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Abstract 
The adventurous human nature had recently expanded to extraterrestrial habitation. Public billion-

dollar companies such as SpaceX and Blue Origin are investing extra ordinary capitals in space 

exploration. Australian Space Agency had also joined the space competition in 2018 in a so-called Mars 

mission. Although might sound far reaching, the idea of building human habitats on Mars requires well 

evaluated engineering design in the first stage as the cost of transporting equipment and materials as 

light as a kilogram to another planet is a massive financial burden. Throughout this passage, the effect 

of gravity, atmospheric pressure, and radiation on extra terrestrial buildings will be discussed. Following 

that a cylindrical structure as the most stable type of shell against internal pressure will be analyzed. 
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Introduction 
Engineering design process starts with identification of a need or a problem that must be addressed or 

solved. The engineer in the next step needs to cycle around the viable concepts and also evaluate each 

concept unit reach an optimized design. Thus, various concepts may be analyzed and compared [1]. In 

the context of human habitation on extraterrestrial planets, two popular building concepts are 

proposed (i) 3D printed structures using in situ materials; (ii) inflatable domes. To analyze these options, 

the engineer must acknowledge that a well-engineered extra-terrestrial structure demands 

consideration on the following criteria to be studied: 

• The correlation between temperature cycles and structural and material fatigue, 

• Structural sensitivity between different sections of a same component under internal and outer 

temperature gradient, 

• Possibility of brittle fracture under the influence of extreme low temperature, 

• The effect of vacuum on structural performance of building elements, 

• Safety factors, 

• Dead loads and live loads in a low gravity environment, 

• Internally pressurized habitats and the stiffening, bracing, and buckling behaviours, 

• Failure modes due to high velocity micrometeorite impacts. 

It is important to note that although it is possible evaluate each of the above mentioned variable on 

earth, the combination of all these variables and their effect on the structural reliability is still in a limbo 

as it is difficult to, for example, creating a low gravity vacuum condition with a super low temperature 

environment on Earth, setting the experimental instrumentation aside. The engineering design process 

also requires design for service life and after life (recycling) which is beyond the scope of this research. 

To avoid the complexity, in this article the following three factors will be considered upon the structural 

design evaluation.  

 

Gravity 
Extra-terrestrial structures are subject to a fraction of gravity that they conventionally experience on 

earth. This will affect the bearing strength required from the materials used in construction. Benaroya 

in his article recommends to develop a mass-based system of calculation in that essence to maximize 

the utility of concepts rather than the existing weight-based model for construction on Earth [2].  

 

Internal air pressure  
A life-supporting close environment requires an internal air pressure level as on Earth. Apart from the 

design for bearing the internal pressure, the so-called design to fail-safe against catastrophic 

decompressions caused by accidental and natural impacts also needs to be considered.  

   

Shielding 
Buildings on other planets are subject to enormous level of solar radiation which is harmful for human 

being. It is closely dependent on the type of material used in the structure, yet the use of in situ 

materials to cover the whole building is once again advantageous in that regards. The thickness of the 

walls, as another factor, determines the penetration depth of the solar radiations. The designer must 

consider artificial lighting if soil is chosen as the shield against the solar/cosmic radiations. Reches 

studied the required thickness to protect the inhabitants from harmful radiations [3]. It is calculated 
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that in order to completely stop the protons from penetration into the building, a 7-10 m thick concrete 

wall is required, which is impractical indeed. Although in the same article it is stated that a 6 m loose 

Martian regolith, if piled over the structure, can protect the human from radiations. The contradiction 

arises when the density of concrete and loose Martian regolith is compared as more energy lose is 

expected from a ray in a dense material than in a loose material. The formulation is given in the same 

article which is encouraged to enthusiasts.   

 

Construction Technology 
There have been many technologies proposed by the researchers in the past several years such as 

inflatable domes, erectable frames, precast concrete panels, and recently additive manufacturing. Out 

of all and after some assessments inflatable domes and additive manufacturing had shown promising 

results in providing extraterrestrial human shelter which are being discussed in this article.  

