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ABSTRACT:  

Innovative building materials and techniques that take advantage of in situ resources utilization (ISRU) 

for the sustainable development of extraterrestrial habitats are required to achieve sustainable human 

activity on the Moon and Mars. However, for space constructions, the conventional construction 

methods on Earth are not practical in such extreme environmental conditions and logistical limitations, 

so new construction materials based on regolith are studied, such as regolith-based concrete, 

geopolymer, and biopolymer (biocomposites). The use of locally sourced aggregates and alternatives to 

binders in 3D printing (additive manufacturing) such as alkali-activated geopolymers and protein-based 

biobinders with promising mechanical properties poses challenges for their scalability and their 

resistance to extraterrestrial stressors. Ensuring the structural integrity and longevity of space habitats is 

fundamentally important for the adaptation of concrete mixtures in space conditions of microgravity, 

vacuum, radiation and thermal cycling. Continuing experimental initiatives like NASA's 3D Printed 

Habitat Challenge prove the viability of critical technologies and demonstrate the significance of robotic 

automation, digital twin modelling and sensor integration in quality assurance and lifecycle 

management. Although remarkable advances have been made, there are still gaps in knowledge on 

processing, material stability and energy-efficient operation, highlighting the need for multi-disciplinary 

collaboration to achieve resilient, sustainable human settlements beyond Earth. 

 

1. Introduction 

1.1 Background and Importance of Extraterrestrial Construction 

Internet enthusiasm for the idea of human space colonization has turned from science fiction to concrete 

plans to colonize the Moon and Mars. The ability to sustain human habitation on extraterrestrial bodies 

such as these requires basic technical and environmental solutions to construction challenges that can be 

met. The prohibitively high costs for launching and the requirement for length of time for a mission to 

succeed, combined with the extremely harsh planetary conditions of extreme temperatures, vacuum, 

microgravity, and intense cosmic radiation, makes conventional construction methods impractical. Space 

agencies and the scientific community are also focusing more on the sustainable use of in situ resources 

(ISRU), using materials found on the surface of another planet or moon to develop infrastructure and 

build habitats. On-site construction is required because of the need to keep payload mass minimum from 

the ground, to keep costs low for a mission, and to increase the autonomy for longer term missions [1]. 

Near-term target bodies for human missions, the Moon and Mars, face unique challenges for habitat 

development. They experience no protective atmosphere, which causes their surface structures to be 

exposed to high temperatures and to the radiation from the sun under conditions of rapid temperature 

changes. Innovative material and structural solutions have to be created to perform safely and reliably 
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under such conditions, thus making habitat safety, durability and functionality dependent on these 

innovative solutions [2]. The vision of permanent, resilient human outposts requires the advent of a new 

arena of materials engineering and fabrication technologies that can provide structural integrity, energy 

efficiency, and environmental protection, critical for human life. This paves the way for the use of 

materials and processes that are significantly different from those used on Earth in the construction of 

extraterrestrial structures, which will require a multi-disciplinary approach combining planetary 

geotechnics, materials science, structural engineering and robotics.The use of concrete as a basic 

material in space habitats. 

1.2 Concrete as a Core Material for Space Habitats 

In terrestrial construction, concrete is well known for its versatility, high compression strength and low 

costs, making it a promising material for space projects. The main benefit is that it could be made from a 

substance found on the surface of the Moon and Mars – regolith, or dust and rock. The challenges of 

replicating the behaviour of concrete on land in space include the lack of water, which is used in the 

formulation of Portland cements, and the need to incorporate the geochemical variability of the materials 

that are available in the local environment. This has sparked a great deal of research into other types of 

binders and composites that could be used in a low gravity, vacuum environment [4]. 

In addition to the traditional concrete, geopolymers made from aluminosilicate sources and alkali 

solution are also an interesting type of inorganic binder which could perform well in lunar and Martian 

environmental conditions and would use local regolith as an aggregate [5]. A novel human-derived 

binder system that can be produced in vivo is being developed by combining polymeric proteins 

produced in space serums (such as serum albumin) with other human fluids like urea, which will provide 

sustainability benefits by minimizing the reliance on terrestrial-binder materials [4]. The biobinders 

show remarkable compressive properties, sometimes even exceeding those of conventional concrete, and 

offer a great potential to integrative approaches to materials. However, existing alternative systems are 

still limited in their ability to be scaled, complexity of processing, and durability to extraterrestrial 

conditions [6]. 

