the day to —173°C at night.[25] PCMs can help mitigate these fluctuations by absorbing heat during
the lunar day and releasing it during the lunar night, thus stabilising the internal temperature of the printer and
preventing thermal stress on the components.

5.6 PCM Selection and Integration
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e  Material Selection: The choice of PCM depends on the specific temperature ranges the printer will experience.
Common PCMs for space applications include paraffin waxes, hydrated salts, and certain organic
compounds.[26] For lunar applications, the PCM should have a melting point tailored to the operational
temperature of the 3D printer and should be encapsulated in a way that ensures durability and stability in a
vacuum.

e Encapsulation: The PCM needs to be encapsulated in a material that can withstand the vacuum of space and
the mechanical stresses of the lunar environment. Common encapsulation materials include metal containers
(like aluminum or stainless steel) or flexible polymers that prevent leakage and protect the PCM from
contamination.

e Placement: PCMs should be strategically placed near the heat-generating components of the printer, such as
the laser system, power electronics, or motors. They can also be embedded within the printer’s structural
components or integrated into heat sinks to maximize their effectiveness.

e Energy Efficiency: Since PCMs operate passively (without the need for external power), they provide a highly
energy-efficient method of thermal management. This is particularly advantageous on the Moon, where power
resources are limited.

e Durability and Reliability: PCMs can repeatedly undergo phase changes without significant degradation,
making them reliable for long-term lunar missions. However, the specific PCM chosen must be compatible
with the temperature extremes and radiation environment of the Moon.

e Scalability: The amount of PCM used can be scaled according to the heat load. More PCM can be added to
handle higher amounts of heat, making it a flexible solution for various 3D printing applications.

5.6.1 Quantitative Example

To illustrate the effectiveness of a PCM in a lunar 3D printing system, let’s consider a hypothetical scenario:
Assuming the 3D printer generates 100 W of excess heat during operation, a PCM with a latent heat of fusion of
200 kJ/kg and a melting point of 50°C is chosen. To absorb the 100 W of heat over a 10-hour operation period
(36,000 seconds):

Q =mxLf
100 W % 36,000s = m = 200,000 J/kg
m = 18kg

Thus, 18 kg of this PCM would be needed to absorb all the heat generated during this period without the temperature
rising above the PCM’s melting point.

5.7 Thermoelectric Coolers (TECs) Overview

Thermoelectric coolers (TECs), also known as Peltier devices, are solid-state devices that can create a temperature
difference across their surfaces by using an electric current. They are based on the Peltier effect, discovered by Jean
Charles Athanase Peltier in 1834, where a temperature differential is produced between two different conductors or
semiconductors when an electric current passes through the junction between them.[27]

TECs are constructed from pairs of p-type and n-type semiconductor materials, typically made from bismuth
telluride (Bi,Te;). These materials are arranged in parallel and connected electrically in series but thermally in parallel,
sandwiched between two ceramic plates. When an electric current is applied to the TEC, electrons move from the n-
type to the p-type material, and holes (positive charge carriers) move from the p-type to the n-type material. As these
charge carriers move across the junction, they either absorb or release energy in the form of heat, depending on the
direction of the current.[28] The direction of the temperature differential can be reversed by reversing the direction of
the electric current.[29] This allows TECs to be used for both cooling and heating applications. Bismuth telluride is
commonly used because it has a high thermoelectric efficiency at room temperature. The efficiency of a TEC is
determined by the material's figure of merit (ZT), where a higher ZT indicates better performance. The semiconductor
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elements are sandwiched between two ceramic plates, typically made of alumina (Al,0;), which provides electrical
insulation and thermal conduction.[30]

5.8 Application of TECs on the Moon

Given the Moon’s harsh environment, TECs can be highly effective in managing the thermal load of systems like
a 3D printer, especially in conditions where other cooling methods are limited due to the absence of air.

