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Abstract: With the development of technologies such as 3D printing and artificial intelligence,
robotic lunar construction has gradually become a reality. In recent years, many countries
have conducted research on lunar construction, among which lunar in-situ resource utilization
construction is the most promising option for lunar construction, and intelligent robot
construction is the main method of in-situ resource utilization construction. This paper
analyzes the trend of intelligent construction and the necessity of lunar construction, and
concludes that lunar construction robots have great development prospects and value. Using
"ISRU, intelligent construction robot, 3D printing" as keywords, using the method of
literature analysis, literature retrieval is conducted on China National Knowledge
Infrastructure and Google Scholar databases, and the types of lunar bases, the acquisition of
lunar resources, the classification of intelligent construction robots, and the 3D printing
technology and Fully adaptable robot assembly and construction technology in lunar in-situ
resource utilization are analyzed. The concept, classification, function, auxiliary 3D printing
technology and materials required for 3D printing are analyzed in detail. The assembled
mortise and tenon structure, fully adaptable assembly robot technology and underground
construction technology are described in detail. The intelligent construction technology
involved in lunar in-situ resource utilization construction (ISRU) and how to adapt to the
lunar environment for construction are systematically analyzed, and the challenges faced in
realizing robotic lunar construction are briefly outlined. It provides ideas for scholars
studying intelligent construction robots.

Keywords: ISRU, Intelligent Construction Robot (ICR), 3D printing, Fully Adaptable
Assembly Robot.

1. Introduction

The European Space Agency (ESA) proposed the concept of building a lunar outpost in 2013. In 2019,
National Aeronautics and Space Administration (NASA) proposed “lunar habitat” in its Space Action
Plan [1]. In 2024, the Chinese Society of Astronautics held a conference in Harbin titled "Moon 2050,
a New Vision for Humankind's Extraterrestrial Home", again mentioning five topics, including "lunar
architecture" and "lunar robots". Human exploration of the moon has gradually shifted from
unmanned spacecraft to lunar exploration to stationing on the moon for research. Building a habitat
on the moon will become a new milestone in human exploration of the universe [2]. If people want
to build on the moon, they must consider the extreme environment of the moon. It is almost
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impossible for humans to build on the moon in person, so this task is undertaken by intelligent
building robots. Robotic construction is not only of great significance for space construction, but also
has great research prospects for the construction of various extreme areas on Earth (such as Antarctic
research outposts). China proposed building intelligence in its /4th Five-Year Plan for Construction
Industry Development, focusing on improving the utilization rate of robots in dangerous and heavy
construction operations, promoting the development of human-machine collaboration and multi-
machine cooperation technology, and improving the level of building automation and intelligence.
Large-scale transformation to intelligence is an inevitable trend in the development of the
construction industry.

Nowadays, intelligent construction on Earth has become mature, but there are few papers on robots
for lunar construction. This paper focuses on the construction of intelligent robots in extreme
environments, and reviews past papers to discuss the technologies used in in-situ resource
construction (ISRU) in lunar habitat construction. It uses literature analysis methods to search for
literature on China National Knowledge Infrastructure and Google Scholar, and organizes and
analyzes the papers involved in this field.

2. The Necessity of Lunar Construction

As a satellite of the Earth, the Moon is the starting point for human exploration of the universe and
has important significance for human exploration of the universe. Ruess mentioned in the article that
due to the less geological activities and weather changes on the Moon, the environment is more in
line with the most primitive state of the planet, which is of great significance for the exploration of
the origin of life [2]. There is less scattered light on the Moon than on the Earth, making astronomical
telescopes more accurate in observing planets [2]. Xuanyi Xue et al. mentioned in the article that due
to the smaller gravity of the Moon, the energy required for the spacecraft to leave the Moon is less,
and the Moon can be considered as an intermediate resource supply point for humans to Mars) [3,4].
The development of lunar resources, such as nuclear fusion fuel, rare earth metals and solar energy,
is of great significance to mankind [4,5]. At the same time, the Moon is also an important military
area contested by various countries. The competition for lunar resources and the colonization of the
Moon have become important indicators for countries to explore the universe and enhance their
comprehensive strength.