Therefore, in space construction, concrete-based materials are based on a range of binder technologies, 

having their specific merits and limitations which impact on their design, processability and habitat 

performance. It is imperative to conduct critical evaluation of these materials in relevant environmental 

and loading conditions for harnessing their potentials beyond Earth. 

1.3 Overview of 3D Printing Technology and its Application in Space 

Additive Manufacturing (AM) is commonly known as 3D printing, which has transformed 

manufacturing industries by allowing the manufacture of complex geometries and geometries that 

cannot be manufactured by traditional manufacturing methods, without the need for tooling or molds. 

Extrusion-based 3D printing has seen significant development within the construction industry that has 

reduced construction time, cost, design freedom and even resulted in positive environmental impacts. 

The technology can be adapted to space conditions and is particularly suited to the utilization and 

manufacture of building materials from regolith in layers to form space-based habitats and infrastructure 

in an autonomous or semi-autonomous way, which is a vital requirement for off-world missions. 

The application of 3D printing in space construction should take into account various factors, including 

the influence of space gravity, the types and qualities of materials, and the space vacuum and changes in 

temperature, which pose unique difficulties to 3D printing [8]. Research programs have increasingly 

been evaluating the feasibility of AM for space applications, ranging from proof-of-concept terrestrial 
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demonstration to small-scale on-site demonstration on the International Space Station. The 3D Printed 

Habitat Challenge by NASA stimulated innovation from the aerospace community, showing the 

potential of 3D printing but also the challenges of using 3D printing technology outside of Earth's 

environment such as strong process control, material supply and the multi-functionality of printed 

components [9]. The combination of AM and space-based construction has implications for future 

mission architectures, with the aim of minimizing reliance on Earth logistics and enabling sustainable 

human settlement. 

 

2. Extraterrestrial Concrete Materials: Composition and Development 

2.1 Use of Regolith as Primary Aggregate 

Extraterrestrial concrete can be made from the fine particulate dust and crushed rock fragments 

(regolith) produced by the impact of micrometeorites and space weathering, which are abundant on the 

moon and in the Martian surface. The mineralogical composition, size distribution and mechanical 

properties are critical factors for the design of concrete mixtures and their performance. An example is 

lunar regolith which is mainly basaltic in composition, and has angular, glassy particles that show high 

abrasiveness and irregular shapes that influence the packing density and rheology of the printable 

mixtures [10]. The regolith samples on Mars are more variable because they are a mix of volcanic and 

sedimentary origins. 

Differences in regolith simulants used in terrestrial experiments primarily reflect variations in the 

mineral composition and grain size of the particular test site, varying the mechanical characteristics, e.g., 

compressive strength and porosity [11]. The processing problems are overcome by handling the material 

that has no volatiles, dust is not generated, and the feedstock characteristics are consistent in 3D 

printing. An optimization of the mix design and process is necessary to achieve the desired printability, 

workability and structural integrity, as regolith may be lacking in cohesive properties, and may have to 

be activated or blended with additives to overcome this [12]. 

2.2 Alternative Binders: Geopolymers and Biobinders 

However, the use of conventional Portland cement is impractical on the Moon and other extraterrestrial 

environments as there is no liquid water and limited transport options. It is also a promising alternative 

binder, using an alkali activation process of aluminosilicate minerals derived from regolith to create a 

hardened matrix. These binders can cure at ambient or slow curing temperature, which means that there 

is not a high amount of energy required during construction [5]. The mechanical characteristics, thermal 

stability and radiation resistance of geopolymer composites with simulated lunar regolith (SL) are 

promising, but the behavior of composites varies from sites, making it necessary to fully characterize the 

SL and optimize the mix [5]. 