5.8.1 Precise Temperature Control

TECs provide a precise way to control the temperature of sensitive components within the lunar 3D printer, such
as the laser in an SLM system or electronic control units. They can maintain a stable operating temperature by
dynamically adjusting the heat transfer based on the applied current.

5.8.2 Cooling and Heating Capabilities

In the extreme temperatures of the lunar day (up to+127°C), TECs can be used to cool down critical components
that need to operate within a specific temperature range. For instance, if a component of the 3D printer gets too hot, a
TEC can actively cool it by moving heat away from the component to a radiator or thermal sink. Conversely, during
the lunar night (which can drop to -173°C), TECs can be reversed to provide heat, ensuring that the 3D printer’s
components remain at operational temperatures. This is particularly useful for preventing the components from
freezing and ensuring the materials in the printer do not become too brittle. TECs can work in tandem with passive
radiators. While TECs handle precise temperature control, the passive radiators can manage the overall heat
dissipation. The hot side of the TEC can be connected to a radiator, which then dissipates the heat into space. TECs
are also proposed for use along with heat pipes and thermal straps to effectively manage heat distribution.

6. The Challenges of Gravity in Additive Manufacturing

Additive manufacturing processes like the laser powder bed fusion (LPBF), and fused deposition modelling (FDM)
methods employed by Space Copy traditionally rely on gravity to hold the material—whether in powder, or filament
form—in place on the print bed. In space or on celestial bodies with weaker gravitational pull (e.g., the Moon, with
gravity 1/6th that of Earth's), material handling becomes highly complex. Powders tend to float, filaments may not
settle properly, and liquid resins can behave unpredictably, all of which compromise layer accuracy and bonding
quality.

Without sufficient gravity, additional mechanisms are required to:

e Maintain material stability on the bed.
e Prevent the scattering or floating of particles or filaments.
e Ensure precision in layer deposition and interlayer adhesion.

6.1 The Role of Vacuum Chambers in Additive Manufacturing

Employing a vacuum chamber inside the SLM and FDM 3D printing mechanisms addresses these issues by
creating a controlled, low-pressure environment in which the absence of air resistance and other atmospheric conditions
stabilises the material, improving the radiative method while also minimizing external forces, providing a solution that
is especially suited to the complexities of additive manufacturing in low-gravity or zero-gravity environments in a
similar set-up to traditional Electron Beam Melting (EBM) AM devices.

6.2 The Benefits of Vacuum Chambers
6.2.1 Gravity Offsetting and Material Retention

The primary advantage of using a vacuum chamber is its ability to mitigate the adverse effects of reduced gravity.
In processes such as laser powder bed fusion (LPBF), fine powders are highly susceptible to drifting in low-gravity

environments. By reducing or eliminating external forces (like air drag), a vacuum chamber helps retain powders in
their intended positions on the print bed. For filament-based techniques like FDM, gravity usually helps filaments
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settle after extrusion. In the absence of sufficient gravity, vacuum conditions prevent the filament from floating,
ensuring proper alignment with previous layers. This is crucial for maintaining structural integrity and reducing
defects.

6.2.2 Improved Layer Precision and Bonding

A vacuum chamber provides an environment where layers can be deposited with greater precision, ensuring
uniformity in material thickness. Since the material isn't disturbed by air currents or changes in atmospheric pressure,
the final print has improved resolution and dimensional accuracy. Additionally, the vacuum environment aids in
enhancing the bonding between layers. In powder bed fusion (a larger variant of the SLM system adopted by Space
Copy), for example, the lack of oxygen and other gases can lead to a more consistent sintering or melting process,
resulting in stronger bonds between the layers of the printed part. This reduces the likelihood of delamination and
improves the mechanical properties of the printed component. A secondary addition to the functionality of a vacuum
system is its ability to collect waste particulate. When heated above 900°C, lunar regolith emits up to 40% of its oxide
content which, when captured by a vacuum system, can be reduced into O? through either thermal reduction or addition
of hydrogen.