 

Additive manufacturing 
Researchers believe that robotics and additive manufacturing technologies have matured enough to be 

considered as a viable method of construction for space colonization. Yet, the complexity of 

components fabrication is an ongoing challenge that needs to be addressed. The fabrication of in situ 

materials is important as the extraterrestrial building is ought to protect life from the hostile and 

extreme environments. Bert [4] proposes the combination of biotechnology with fabricated structure 

which can produce a protective, self-healing and self-regulating system. Intelligent structures as such 

require embedded sensors and processors to constantly monitor the performance of the building [5].  

Sintering, in general, as a promising fabrication method refers to the melting of the porous in situ 

material right below its melting point to enable the particles to bon together with  a concurrent reduce 

in the volume and increase in density [6]. Some researchers had investigated the potential of sintering 

lunar regolith by using high powered laser, solar concentrator, or microwave energies. McKay et al. [7] 

states that mechanical sieving of particles might precedes the sintering.  

Laser sintering had been investigated in few studies [8-10]. Yet, there are major drawbacks to this 

method of fabrication. First, the total energy required to melt a practical amount of material for 

construction is extremely high e.g. requiring nuclear power source. Another downturn of laser sintering 

is that only a small volume of material can be thermally treated at a time. Also, depositing hot melted 

regolith on a freezing surface encounters structural and mechanical problem. Solar sintering is, 

furthermore, considered as another alternative fabrication method. It has some advantageous over 

laser sintering as the solar energy is unlimited and readily available, although there might come 

subsequent site considerations as well i.e. how many hours the construction site is exposed to the solar 

radiation. From the disadvantages of solar sintering can be referred to as the depth of penetration of 

heat. It is reported that solar sintering has the penetration depth of maximum 6 mm [11, 12].   

 

Inflatable domes 
M. Cohen in his article [13] classifies the extraterrestrial structures in to 3 different categories and states 

that prefabricated inflatable structures is suitable for ‘settlement’. He considers three mission types as 

exploration, settlement, and colonization. In fact, this method of shelter has two main benefits 

compared to other methods being, first, that it has a lower carriage weight and second, once 

constructed, the habitable volume under cover is much larger than in other techniques.  
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Kozicki proposed a detailed architectural design in 2011 [14] which appears to be a luxurious residential 

habitat. He had considered separated dining rooms, toilets, and kitchen. In logical terms, these types 

of designs are super futuristic due to the current limitations. Nevertheless, it is the same imagination 

that drives advancing nations.  

 

Figure 1 – Luxurious inflatable domes architectural design and specification [14]. 

 

 

 

Structural Design Evaluation 
Regardless of the technology of construction, structural design of extraterrestrial habitats must satisfy 

criteria for gravity and internal pressure. In the following, 3D printing is selected for analysis because of 

its advantages over other alternatives.  
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Material properties 
Gebhardt et al. [15] had evaluated the properties of lunar regolith for in situ applications using laser 

sintering technique. The energy absorption of particles in laser sintering is highly reliant on the particle 

size. Therefore, for better results the homogeneity of size distribution is highly recommended in this 

method. The soil simulant from two previous missions to Mars is consist of the following portions [16, 

17] : 

Table 1 – Mineralogy of the Martian soil (%) 

 Na2O MgO Al2O3 SiO2 SO3 Cl K2O CaO TiO2 Fe2O3 

Pathfinder 2.2 7.5 8.3 48.6 5.4 0.6 0.3 6.3 1.1 17.5 

Viking - 6.0 7.2 43.4 7.4 0.8 - 5.8 0.6 18.2 

 

Concrete-alike materials are known as the feed in 3D printing construction technique. Reches [3] 

evaluates the options available to build concrete structures on Mars. Plaster of Paris (PoP), Ordinary 

Portland Cement, Alkali-activated cement, Geopolymer cement, Mg- and Si-based binders, and 

elemental sulfur are suggested as binder material. The origins to source these materials on Mars and 

the synthesis process are also discussed in his article.    

