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 The study investigates the possibility of robotic manufacturing of fibrous structures 
from local resources on the Moon 
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Study Objective 

The study aims to identify and develop promising fabrication methodologies for a fibre based 
in-situ robotic fabrication process for potential use in a lunar habitat as an alternative to 
existing additive manufacturing technologies. The study is divided into two parts which will 
run parallel to each other. The first part of the study will look into possibilities of producing 
fibres out of lunar regolith, whereas the second part will research the possible applications of 
these fibres in a developed robotic fabrication processes.  

Background and Study Motivation 

Any further step for human exploration beyond the current low Earth orbit habitats, and 
especially habitats on the Moon, asteroids or Mars, will offer a new trade-off space for 
volume and mass of materials and products to be transported from Earth. Developing suitable 
technology in order to employ in-situ materials plays an important role in improving mission 
sustainability and providing new capabilities. In-Situ Resource Utilization (ISRU) has the 
potential to significantly reduce launch mass, risk, and cost of space exploration; thus ISRU 
is considered as a key technology that enables long-term exploration, expansion of space 
activities, and settlement in space. [1] Initial development of ISRU technology has focused 
mainly on life support consumables, such as water and oxygen, and on propellants for ascent. 
[2] [3] Other resources available in the lunar and Martian regolith can be used for, for 
example, the production of surface habitats and infrastructure by various additive 
manufacturing technologies. [4] [5] [6] [7] [8] [9] 
 



 

 

Additive construction can be accomplished by a variety of methods from slurry extrusion to 
sintering to melting techniques, with varying levels of difficulty, costs and technological 
readiness. Special challenges arise from additive construction for space applications such as 
construction in a vacuum or low atmosphere as well as under reduced or zero/ milli-gravity. 
While manufacturing of small elements using filament deposition modelling (FDM) process, 
such as crew tools and parts for life support systems, has been proven successful in zero-
gravity conditions [10], the additive manufacturing technologies using powder or liquid resin 
could cause trouble due to cloud-forming of the regolith and spherical droplets of a binding 
liquid. Therefore, the powder-based methodologies would be difficult or even impossible due 
to the lack of atmosphere, and the low or lack of gravity would disqualify some layer 
deposition techniques. [11] The most promising technologies for processing regolith into a 
structural material in space at the moment are solar, laser and microwave sintering. 
[12][13][14][15][16][17] However, it has been observed that 3D printing with raw regolith 
comes with issues related to thermal stresses and variation within the regolith feedstock. [18] 
In addition, an important constraint of regolith structures produced by additive manufacturing 
is their low tensile strength due to layering of the material, which means that they either 
require some type of reinforcement material to account for these types of forces, or the 
structural form has to be designed to conform to compressive loads only. Therefore, when 
using pure regolith the number of shapes and sizes the structure can take is limited.  
 
To bypass many of these issues related to 3D printing with regolith an alternative could be an 
in-situ production of fibres from regolith followed by the forming and assemblage into 
fibrous structures by an autonomous robotic manufacturing technique. The autonomous 
manufacturing of fibrous structures has a number of important advantages compared to 
additive manufacturing with regolith when constructing habitats or other surface structures: 
 

 A fibre based process enables the possibility of orienting and locating each fibre in the 
structure to allow local differentiation of material properties  

 Better control of the manufacturing process due to the use of continuous filament and 
absence of powders and liquids, therefore higher-fidelity process 

 Fibres can be successfully used both in compression structures in the form of 
composites as well as tension structures, therefore larger variety of applications, for 
example pressure vessels which cannot be produced with additive manufacturing 
techniques 

 Fibrous materials are highly formable which allows production of complex shapes in 
response to unique performance criteria or site conditions  

 Fibre based or composite fabrication methods have demonstrated production of light-
weight structures, important where large-scale, material efficiency, or mobility is 
needed 

 Possibly better performance in response to thermal stresses 
 

 
There are already existing Earth based demonstrators of fibrous structures produced by using 
industrial robotic arms and fibre winding techniques (Figure 1). The temporary ICD/ITKE 
research pavilion of 2012 at the University of Stuttgart was entirely robotically fabricated 
from carbon and glass fibre to form a monocoque composite form. The developed fabrication 
method was also “coreless,” meaning it did not rely on a large scale formwork and therefore  



 

 

 
Figure 1. ICD/ITKE research pavilions of 2012, 2013-14 and 2014-15 (from left to right) at the University of 
Stuttgart [22] 
 
produced minimal material waste. [19] The following ICD/ITKE research pavilion 2013-14 
studied a winding technique for modular, double layered fibre composite structures to reduce 
the required formwork and therefore material waste to a minimum while maintaining a large 
degree of geometric freedom. [20] With the ICD/ITKE research pavilion of 2014-15, 
researchers investigated gradual stiffening of an initially flexible pneumatic formwork by 
reinforcing it with carbon fibres from the inside. [21] [22] 
 
This leads to local variations in architectural articulations, for example, depth, density or 
translucency, but also in mechanical properties, such as stiffness and strength. This also 
triggers a change in engineering by shifting the focus from the analysis of building 
components with a given shape and properties to the simulation of dynamic processes of 
formation determined by continuously changing stress conditions and (de)formation states. 
These processes are inspired by the biological structures in nature which are based on fibrous 
systems. Their inherent anisotropy is characterised by material behaviour that differs 
significantly depending in fibre directionality. This morphological differentiation is a result 
of its specific performance requirements, environmental influences and forces. 
 