6.2.3 Contaminant-Free Printing Environment

In a standard open-air environment, impurities from the air such as dust, moisture, or other particulates can affect
the quality of the printed product. These contaminants can get trapped between layers or interact with the material
being deposited, leading to weakened structural integrity. In a vacuum, these risks are minimized as the lack of air
reduces potential contamination, resulting in cleaner and more robust prints.

6.3 Immediate Applications For ISM Related To Space Copy’s AM Technology

The use of vacuum chambers for additive manufacturing has immediate relevance for space missions and lunar
operations. Space agencies like NASA and ESA have been exploring in-situ resource utilization (ISRU) to enable self-
sustaining operations on the Moon, Mars, and beyond. Additive manufacturing will play a key role in these missions
by allowing astronauts to build tools, habitats, and equipment directly on-site using local materials.

In orbit, the microgravity environment complicates powder-based and filament-based AM processes. A vacuum
chamber minimizes these challenges, ensuring that materials behave more predictably. Even for testing on Earth,
vacuum chambers can simulate the low-pressure environment of space, allowing engineers to test 3D printing
techniques in conditions that mimic extraterrestrial environments.

Lunar regolith could be processed and used as a material feedstock for additive manufacturing. A vacuum chamber
helps stabilise such powdery materials, making it possible to print structures or parts using local resources.

7. Environmental Control System for Lunar Dust Mitigation in 3D Printing Chambers

Regolith dust tends to stick to surfaces due to Van der Waals forces, making it difficult to remove through
conventional means like brushing or blowing.Both passive mitigation efforts such as the implementation of NASA
Lotus Leaf Coatings, and active methods such as vibrational separation, self-cleaning, and ultrasonics are all currently
being researched by Space Copy, weighing both compatibility, mass restrictions, and overall effectiveness of these
comparative methods.

7.1. Environmental Control System Design
7.1.1 Vacuum-Based Dust Containment & Electrostatic Discharge System (ESD)

Electrostatic Discharge Systems (ESDs) within the greater Environmental Control System (ECS) of Space Copy’s
technology are developed to neutralize the static charge on lunar dust particles to prevent them from adhering to
surfaces, improving cleanliness and operational efficiency in the 3D printing environment.

The proposed ECS will use a partial vacuum to prevent lunar dust from contaminating the 3D printing process. A
filtration and vacuum system, equipped with HEPA filters, cyclonic separation, and pressure control sensors, will
continuously remove dust from the chamber. Additionally, an ESD system will neutralize electrostatic charges on dust
particles using plasma ionizers and grounding systems, preventing dust from clinging to critical surfaces like the print
bed and extruder, depending on the AM type and set-up.
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7.1.2 Dust-Adhesive Surfaces, Active Cleaning Mechanisms & Controlled Atmospheric Flow

Specialized dust-adhesive surfaces placed inside the chamber will capture and retain dust, reducing interference
with the printing process. Active dust cleaning mechanisms, such as laser ablation and ultrasonic vibrators, will remove
buildup from key components during printing. Controlled laminar airflow, created by small jets and air curtains, will
direct loose dust toward the vacuum system, minimizing contamination risk in the print area.

7.2 Radiation Shielding

Lead and regolith shielding both aim to attenuate radiation but function differently. Lead is highly effective due to
its density and atomic structure, which interact with radiation through scattering and absorption, reducing its intensity.
Its high atomic number increases the likelihood of radiation interaction, making it a preferred choice for blocking
gamma rays and X-rays. Lead is commonly used in industrial and space applications for shielding sensitive equipment
from radiation exposure. In contrast, regolith provides a natural alternative for shielding in space environments, like
the Moon. While less dense than lead, regolith can still absorb and scatter radiation. Its effectiveness depends on its
thickness and composition, which includes elements like silicon, aluminum, and iron that interact with radiation.
Regolith can be used to build or cover lunar structures, offering natural protection against cosmic radiation.