Astronaut plasma-derived serum albumin has been developed to act as an innovative biological binder 

for the production of extraterrestrial regolith biocomposites (ERBs) with up to 25 MPa of compressive 

strength and a 300% improvement when combined with regolith and urea and other bodily fluids [4]. 

The biobinders take advantage of protein network formation during dehydration processes that is similar 

to the binding seen in spider silk units to create novel adhesion mechanisms. The idea of using materials 

derived from the crew creates a paradigm for sustainable bio-manufacturing but is limited by biological 

production rates and by the long term stability of the materials. Blend of geopolymer and biological or 

synthetic additives is being explored to offer a balance of mechanical strength, processability and 

sustainability [13]. 
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2.3 Material Properties under Extraterrestrial Conditions 

The environment experienced by extraterrestrial materials, in which mechanical and microstructural 

behavior is affected, is extreme in many respects: vacuum, large temperature ranges, and ionizing 

radiation. For example, the vacuum and thermal cycling exposure may cause concrete porosities to 

increase, and may lead to formation of micro-cracks and decrease in compressive strengths over time 

[14]. Experimental studies on lunar regolith geopolymers with different admixtures in multilayer 

structures have shown that water demand can be reduced with the introduction of admixtures such as 

urea, but also the workability and the curing behaviour and strength of the geopolymer under simulated 

lunar day/night cycles are affected by the use of these admixtures [14]. 

The compressive strength of the sintered regolith bricks produced by energy from the sun is less than 5 

MPa and has high porosity and poor bond between the layers, meaning that thermal gradient control and 

longer cooling periods are required to increase denseness and mechanical integrity [12]. Thermal 

properties, such as thermal conductivity and thermal diffusivity, also affect the habitats' durability and 

energy management, which in turn affects the design of insulation and strategies for maintaining an 

internal thermal regime [15]. It is therefore important to understand how physical and mechanical 

properties change when concrete is exposed to extraterrestrial environmental stresses to design long-

lasting concrete structures for space. 

 

3. 3D Printing Technologies Suitable for Extraterrestrial Concrete Construction 

3.1 Extrusion-Based 3D Printing of Concrete and Geopolymers 

The extrusion-based AM currently dominates large-scale construction 3D printing, as it uses a movable 

nozzle to apply paste-like materials in layers. The basic qualities are the rheological ones, like yield 

stress, viscosity and thixotropy, which provide controlled flow, shape retention and interlayer adhesion 

[16]. The formulation of materials to be used in extraterrestrial applications must carefully balance the 

size of the regolith aggregate, the amount of binder used, and the inclusion of additives to ensure that the 

material is printable under the low gravity environment and vacuum of space, which do not follow 

terrestrial sedimentation and buoyancy laws. 

More recently, a success in the extrusion of regolith simulant inks with the use of polylactic-co-glycolic 

acid binders that exhibited quasi-rubber-like elasticity and moduli suitable for shock absorbing and 

structural applications has been reported [17]. High deposition rates are possible without deformation of 

the substrate, enabling scalable construction of habitats with these inks. This advancement highlights the 

potential of extrusion-based methods for in-situ habitat manufacturing, due to its material versatility, 

ease of operation, and ability to integrate with robotic construction systems. 

3.2 Laser Sintering and Melting Techniques 

Another approach to AM is selective laser melting (SLM) and sintering technologies, which fuse 

particles of regolith to make load-bearing parts without the use of binders. Such techniques use focused 

energy, such as a laser or a solar concentrator, to fuse or fuse together layers of material at a point [18]. 

Experimental 3D printing of lunar regolith simulants has demonstrated the strength of the sample bricks 

obtained, which are limited by the porosity and bond strength between the layers, and is promising for 

use in habitats to protect against radiation or construction of roads [12]. 

The regolith powders have high flexibility in the process of making complex geometries with fast curing 

time, but the energy required to input and thermal management to control the process to avoid defects 

such as cracking due to rapid cooling are still high.SLM of regolith powders provides high flexibility in 
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the making of complex geometries with faster curing time, but the amount of energy required to put into 

the process, and the need for thermal control to avoid defects like cracking due to rapid cooling are high 

at the moment. Part of the challenge of binderless manufacturing's sustainability is the need to overcome 

the significant challenges of achieving energy efficiency and process stability for implementation. 