Plaster of Paris (CaSO4.1
2⁄ H2O) is a promising material for 3D printing construction on Mars [18, 19] that 

is made from calcining of gypsum (CaSO4.2 H2O). Bassanite, the naturally occurring CaSO4.1
2⁄ H2O, is also 

found in a number of locations on Mars [20].   

 

Design for gravity 
There are two major sub-considerations in designing extraterrestrial structures for gravity. First, it 

might become the case in low rise buildings that due to the inadequate amount of weight that it is 

carried down to the foundation, the structure may encounter a tension sum (due to the internal air 

pressure) instead of compression sum as opposed to the typical condition on earth. Second, since the 

gravity force is low in such environment, the building’s footing and foundation (substructure) play an 

important role in the stability of the superstructure (what is built above the ground level).   

Regarding the walls internal stress, on earth, the dead load generated by the mass of building materials 

used for construction gradually adds up from zero on the top to a certain amount on the ground level. 

Whereas in extraterrestrial structures, it might eb the case that at some point of the height, the sum of 

stresses turns towards a net tension because of the internal air pressure. In fact, the point in which this 

shift from compression to tension happens is reliant on the unit density of the construction material 

used in the building.  
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Figure 2 – Left: dead load distribution along the height of the building in extra-terrestrial structures; Right: Net 
compression as the dead load distribution along the height of the building on earth. 

 

The substructure (footing and foundation) is responsible for the binding between superstructure and 

the ground underneath. It provides resistance against both vertical and horizontal displacements as a 

crucial factor in the sense of safety.    

At any given distance from the top of the structure (x) the weight of the structure is distributed over an 

area of 2𝜋𝑟𝑡 where r stands for internal radius and t stands for the thickness of the wall. It is important 

to note the Martian constant of gravity (gm) in calculating the weight of the material used to build the 

structure: 

𝜎 =  
𝐹

𝐴
=

𝑥.2𝜋𝑟.𝑡.𝜌.𝑔𝑚

2𝜋𝑟.𝑡
 =  𝑥. 𝜌. 𝑔𝑚                    (1)                   

 

Design for internal pressure 
At this point of design process, the building must be considered as a pressure vessel i.e. the design 

process for pressure vessels are adopted. Two types of stresses are applied to a given element on the 

shell: circumferential and longitudinal.   

Assuming a cylindrical building which compromises the most uniform distribution of stress (since it 

doesn’t have sharp points), the circumferential analysis on section A is as followed. 

 

Figure 3 – Cross sectional analysis for circumferential stress 
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By substituting (1) and (2) in 𝜎 =  𝐹/𝐴 : 

                                                                     

  

For longitudinal stress analysis, the equilibrium between the internal air pressure and the shell 

resistance in cross section B must be calculated: 

 

Figure 4 – Cross sectional analysis for longitudinal stress 

 

 

 

 

 

After making the above equations equal: 

 

 

 

 

Thus, the circumferential stress is as twice as the longitudinal stress and therefore the walls must be 

designed based on this critical stress value. The parametric calculations above gives freedom of design 

to the architects to add complexity if desired.  

Combining equation (1) and (4) the point at which the tension and compression even along the height 

is derived by the following equation (5): 

∑ 𝐹𝑥 = 0:   𝑝(2𝑟)𝑑𝑥 − 2 (
𝐹

2
) = 0 

𝐹 = 2𝑝𝑟𝑑𝑥   (1) 

𝐴 = 2𝑡𝑑𝑥      (2) 

𝜎1 =
2𝑝𝑟𝑑𝑥

2𝑡𝑑𝑥
=  

𝑝𝑟

𝑡
                  (3) 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑓𝑜𝑟𝑐𝑒 = 𝑝(𝜋)𝑟2 