When designing an external shielding mechanism for Space Copy, both state of the art research and practical
knowledge concerning the lunar environment were taken into consideration. The required lead thickness is calculated
based on the type and energy level of lunar radiation. A combined system of lead and regolith shielding is proposed
for development as the construction of habitation becomes more prevalent. The most commonly used equation for
calculating shielding thickness is the exponential attenuation equation, which describes the exponential decrease in
radiation intensity as it passes through a shielding material:

I =1, x e™¥

| is the intensity of radiation after passing through the shield.

10 is the initial intensity of radiation before passing through the shield.

w is the linear attenuation coefficient of the shielding material.

[J is the thickness of the shielding material.

The linear attenuation coefficient (1) depends on the type and energy of the radiation, as well as the material
properties of lead.

7.2.2 Material Properties of Lead

Obtaining the linear attenuation coefficient ( upp,) for lead at the relevant energy levels of the radiation, this
coefficient describes how effectively lead attenuates radiation. The linear attenuation coefficient can be determined
experimentally or obtained from literature sources or radiation shielding databases.

Calculation Process: Rearrange the exponential attenuation equation to solve for the thickness of lead (J) required
to attenuate the radiation to the desired level:

—In (I’—0

X = —
HUpp

Plug in the values for % (the desired reduction in radiation intensity) and up;, (the linear attenuation coefficient of

lead) to calculate the thickness of lead shielding needed. To calculate the required thickness of lead shielding to reduce
radiation on the Moon to safe levels, we use the equation steps based on exponential attenuation of gamma rays or
cosmic radiation through a material.

Step 1: Assessing Radiation on the Moon

The Moon has no atmosphere or magnetic field, so the surface is exposed to solar radiation (solar particle events,
SPEs) and galactic cosmic rays (GCRs). For example, GCR radiation levels on the lunar surface can range between
0.38 mSv/day to 1.0 mSv/day (millisieverts per day), depending on solar activity. For this example, in initial
studies, Space Copy has chosen to assume an initial radiation level of 0.5 mSv/day.

Step 2: Safe Radiation Levels
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On Earth, humans are typically exposed to around 0.001 mSv/day due to natural background radiation. For long-
term lunar habitation, we might want to reduce exposure to at least 0.01 mSv/day, which is 10 times Earth’s
background radiation but still within acceptable limits for astronauts.

Step 3: Attenuation Coefficient for Lead

The linear attenuation coefficient (u) for lead depends on the energy of the incoming radiation. For gamma rays
and high-energy particles, values of \mu range from 0.5 to 1.0 cm™! for typical radiation energies encountered in
space (up to a few MeV). We will assume u = 0.6 cm™! as a reasonable average for a mixture of gamma rays and
high-energy particles from GCRs and solar radiation.

Step 4: Calculation of Thickness
We now calculate the thickness x of lead required to reduce the lunar radiation from 0.5 mSv/day to 0.01 mSv/
day. Using the equation:

~n (-
x = —2%
u

x = 6.52cm
I = 0.5 mSv/day (initial intensity on the Moon)
I = 0.01 mSv/day (desired intensity after shielding)

u =0.6cm™t
7.3 Results

The net result of this preliminary study bearing relevance to the supporting infrastructure required for lunar additive
manufacturing to be viable, the most logical method proposed is to reduce the radiation exposure of equipment on the
Moon from 0.5 mSv/day to 0.01 mSv/day, by utilizing a lead shield of approximately 6.52 cm thickness. This
would provide sufficient attenuation of incoming radiation, ensuring astronaut safety during extended lunar missions
while supporting regolith-based infrastructure is built. This estimate assumes a combination of solar and cosmic
radiation exposure, typical of the lunar environment. Further optimization can be done based on specific mission
parameters, duration, and radiation levels during periods of increased solar activity (solar particle events).