3.  Classification of Lunar Buildings and Acquisition of Lunar Resources

The construction of a lunar base relies on two methods: Earth-Moon transportation structure and in-
situ resource utilization (ISRU)[3]. Cheng Zhou mentioned in the article that in the early stage of
building a base, it is necessary to first use space transportation to transport the building structure from
the earth to the moon, and then gradually develop to use the resources on the moon for construction
[1]. There are basically five types of lunar bases: rigid structure, flexible structure, 3D printing
structure, masonry mortise and tenon structure, underground structure, etc [2,6]. Among them, 3D
printing structure, masonry mortise and tenon structure, and underground structure belong to the
category of ISRU. ISRU refers to the construction of moon base using resources on the moon, and its
construction site selection is relatively flexible. The Earth-Moon transportation structure is currently
relatively mature, but the demand for funds and energy is extremely large, and the technical
requirements are high. ISRU reduces the cost of round-trip travel between the earth and the moon,
improves independent operation and maintenance and disaster resistance capabilities, and is a better
solution for lunar construction [3,7].

The first important consideration for ISRU is the acquisition of building resources (such as
concrete, cement, metal, etc.). The China National Space Administration (CNSA) has conducted a lot
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of research on the acquisition of lunar resources and concluded that the lunar polar regions are rich
in mineral resources and water/ice resources. There are some areas of permanent daylight on the edge
of the meteor crater that can be powered by solar energy [5]. Considering the lunar day and night
cycle, except for the permanent daylight areas, other areas have no sunlight for about half a month,
so other resources are needed for energy supply [5]. Martinez Rocamora Jr. et al. simulated the lunar
environment and enabled ICR to explore, excavate and transport resources in the environment, and
obtained a system for ICR to cooperate in the mining of lunar resources [8]. Under the collaboration
of multiple robots, the risk of ICR failure can be greatly reduced.

4.  Concept and Classification of Building Robots

Balzan et al. defined intelligent construction robots (ICR) as tools that integrate configurability,
adaptability, interaction, reliability, motion, manipulation, and perception, and perform construction
tasks through computer control and self-learning. The purpose is to reduce the workload and injury
rate of workers and improve construction accuracy and efficiency [9,10]. CiJyun Liang et al.
classified the autonomy of ICR in human-robot collaboration (HRC) from low to high in terms of
advanced level: fully manual (completely performed by humans), pre-programmed (i.e., completing
a single repetitive task after being programmed or remotely controlled by humans), adaptive operation
(humans make plans and robots complete them), imitation learning (due to sensor defects, robots need
to imitate human behavior), monitoring control (robots execute according to plans, humans monitor
progress and adjust plans in a timely manner), and fully adaptive (humans issue tasks and robots plan
them completely) [9]. With the development of artificial intelligence, ICRs have been put into
construction, mainly including: on-site monitoring robots, earthwork robots, steel bar binding and
welding robots, bricklaying robots, concrete processing robots, exoskeleton technology, etc [10].
However, most of them are pre-programmed ICR, which can only complete single repetitive tasks
and cannot collaborate to complete complex tasks.

Chong Chen et al. mentioned in the article that four aspects must be considered for the ICR system:
perception system (sensors, infrared radars, cameras, etc.), control system (giving instructions to the
robot), drive system (providing power to the robot system), and mechanical system (performing
construction operations and executing tasks) [11]. The four systems interact with each other to guide
the robot's actions. The perception system and control system of the ICR are two of the more
important parts, and are also the key to the ICR's transition from pre-programming to full adaptation.
At the same time, multi-robot collaboration and comprehensive management and coordination are
also factors that must be considered by ISRU.