3.3 Robotic Systems and Automation for In-Situ Construction 

It is therefore important to investigate autonomous and semi-autonomous robotic systems for the 

realization of additive construction processes in the constraints of human presence and human labor in 

extraterrestrial environments. Research is currently underway that combines the power of robotics and 

3D printing technology to automate the material deposition, compaction and finishing processes, further 

improving both productivity and safety. These robots face a series of problems that are specific to 

microgravity, low atmospheric pressure, and extreme temperature fluctuations, and require a new 

generation of robots with enhanced perception, navigation, and process control capabilities. 

Increasingly, digital twins (virtual replicas simulating physical printing processes) are being used to 

optimise construction parameters in real-time, enabling corrections to be made to print quality and 

efficiency [8]. NASA ACME project is a good example of an integrated robotic and material 

development for planetary surface missions, focusing on multifunctional capabilities and extremes of the 

surface environment [21]. Additive manufacturing and robotics are the key technologies that enable the 

possibility of large-scale space construction. 

 

4. Mechanical and Structural Performance of Extraterrestrial Concrete 

4.1 Compressive Strength and Elasticity of Regolith-Based Concrete 

The ability to obtain adequate compressive strength is critical for the concrete to resist the internal forces 

of the habitat and to resist external forces. The compressive strength of biocomposite binders with 

human serum albumin is about 25 MPa, which is comparable to the compressive strength of the normal 

terrestrial concrete (20 to 32 MPa) [4]. Polylactic-co-glycolic acid based regolith inks have elastic 

moduli ranging from 1.8 to 13.2 MPa and remarkably high extension before failure, which can make for 

elastic resilient structures [17]. 

Trade-offs exist between extrinsic environmental effects and material formulation, however, because of 

the possibility of strength reduction due to factors like vacuum curing and thermal cycles on lunar 

geopolymers [14]. An understanding of these mechanical properties helps to design structures that have 

the right balance of rigidity and flexibility needed for load conditions on Earth and in space and for 

adaptation to thermal expansion. 

4.2 Impact Resistance and Radiation Shielding Capabilities 

The materials of the habitat need to shield inhabitants from high velocity meteoroid impacts and cosmic 

radiation. The thickness and density of the concrete are important factors for impact resistance and 

radiation attenuation. Design is aimed at creating thick structures that can resist the internal pressure and 

micropenetration from micrometeorites [3]. To achieve shielding effectiveness [1] the use of dense 

layers of 3D printed concrete or sintered regolith layers with controlled porosity and interlayer bonding 

is essential. 

Current bricks that have been sintered have insufficient strength in terms of compression and bonding, 

which may present difficulties in the construction of the structures and in the construction of the 

radiation protection [12]. Current research efforts are focused on determining the best combinations of 
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material density, porosity and layer adhesion to provide the most safe habitat at the lowest possible 

weight. 

4.3 Structural Design Considerations in Low Gravity Environments 

The reduced gravity on the Moon and Mars requires changes in the way the loads are distributed, which 

requires changes in the design of the habitats. Cylindrical shells are preferred because of their ability to 

be extremely stable under internal pressure and for economy of material [22]. The inflation and 

deployment of structures has the advantage of being mass saving, but protective outer structures are 

needed, which is suggested to be made up of 3D printed concrete like materials. 

The bearing capacities and possible ground movements of the regolith due to seismic activity or impacts 

must also be considered when designing foundations, where anchoring systems are needed which can 

bear the loads reliably [23]. To guarantee the integrity of habitats and their safety for occupants in 

extraterrestrial environments, the structural form, assembly strategies and materials need to be optimized 

synergistically. 

 

5. In-Situ Resource Utilization (ISRU) and Sustainability Aspects 

5.1 ISRU Principles in Material Preparation and Construction 

Extraterrestrial construction concepts are based on the concepts of ISRU and dealing with the use of 

indigenous materials and recycling strategies to minimise reliance on earth-supplied payloads. The basis 

of sustainable space engineering is the use of regolith as feedstock, processing tools and recycling of 

materials through melting and reuse of 3D printed tools [1]. ISRU's philosophy is similar to that of 

indigenous peoples' resource sustainability which would enable the construction of entire bases without 

utilizing any Earth resources to an appreciable extent [24]. 