8. The role of automation using AI/ML algorithms, sensor fusion, and 5-axis robotic arm with interchangeable
end-effectors for post-processing

The integration of advanced robotic systems has become crucial for achieving efficient and autonomous operations
with Space Copy, due to potential mission overlaps between crewed astronaut presence versus timelines for
manufacturing and infrastructure requirements. Recent advancements in robotics have significantly reshaped industrial
production, including 3D printing processes. The emerging 14.0 technologies—the Internet of Things (loT), Cyber-
Physical Systems, augmented reality, Artificial Intelligence, Blockchain, cloud computing, Big Data and additive
manufacturing (AM)—have provided a new environment for manufacturing to become intelligent and digital. [31] The
novelty of the entire 3D printing processes, both SLM and FDM, proposed by Space Copy for extreme conditions, is
automated, with minimal to no human intervention, from initial fabrication to final post-processing, representing a
significant advancement in additive manufacturing technology.

8.1. 5-Axis Robotic Arm

The first key component is the 5-axis robotic arm being integrated, representing a significant advancement in
automation technology, offering enhanced precision, versatility, and efficiency across various industries. This robotic
system is characterized by its ability to move along five distinct axes: typically X (horizontal), Y (vertical), Z (depth),
and two rotational axes. [32] This multi-dimensional movement capability allows the arm to navigate complex three-
dimensional spaces with a dexterity reminiscent of the human arm. These arms excel in tasks requiring complex
movements, such as machining, 3D printing, and material handling.

A study on a 5-axis gantry robot for welding applications demonstrates the importance of precision in multi-axis
robotic systems. The research evaluated the 2-axis movement (X and Y) of a 5-axis robot, achieving high levels of
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accuracy (best at 0.83%) and repeatability (96 um and 108 um for X and Y axes respectively). [33] This level of
precision is crucial for tasks like part removal and post-processing in AM.

8.1.1. Selective Laser Melting (SLM) Post-Processing
The 5-axis robotic arm executes three critical functions in SLM post-processing:

1. Part extraction: The arm utilizes precision end effectors to detach and extract the fabricated component from
the build platform.

2. Spectroscopic analysis: It positions the part with um-level accuracy for Raman spectroscopy, facilitating non-
destructive material characterization.

3. Systematic delivery: Based on spectroscopic data, the arm executes programmed trajectories to transfer the
part to designated collection bin.

8.1.2. Fused Deposition Modeling (FDM) Post-Processing
For FDM, the robotic arm performs analogous functions, adapted for thermoplastic materials:

1. Part extraction: The arm employs gripping end effectors to separate the printed polymer component from the
build surface.

2. Spectroscopic analysis: It orients the part for Raman spectroscopic analysis, enabling assessment of print
integrity.

3. Systematic delivery: Post the spectroscopic results, the arm executes precise movements to transfer the part
according to designated collection bin

In both processes, the arm's operations are governed by Al, ensuring optimal trajectory planning, force control, and
process efficiency in the post-fabrication workflow.

8.2. Magnetic Interchangeable End Effector System

The second key component in achieving this automation is the integration of robotic systems with
interchangeable end effectors or grippers. This approach allows for seamless transitions between various post-
processing tasks, such as part removal, support structure elimination, surface finishing, and post-qualification. By
utilizing a robotic arm equipped with interchangeable grippers, the system can adapt to handle a diverse range of
printed parts with varying geometries and appropriate mechanisms for next steps. This flexibility is crucial in
addressing the challenges of post-processing, which often require different tools and techniques depending on the
specific part and printing method used. The implementation of such a system not only enhances efficiency by
reducing manual intervention but also improves consistency in post-processing quality. Furthermore, this automated
approach with interchangeable grippers aligns with the growing trend of smart manufacturing, where adaptability
and precision in handling diverse tasks are paramount, focussing on extreme environments.

8.2.1. End-Effector System

The robotic arm utilizes a magnetic end effector system, which offers significant advantages for lunar 3D printing
post-processing operations. This system enables quick and efficient tool changes, crucial for adapting to various post-
processing tasks. The magnetic coupling mechanism provides a secure connection between the arm and the end
effectors while allowing for rapid detachment when needed.