5.  Lunar in-situ Resource Utilization Construction Technology
5.1. D Printing Lunar Construction Technology (AM)
5.1.1.Concept, Application and Classification of Lunar 3D Printing Technology

3D printing technology, also known as additive manufacturing (AM), is a technology that combines
computer, numerical control and material forming technologies to construct a three-dimensional
model through architectural parametric modeling software or through point cloud data to model the
building in three dimensions. Then, the basic principle of material superposition is used to decompose
the model into two-dimensional models of appropriate thickness and equal spacing. Finally, the CNC
system analyzes and controls the mechanical device to perform layered printing and construction [12].
AM is mainly used to print the lunar base surface shell on the surface of the lunar to reduce solar
radiation and the impact of small meteorites. Since there are many studies on lunar in-situ material
forming technology and AM, AM has become the main method of ISRU. AM not only ensures the

77



Proceedings of the 3rd International Conference on Art, Design and Social Sciences
DOI: 10.54254/2753-7064/48/20240165

rationality of the shape of the building, but also excels in efficiency and material saving. It is mainly
divided into two types: Mobile gantry 3D printing (Figure 1), mobile and non-mobile robotic arm 3D
printing (Figure 2) [13,14]. The difference between the two is that the robotic arm has a higher degree
of freedom when printing the building part, but it is immature for printing coarse aggregate materials
and is relatively weak on large buildings. Gantry 3D printing (using layer-by-layer extrusion) has
been more widely studied, with good precision control and good adaptability to larger buildings and
coarse aggregates, but its mobility and freedom are inferior to those of robotic arm 3D printing
technology [13]. In the study of 3D printing technology, the European Space Agency uses the D-
Shape (photocuring technology) process for lunar construction, the main material of which is a
combination of lunar soil and adhesive. NASA, on the other hand, chooses the contour forming
process, which is to extrude concrete through a computer-controlled nozzle for printing. The
advantage of D-Shape is that it can be printed directly on the lunar surface, and the printed product
has good toughness, but its disadvantage is that its printing material depends on transportation
between the earth and the moon. In addition, it can only be printed under vacuum, but liquids cannot
be stored under vacuum. The contour forming process is a CNC construction process. Its advantages
are high precision and no template is used during printing and construction. It is more friendly to the
lunar environment while meeting the requirements of complex building structures [15].

Figure 1: Concept of mobile (passive) gantry by Figure 2: Mobile robotic arm 3D printing [15]
assembling modular beams and connectors [14]

5.1.2.Technologies to Assist Lunar 3D Printing Construction

At the level of 3D printing technology: BIM technology cannot be ignored. Nowadays, BIM has been
widely used in the construction industry and has powerful capabilities for storing building information
(the entire life cycle of a building), data interaction, and model construction. However, its interaction
with construction management and robot control has not yet been fully realized. Yashar, M. et al.
proposed the great potential of 4D BIM in 3D printing technology. It can simulate robot task planning
and construction processes, form a visualization of the construction process, and convert geometric
models into computer numerical control codes for the positioning of the robot arm during 3D printing
[16]. Similarly, Muthumanickam et al. constructed a 4D BIM multi-objective optimization
framework at the 3D printing software level, making the interaction of various complex systems in
3D printing stronger, improving work efficiency, and achieving effective monitoring and simulation
during the work process [17]. For 3D printing technology,not only the drive of the robot arm should
be considered, but also its mobility on the lunar surface needs to be guaranteed. Ellery proposed the
All-terrain six-limb lunar probe in the article. As a robot rover chassis, it is used for robot movement
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of lunar 3D printing technology [4]. In addition, sensors, infrared laser searchlights and other
technologies can also be used to assist in the movement of 3D printing robots.