These strategies are designed to optimize the use of local metals, ceramics, and volatiles that are used to 

create structure, piping, electrical, and life support, with the ultimate goal of a closed loop construction 

and operation paradigm essential for long-duration missions [21]. 

5.2 Environmental and Energy Considerations for Space Printing 

Considering the power generation problem on the Moon and Mars, energy efficiency is a key factor in 

manufacturing. The use of solar energy to sinter regolith using concentrators is an example of renewable 

energy application in construction, but technology needs to be developed to control thermal gradients 

and to optimize the properties of the material. [6] Thermal properties of concrete type materials affect 

habitat insulation and heat retention, which is important to control extreme diurnal surface temperature 

variation [15]. 

Some challenges to sustainability are reducing the waste of print material, controlling curing processes 

to reduce energy usage, and recycling of material in the habitat ecosystem [12]. One of the key focus 

areas for space construction research is the development of low-cost and energy efficient ways of 

fabrication. 

5.3 Lifecycle and Maintenance of Extraterrestrial Structures 

Durability also applies to habitat lifecycle management, including resistance to degradation from 

radiation, thermal cycling and mechanical stresses. The repair and maintenance benefits lie in the 3D 

printing capability to deposit material at the required location for repair and potential recycling of end-

of-life materials or biological material (binders) for repair [4]. Digital twin integration can be used for 

lifecycle optimization, as it allows for processes of degradation to be simulated and allows for proactive 

actions to be taken regarding the maintenance strategy [8]. 
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The biocomposite materials with regrowth potential can provide improved durability, but their 

performance over time in space should be studied further [25]. In summary, a sustainable space habitat 

will require a design, construction and repair paradigm that is integrated, and encompasses a 

comprehensive consideration of life cycle challenges. 

 

6. Challenges in Extraterrestrial Concrete 3D Printing 

6.1 Material Processing Limitations in Microgravity and Vacuum 

In microgravity and vacuum conditions, certain material processing limitations exist:Limiting material 

processing in microgravity and vacuum:Microgravity conditions influence the process of extrusion by 

modifying the flow of the material, creep and settling of the layers, thus making the deposition accuracy 

and structural consistency difficult. The curing mechanisms, hydration cycles of materials are affected 

by the vacuum conditions and rapid temperature changes, which is a challenge to ensure a sufficient 

bond between the layers and a good strength development [14]. Furthermore, the micro cracks may be 

created due to thermal contractions and expansions in harsh thermal cycles, which may affect the 

integrity of the structure [3]. 

Novel formulations and process adaptations are required to control workability and rheology in absence 

of gravity dependent sedimentation. The above environmental restrictions highlight the importance of 

the need for developing specialized material and equipment for use in extraterrestrial operating 

conditions. 

6.2 Technical and Engineering Obstacles 

Consistent extra-terrestrial construction still poses hardware reliability and automation sophistication 

challenges. Equipments need to run autonomously or with few human interactions in hostile 

environments with precision under reduced atmospheric pressure and dust contamination [20]. One of 

the difficulties encountered in 3D printed structures is the inconsistency of layer bonding and high 

porosity, which may negatively affect the mechanical properties [26]. Surface finish quality also affects 

the habitat functionality and durability. 

Scaling up from laboratory-scale samples to large-scale habitat modules raises a variety of challenges, 

including: raw material throughput, process scalability, and machine robustness within a limited space. 

These engineering hurdles need to be overcome before going from demonstration to real working space 

construction. 

6.3 Economic and Logistical Constraints 

The extreme price of launching such materials and equipment from Earth, estimated at tens of thousands 

of dollars per kilogram, also severely restricts the amount of material and equipment that could be 

carried. This requires the maximization of the ISRU and minimization of the amount of payloads 

(materials) brought from the earth for construction [1]. Mission planning factors, such as construction 

schedules and the presence of crew members and needed habitats, are an important part of balancing 

transport logistics with in situ capabilities [27]. 