𝑅𝑒𝑠𝑖𝑠𝑖𝑡𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 𝑜𝑓 𝑠ℎ𝑒𝑙𝑙 = 𝜎2𝐴 = 𝜎2(2𝜋𝑟)𝑡 

𝑝(𝜋)𝑟2 = 𝜎2(2𝜋𝑟)𝑡  

𝜎2 =  
𝑝𝑟

2𝑡
                            (4) 
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𝑥 =  
𝑝𝑟

2𝑡. 𝜌. 𝑔𝑚
                    (5) 

The thickness of the walls (t) in equation 5 must be calculated dependent upon external environmental 

variables such as temperature, radiation, and micrometeoric impacts.  Using MATLAB 3D plot function, 

the graph of the equation 5 is roughly as shown in figure 5. 

 

Figure 5 – Correlation of building’s height, internal radius, and the thickness of the wall (Equation 5). Internal air 
pressure, density of the material and constant of gravity had been assumed to be 1 for simplification purposes.   

 

Calculating the required wall thickness 
The model of Chen and Li [21] for the projectile impact on concrete surface is adopted in this part of 

the study. It is the first-order estimate of the destructive power of micrometeorites.  

 

𝐼 =  
𝑀.𝑣2

𝑑3 .𝑓𝑐.𝐴.𝑁1
                   (6)                     

𝐴 =  72𝑓𝑐
0.5                      (7) 

𝑡1  =  
1

2
𝑑. 𝐼                        (8) 

 

Where M is the mass of the micrometeorite (kg), v is the impact velocity of the micrometeorite (m/s), 

d is the dimension of the micrometeorite (m), fc is the compressive strength of the extrusion material 
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(conventionally concrete), N1 is the nondimensional shape constant of the micrometeorite, and t1 is the 

penetration depth of impact into the wall (m). The required thickness of the wall to avoid structural 

failure against the projectile impact is thus derived from the equation 8.  

To evaluate the thickness of the wall required to resist the thermal gradient inside and outside of the 

building the principles of thermodynamics for the steady flow of heat are adopted.  

𝑞 =  𝐾
∆𝑇

∆𝑥
                              (9) 

Where ∆𝑥 is equivalent to t2 (m) for the thickness of the wall by considering temperature as the main 

variable. q is the heat flux (W/m2), K is the thermal conductivity (W/mK), and ∆𝑇 is the temperature 

differential. After finding t1 and t2 the thickness of the wall is determined by max{t1,t2}. 

3D printed cylinders for housing are better designed longitudinally rather than flat by considering the 

above steps. This is because wide cylinders compromise a vast roof structure which imposes huge 

mechanical stress on the middle of the span. One might propose the use of columns in areas where the 

horizontal element is expanded wide. Yet, it must also be considered to design the column oddly for 

tension rather than compression in extra-terrestrial buildings since the internal air pressure is prevalent 

to gravity. Other relevant areas of study such as CO2 capture, digital technologies in construction, and 

graphene particularly in the sense of solar energy generation, are useful in the context of extra-

terrestrial construction [16, 22-33]. 

 

Acknowledgement  
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Conclusion 
Several construction technologies had been proposed during the past couple of decades. In this study, 

however, two of the most viable technologies had been selected and discussed. 3D printing in priority 

to inflatable structures, demands preliminary structural evaluation for extraterrestrial applications. To 

avoid complexity in this preliminary study, gravity, atmospheric pressure, and radiation are chosen as 

the benchmark criteria, although many other factors are affecting the building performance on other 

planets. The mineralogy of Martian soil had been extracted from the existing literature to outline a 

basic understanding the properties if in situ material. Since the structure is subject to a massive internal 

pressure, the design for pressure vessels had been adopted in this study. Both circumferential and 

longitudinal stress analysis had been conducted. It had been identified, afterwards, that circumferential 

stress is more critical than longitudinal in terms of magnitude, and thus, it must be considered as the 

design stress.  
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