5.1.3.D Printing Materials and Construction Technology

At the level of 3D printing materials: There is a weathering layer with a thickness of about 4-15 m on
the lunar surface. The ISRU construction material is mainly the lunar weathering layer, which can be
used as a good building material. By adjusting the ratio of the materials in the weathering layer, the
concrete required for 3D printing can be obtained. Since the condensation of concrete requires the
use of water to react, but the moon is extremely short of water resources, Peng Zhang et al. proposed
in the article that two methods can be used to extract water on the moon: drilling evaporation and
lunar soil hydrogen reduction [5]. In addition, methods for obtaining oxygen include reduction water
extraction. In addition, metal oxide electrode oxidation, molten salt oxidation, vacuum thermal
decomposition and other methods can be used to obtain oxygen for the firing of lunar soil bricks [5,7].
In a vacuum environment, the water in the lunar soil material will quickly vaporize after printing,
which will affect the performance of the concrete after solidification. Therefore, some scientists have
proposed the use of steam injection printing to effectively avoid the volatilization of the fusion agent.
After the printed model is formed, the weathering layer material is sintered by solar concentrated
irradiation or laser and microwave to obtain the outer protective shell of moon base [4-5,18-19].
However, the above methods still have defects, causing problems such as cracks, pores and cracks in
buildings, posing a threat to safety [19].

40% of the components in the regolith can be used to make glass, and high-strength glass fibers
can be mixed into concrete to enhance its toughness. Cast regolith refers to the material formed after
the regolith on the lunar surface melts. Due to its strong wear resistance and pressure resistance, it is
suitable for the outer and load-bearing parts of buildings. However, the regolith contains a lot of
oxygen, and refining requires large-scale workshops, and the energy consumption during smelting is
high [8]. Regarding the materials used in 3D printing, Robert P et al. mentioned that sulfur concrete,
silicate cement concrete, Sorel cement concrete, plastic, basalt and metal can be used as deposition
media for automated additive manufacturing system [18].

Still a need for technological breakthroughs in the storage, printing and structural hardening of
weathered layer materials in 3D printing technology[3].

5.2. ISRU Uses Fully Adaptable Robots to Build Prefabricated Buildings
5.2.1.Mortise and Tenon Technology

For lunar construction, in addition to 3D printing buildings, traditional Chinese mortise and tenon
structures have great advantages for lunar construction. Mortise and tenon structures have good
performance in terms of flexible disassembly, stability and durability. The key point is that they can
achieve the purpose of structural stability without welding or bonding. Ding, L. et al. proposed a new
concept of lunar prefabricated buildings in the article, namely planetary Lego blocks, which are
assembled by assembling lunar soil bricks of different shapes, it can get a solid lunar base, similar to
traditional Chinese mortise and tenon structures [20]. Lunar mortise and tenon structures are also a
type of prefabricated buildings. At the same time, Cheng Zhou et al. proposed in the article that the
technology of making bricks from lunar soil can be used as a prerequisite for the assembly of lunar
mortise and tenon structures [21]. After 3D printing bricks of unconventional shapes, fully adaptive
robots are used to identify and assemble them to obtain lunar building structures.

79



Proceedings of the 3rd International Conference on Art, Design and Social Sciences
DOI: 10.54254/2753-7064/48/20240165

5.2.2.Prefabricated Construction Robot Technology

Brinkmann proposed a six-legged walking mantis robot (Figure 3), which has high mobility and two
arms for grasping objects. It can be used for assembly structure installation and cooperate with 3D
printing gantry. It adapts to the environment through limb sensors, head cameras and infrared
scanners. Brinkmann described the Mantis system's collaborative task completion without human
assistance (PRO-ACT)[22]. Govindaraj proposed the Robotic Work Agent (RWA) and ISRU factory,
and explained the potential of the IBIS Mobile exploring robot, demonstrating the PRO-ACT multi-
robot collaborative cooperation and task planning capabilities, bringing humans one step closer to
fully adaptive robot construction [14]. Compared with the manufacturing industry, the construction
site 1s a relatively complex site. Each building is different and the scenes are more varied. It is not
enough for humans to program and control the robot to cope with the construction situation.