8.2.2. Advantages of Quick-Change Magnetic Coupling

Some of the key plus points of a magnetic quick interchangeable end effector system are:
Rapid tool changes, minimizing downtime between different post-processing tasks
Reduced mechanical wear compared to traditional mechanical coupling systems

Enhanced reliability in the lunar environment due to fewer moving parts
Improved dust resistance, as the magnetic interface is less susceptible to lunar regolith contamination
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8.2.3. Dust Resistance in the Lunar Environment

The magnetic coupling system inherently offers better protection against lunar dust compared to mechanical
alternatives. The smooth, sealed surface of the magnetic interface prevents dust particles from interfering with the
connection, ensuring consistent performance in the challenging lunar environment.

8.3. Al/ML-driven 3D printing process

The final key component is the integration of advanced sensors and Al-driven algorithms, which enhance the
system's capabilities in automated manufacturing processes. Robotic systems equipped with artificial intelligence and
machine learning algorithms enable adaptive and autonomous decision-making, enhancing manufacturing capabilities.
Al and machine learning algorithms play a crucial role in processing the data from these sensors in this crucial process.
This system operates as a cohesive unit, continuously monitoring and optimizing the entire printing process from start
to finish.

8.3.1. Process Overview

As the printing begins, an array of sensors strategically placed throughout the system collects real-time data on
various parameters crucial to the printing process. These sensors capture a wide range of information, from
environmental conditions to minute details of material deposition and part formation.

The collected data is instantaneously fed into the Al system, which processes this information in real-time. The Al
algorithms, trained on vast datasets of successful prints and potential issues, analyze the incoming data streams to
assess the current state of the print job. This analysis happens continuously throughout the printing process, allowing
for moment-to-moment evaluation and decision-making. Based on its analysis, the Al system can make instantaneous
adjustments to different steps in the process and various printing parameters. These adjustments might include
alterations to print speed, temperature, material flow rate, or even slight modifications to the print path. Moreover, the
Al system, in addition to current conditions, anticipates potential issues before they occur. By analyzing patterns in
the data, it can predict and prevent problems such as warping, layer separation, or other common environment mishap
conditions. As the print progresses, the system continues to learn and adapt. Each successful print adds to the Al's
knowledge base, refining its decision-making processes for future jobs. This continuous learning allows the system to
handle increasingly complex prints and adapt to new materials or printing conditions over time. The result is a highly
efficient, adaptive, reliable 3D printing process.

9. Conclusion

The novel lunar additive manufacturing technology presented by Space Copy for small to medium-scale
infrastructure development of regolith-derived materials presents a significant advancement in space exploration and
in-situ resource utilization (ISRU). This paper has presented a comprehensive overview of the integrated system that
is currently under development, which combines advanced robotics, artificial intelligence, and additive manufacturing
technologies to enable efficient and reliable production capabilities in a closed vacuum chamber in order to sufficiently
produce critical components in the challenging lunar environment on an autonomous basis. The proposed systems,
incorporating both Fused Deposition Modeling (FDM) and Selective Laser Melting (SLM) processes, demonstrates
the potential for multi-material manufacturing crucial for lunar operations. The integration of a 5-axis robotic arm with
interchangeable end effectors, implementation of Al-driven process control and real-time monitoring systems
addresses the unique challenges posed by the lunar environment, including extreme temperature variations, reduced
gravity, and the presence of abrasive regolith and significantly enhances the system's versatility, enabling automated
post-processing tasks.

These intelligent systems not only optimize the manufacturing process but also contribute to the overall reliability
and efficiency of lunar operations, with direct translation to improving manufacturing methods on Earth, signifying
the importance of developing dual-use space technologies. The autonomous nature of this manufacturing system
minimizes the need for human intervention, a critical factor in reducing mission complexity and cost. Furthermore, the
ability to utilize in-situ resources for feedstock material production paves the way for sustainable, long-term lunar
presence. The successful implementation of Space Copy will not only support lunar exploration but also serve as a
foundation for future deep space missions and off-world development efforts.
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