In addition, the economics will be based on the ability to operate autonomously, effectively, and 

reliably, and failures will be costly and risky to the mission. The socio-political aspects of extraterrestrial 

resource mining and usage also have an impact on economic structures, and should be taken into account 

in addition to the technological development [28]. 
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7. Advances in Design and Modeling for 3D Printed Extraterrestrial Concrete 

7.1 Digital Twin and Computational Modeling Approaches 

Digital twin technologies simulate the complete life cycle of extraterrestrial construction projects, where 

the life cycle can be monitored in real time, faults can be detected, and print parameters optimized. This 

integration results in a better quality control and sustainability as it predicts failure modes and adaptive 

control strategies [8]. Advanced computational modelling of the extrusion behavior, thermal profiles and 

mechanical response aids in formulation of materials and process design [29]. 

Optimization of geometries and material distributions using simulation-driven design is of great 

importance for extraterrestrial habitats, where strength is to be maximized while mass is to be minimized 

[30]. Digital Twins and physical processes are ushering in a new construction engineering paradigm in 

the extraterrestrial field. 

7.2 Structural and Habitat Design Adaptations for Space Environments 

Both the internal pressurization and thermal insulation and meteoroid shielding requirements are 

considered in the design of extraterrestrial habitats. Spherical and dome designs provide structural 

efficiency and load distribution capabilities to resist the pressure difference and external loads of the 

atmosphere [2]. The use of 3D printed modular and deployable components aids staged construction and 

adaptability. 

Hybrid solutions that combine mass savings with protection is obtained by inflatable habitats with 

printed exteriors on regolith [3]. Design integration encompasses mechanical stability, occupant safety, 

and functionality in multi-functional habitats, including radiation shielding, life support interfaces and 

utility conduits [22]. 

7.3 Integration of Sensors and Smart Monitoring Systems 

The incorporation of sensor networks in 3-D printed structures allows for in-situ structural health 

monitoring to assess and detect strain and cracking and deformation within a structure, which can in turn 

lead to maintenance decisions [20]. Additive manufacturing processes are assisted in real-time control of 

the process through feedback from sensors that adjust the deposition parameters to reduce defects [29]. 

With the emergence of AI-powered analytics and machine learning, there is potential for self-diagnosis 

and repair scheduling for fault diagnosis, thereby improving habitat reliability [8]. 

Intelligent construction systems are essential for prolonged human habitation in space and can help 

ensure safety and longevity. 

 

8. Emerging Materials and Novel Approaches for Space Concrete 

8.1 Biocomposites and Human-Derived Binders 

Since astronaut excrement is a unique substance that can be used as an adhesive in regolith-based 

extraterrestrial composites, it can be produced in large quantities for use on Earth [4]. Their composites 

are based on protein-based adhesion processes, similar to the natural spider silk, which provide elasticity 

and strength using sustainable feedstock. Mycelium composites made of fungi are also regenerated and 

adaptive materials that can be used to create space habitats, with fire resistance and insulation properties 

[25]. 

In the space environment, such biobased materials could be integrated into a new biobased paradigm of 

manufacturing that would allow to overcome the constraints of resources, with the crew physiology 

playing a role in the production, while scalability and long-term stability of the materials will demand 

comprehensive validation [13]. 
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8.2 Nanocomposites and Advanced Additives for Improved Performance 

Mechanical strength, crack resistance and thermal stability of extraterrestrial construction materials can 

be improved by incorporating nanomaterials such as carbon nanotubes, polylactic-co-glycolic acid 

polymers, and other nano-additives [31]. The use of inclusion in the form of nanocomposite may be used 

to overcome the limitations of regolith based concretes with regard to brittleness and radiation shielding. 

For the realization of these benefits in situ, significant advances in the dispersion and integration of 

nanomaterials into printable inks are needed [32]. 

Concrete mixes with a nano-additive could become harder, allowing the habitats to better resist the harsh 

space environment [1]. 