Figure 3: Six-legged walking mantis robot [ 14,22]

Due to the complexity of lunar construction and the diversity of geographical environments, the
perception, task and path planning of robots play a vital role in their adaptive construction. Compared
with traditional technologies, robot positioning is captured by cameras, analyzed by computer vision,
and then path planning is performed after processing dynamic environments by reinforcement
learning, or location recognition is performed by specific markers. Xu X. et al. proposed a new
framework that uses data sensing that builds dynamic environments into virtual models to achieve
positioning. After collecting data using laser scanning, edge detection, and stereo images, the required
materials are automatically identified through deep neural networks. In terms of task planning, Xu X.
proposed using deep learning technology (deep neural network reinforcement learning framework,
inverse reinforcement learning) to train robots to find the optimal task planning and execution
sequence [23]. These technologies can be used to achieve a high level of autonomy in robot
construction. Similarly, Gawel et al. proposed a method for autonomous mobile robots to perform
assigned tasks using onboard sensors, that is, by calculating the construction plan from the virtual
building model and then using laser sensors to locate in the real feedback, achieving self-path
planning and construction [24]. In addition, Follini proposed using 4D BIM design models, BIM and
robots to interact with building data and store construction progress, and by installing sensors on the
robot to monitor the construction progress while updating data in BIM to guide the robot's path
planning [25]. Although these technologies for robot positioning, task planning, and object
recognition are applied to earth construction, they provide ideas for ISRU. However, to achieve the
purpose of robot learning, high-quality training and pre-data on construction are required for the robot

[3].
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Fully adaptive robots have already taken shape in construction on Earth. Despite their high
flexibility and autonomy, they still face huge challenges in construction on the Moon. Under solar
radiation, the sensors, communication capabilities and data processing capabilities of fully adaptive
construction robots will be affected, thus affecting the stability and accuracy of their work [1].

5.2.3.Lunar Underground Construction

Current research on lunar underground construction mainly focuses on lunar lava tubes. Lunar lava
tubes are underground passages formed naturally by volcanic eruptions under the lunar surface. The
use of lava tubes reduces the cost of underground excavation for ICR on the one hand, and on the
other hand, the temperature under the lava tube changes slowly during the alternation of day and night,
with less solar particle radiation and a stable environment [3]. Thangavelautham mentioned in the
article the control method of bionic artificial neural tissue (ANT), which is mainly used on the lunar
surface and has higher autonomy and adaptability. It can be used for the construction of lunar lava
tubes and the excavation and transportation of lunar soil [26]. Lava tubes can be constructed in stages
to form complex LHs. However, there are many unknown factors in underground construction, which
is risky, so exploration robots are needed to conduct visual analysis of the interior of the lava tube.

6. Conclusion

In-situ resource utilization construction has become an important way to explore the universe. This
article briefly introduces the necessity of human beings to build infrastructure and other buildings on
the moon from four aspects: the development of various disciplines, the exploration of the universe,
resources and military. The methods of lunar construction (earth-moon transportation and ISRU) and
lunar bases are classified, and the advantages of lunar in-situ resource utilization construction and the
necessity of its development are listed. The classification of intelligent robots in terms of intelligence
and function by scholars in recent years is discussed. Then, the technologies currently used in lunar
in-situ resource utilization construction are introduced in detail: 3D printing technology and fully
adaptive robot prefabricated buildings. For 3D printing technology, the concept, use, classification,
development, auxiliary 3D printing construction technology, and 3D printing materials and
construction technology are introduced. For fully adaptive robot prefabricated construction, the
advantages of mortise and tenon assembly, as well as the types of assembly robots, perception
technology, task planning and coordination capabilities are analyzed by example. Finally,
underground construction technology is briefly introduced. This paper systematically analyzes the
key technologies involved in the construction of lunar intelligent robots.

Through the analysis of lunar construction technology, humans have already conducted some
research on 3D printing technology (AM) and fully adaptive robot construction technology, but there
is still a lot of research to be done before fully realizing the robot construction mode without human
intervention. To realize robot construction, multidisciplinary integration is required. If robots want to
smoothly cooperate to complete construction tasks, they cannot be limited to civil engineering
disciplines. Computer vision, artificial intelligence algorithms, remote sensing control and other
technologies should be integrated into it. In addition, if you want to realize the construction of fully
adaptive robots, you still need a lot of data for robots to learn. Finally, construction on the moon needs
to take into account the extreme environment of the moon, such as extreme temperature, day and
night length, low gravity, strong radiation, and more moon dust and small meteorites. Intelligent
construction must be simulated in accordance with the lunar environment.
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