Although not applicable in the space environment in their current form, the ICD/ITKE 
demonstrators serve as excellent examples of the range of material possibilities of semi-
autonomous robotic fabrication of fibrous structures. Therefore, the present study will use 
these methodologies as a starting point in the process of developing feasible techniques and 
structures for space applications. More specifically, the study aims to investigate the 
combination of lunar fibres with different textile technology techniques and robotic 
fabrication methods to manufacture suitable surface structures on the Moon. In addition to 
winding, other textile techniques could be used, such as weaving, braiding, knitting or 
extruding fibre.  
 
While significant research has been done to illustrate the possibilities that robots can add to 
construction and fabrication processes for material systems on Earth, an in-situ robotic 
fabrication process engages much different constraints. Construction systems on Earth were 
primarily designed for the condition of human production and assembly. However, in space, 
the fabrication process should be as much as possible autonomous. The robotic 
manufacturing process of the fibrous structure would therefore rely heavily on sensor 
feedback, as well as behavioural programming, in which the robot was programmed to act 
and react to its environment towards the execution of construction and assembly tasks (Figure 
2). [23] 
 



 

 

The behaviour-based making, which means that new information is gained on the run and the 
design can evolve in the process of making, has been demonstrated in the ICD/ITKE 
Research Pavilion 2014/2015 and a research project from ICD, called “Robotic Softness,” 
which utilized machine vision and an online agent based model to enable the robot to actively 
weave prototypes. [24] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. An example of the computational design, simulation and fabrication loop of a ‘woven’ structure (G. 
Brugnaro et. al) [24]  
 
 
The material feedstock for this process would be produced in-situ, in the form of fibres. The 
possibilities of producing fibres out of lunar regolith is a pre-condition for fibrous 
construction on the Moon. The abundance of silicates on the lunar surface, for example, 
allows for the production of fibreglass material on the Moon. Owing to the conditions of the 
lunar surface (high vacuum, lack of atmosphere and water), lunar fibreglass promises to be an 
excellent material and in many instances possessing properties superior to terrestrially 
produced equivalent material. To date, research carried out by NASA has proven the concept 
of lunar fibreglass and outlined a process to fabricate this material. [25] Also metals could be 
extracted from regolith for the production of metal fibres through, for example, the process of 
biomining. Current knowledge is limited on the material and mechanical properties, as well 
as production techniques of such fibres, nor are the impacts of feedstock composition 
variation elucidated.  
 
As part of the study, the Advanced Concepts Team and Spaceship EAC/DLR at the EAC-
Cologne campus will investigate the production process of lunar glass and metal fibres, with 
a specific focus on acquiring characterisation data on the mechanical and thermal properties 
of produced fibres. Specific objectives to be addressed include: 



 

 

 
 Impact of variation of regolith feedstock composition on the fibres (including varying 

simulant regolith used) 
 Impact of dopant material (e.g. Carbon) inclusion on the mechanical and thermal 

properties of the fibres 
 Understanding of the critical process parameters (e.g. fibre pull rate, extrapolated 

mass to product metrics, etc) on the production of fibres 
 
Conventional fused deposition methods (FDM) for additive manufacturing are based on the 
usage of thermoplastic filaments as feedstock – it is possible that a modified approach to 
FDM using lunar fibreglass could be developed based on the knowledge acquired from this 
project. An another approach to fibre extrusion could be the use of rotary jet spinning (RJS) 
technique which would enable a robust manufacturing process with relatively high speed and 
yield. 
 
Proposed Methodology 

 
 WP 1: Fibre production from regolith on the Moon 

The research will focus on production of glass and metal fibres out of lunar regolith. A 
number of different regolith simulants will be used to produce a selection of fibres with 
different properties. During the process a suitable manufacturing technology will be 
developed for both, glass and metal fibre production, in order to convert raw regolith 
feedstock into fibres. This includes extraction of necessary materials out of regolith, pre-
processing of the material for the extrusion/ spinning process, and extrusion/ spinning of 
fibres. In the next stage the characterisation of the materials will be done based on 
materials testing of the fibres. The best candidates for the construction of a fibrous 
structure on the Moon will be chosen based on the material properties. 
 

 WP 2: Feasibility of constructing a lunar structure with regolith fibres 
Key constraints, which must be considered in the production and development of a fibre 
based robotic fabrication methods on the Moon, will be identified. The process will 
continue with a development of design concepts to assess which types of fabrication 
methods (weaving, knitting, winding, non-woven, braiding) are feasible in space 
environment with the given fibres developed in the WP 1. Particular consideration will be 
given to methods which minimize, or even exclude, additives (such as resin) and to 
processes which allow the robot to execute the construction autonomously or semi-
autonomously.  
Due to the time constraints of the study it is assumed that the proposed robotic technology 
will function in the Moon environment without any adjustments. The required habitat 
structure should hold 4 bar of air pressure (safety margin for textile structures) and have a 
minimum of 300 m3 habitat volume (equivalent to accommodating crew of 4). Simplified 
environmental conditions, including only lunar gravity, temperatures, depending on the 
location, and vacuum, should be considered as design constraints. 

 



 

 

ESA/ ACT Contribution 

The project will be conducted in close scientific collaboration with ESA researchers. In 
particular ESA researchers will lead the WP 1 and provide technical expertise in space 
architecture and environment, textile technology, material and polymer science, mechanical 
and structural engineering, ISRU and additive manufacturing processes. 
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