8.3 Self-Healing and Regenerative Concrete Technologies 

Self-healing concrete technologies based on microbial induced calcite precipitation (MICP) provide 

opportunities for autonomous crack repair in extraterrestrial structures. This capability may be able to 

dramatically increase habitat lifespan and decrease maintenance requirements [25]. Technologies 

developed for tissue printing that can be used to create living composites that react to environmental 

stressors have potential. 

These regenerative materials can be combined with rigid construction materials to provide adaptive and 

resilient infrastructure elements for future habitats. However, there are many challenges associated with 

the integration of living systems into structural materials in space, including environmental control and 

biocompatibility [13]. 

 

9. Case Studies and Experimental Missions 

9.1 NASA and International Efforts in Extraterrestrial 3D Concrete Printing 

The 3D Printed Habitat Challenge and the Additive Construction with Mobile Emplantation (ACME) 

project are two NASA flagship projects that focus on developing autonomous construction methods with 

Mars and lunar regolith based materials. The programs examine material formulations, how the 

materials are extruded, robotic automation, and habitat design for scalable and sustainable off-world 

construction [34]. ACME focuses on multifunctional materials and deals with environmental issues like 

radiation and dust [21]. In addition, other groups, such as the European and other international 

initiatives, have been running similar research and development programs to investigate ISRU materials 

and AM technologies from other perspectives [24]. 

9.2 Laboratory and Field Experiments on Regolith-Based Printing 

Lunar and Martian regolith printing methods, material combinations and mechanical properties are 

tested in terrestrial labs with composite simulants. Although current compressive strength limits, solar 

sintering proved the potential of making bricks from regolith under conditions of a sunlight analog on 

Earth [11]. Although SLM provides the possibility of geometric control in binderless manufacturing, 

there are still limitations in terms of microstructure. The pilot tests generate data which can be used to 

refine the process for scale up and strategies for space deployment [19]. 

9.3 Advances from Commercial and Academic Collaborations 

Private space companies have been collaborating with academic institutions, accelerating their 

technology demonstrations by developing prototype space-ready construction robots and habitats' 

components. Such partnerships have contributed to the creation of groundbreaking materials such as 

elastic regolith inks and smart sensing modalities, pushing the limits of space construction technology 
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[9]. Academic fields of research that can be used for optimizing the printhead and artificial muscle 

extrusion will also aid future multi-function habitat systems [17, 35]. 

 

10. Conclusions and Future Prospects 

10.1 Summary of Current State and Technological Achievements 

The implementation of concrete material and 3D printing combined with autonomous construction 

robotics has enabled the dream of sustainable lunar and Mars habitats to become a reality, thanks to 

Xenofono. Advancements are made on innovations in regolith based composites, alternatives to the 

material binders, management of the properties of material in space, and new ways of fabricating 

material in space. Structural design modifications consider the unique needs and loads with regard to 

space. Much has been accomplished in areas of material processing, mechanical performance, system 

automation, and economic viability [1, 4, 16] but there are still difficult challenges to be faced. 

10.2 Identification of Knowledge Gaps and Research Needs 

Critical knowledge gaps are narrowed to scale up biobinder production, long-term durability of printed 

materials to cyclic extraterrestrial stressors, advanced automation to deliver robust constructions in 

hostile environments and integration of digital twin technologies to enable life cycle management. The 

multidisciplinary research should be performed in these areas that include materials science, mechanical 

engineering, robotics and computational modeling [5], [26], [25]. 

10.3 Vision for Sustainable Human Habitats on Moon and Mars 

The future could be bright for fully autonomous construction missions, with its integration of biological 

feedstock utilization and intelligent digital fabrication systems, which have the potential to revolutionize 

the way we build on other planets. Multifunctional materials will be used to create a sustainable habitat, 

which will be capable of adapting and healing; smart monitoring networks will be inserted; 

multifunctional modules will be designed to meet human requirements and environmental safety needs. 

Roadmaps are strategic plans that focus on ISRU, energy efficiency, and resilience and are considered 

on a 10-year deployment time horizon [3, 6, 21]. 

To create a sustainable human presence beyond Earth these technologies must be developed in an 

international coordinated manner in research, funding, demonstration, and policy development. 
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