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Unlike the Apollo-era sorties, proposed crewed lunar exploration in the coming years—
notably, NASA’s Artemis program and ESA’s Moon Village—are likely to take the form of 
long-duration missions at permanently or semi-permanently inhabited lunar installations. 
Given the well documented challenge of regolith contamination of any lunar habitats, and the 
imperative to conserve consumable resources, Apollo-style surface EVAs that contaminate the 
habitat and fully vent the habitable volume are not sustainable. Consideration must therefore 
be given to the inclusion of airlocks for surface excursions. With the considerable mass 
penalties associated with the addition of an airlock, means of reducing mass and optimizing 
airlock volumes are required. Information-bearing digital modeling techniques enable the 
design and fabrication of increasingly complex structures with optimized non-orthogonal 
geometries. Such techniques potentially reduce structure mass while optimizing volumetric 
displacement and structural efficiency, with concomitant greater efficiency of ECLSS and 
power sizing and performance. Building on previous work such as the Surface Endoskeletal 
Inflatable Module (SEIM), a methodology is employed for lunar surface airlock design using 
3D modeling techniques for geometry definition, coupled with bidirectional data between 
geometric design and analysis criteria. Such intelligent modeling allows for the rapid 
evaluation of the quality and efficacy of the stipulated airlock designs, in order to efficiently 
select candidates out of a number of preliminary airlock shell geometries. A bicameral airlock 
design tailored to the lunar environment is proposed. 

Nomenclature 
AIA = Advanced Inflatable Airlock 
BEAM = Bigelow Expandable Module 
DCIS =  Dual-Chamber Hybrid Inflatable Suitlock 
ECLSS =  Environmental Control and Life Support System 
ESA =  European Space Agency 
EU =  European Union 
EVA =  Extra-vehicular activity 
GBR =  Galactic background radiation 
IEQ =  Indoor environmental quality 
ISS =  International Space Station 
IV =  Intravehicular 
µg =  microgravity 
MSFC =  Marshall Spaceflight Center 
PMM = Permanent Multipurpose Module 
SEIM =  Surface Endoskeletal Inflatable Module 
SPE =  Solar proton events 
TransHab =  Transit Habitation 
v =  Volumetric displacement of airlock shell 
V =  Free airlock volume enclosed by the shell 
xEMU = Exploration Extravehicular Mobility Unit 
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I. Introduction 
HE properties of lunar regolith are well-understood and 
characterized (Lévy et al., 2009). In the context of lunar 

missions, regolith characteristics play a critical role in airlock 
requirements, design and performance. A brief review of those 
characteristics is therefore germane and important; the discussion 
below summarizes some of the key findings of our earlier work cited 
above. 

The consequence of billions of years of the crust’s weathering in 
the near vacuum of the lunar atmosphere, regolith is the product of 
the Moon’s subjection to meteoroid and micrometeoroid impacts, 
Galactic Background Radiation (GBR), solar wind implantation, and 
SPEs. Pulverized and churned, regolith has obviously and 
importantly not been subject to erosion by fluids; the resulting 
particles are highly irregular, sharp-edged and abrasive. While 
particle analysis at the time of the Apollo missions could not reliably 
count those in the ultrafine regime (<0.1 µm), there is credible 
evidence that regolith particles are distributed throughout size 
regimes, with significant distribution in the ultrafine regime. This is 
of epidemiological interest, as ultrafine particles are associated with significant health dangers, notably cardiovascular 
and respiratory risks. Ultrafine particles may also penetrate deep into lung tissue, readily carrying pollutants to these 
sites. 

As documented in Figure 1, no Apollo mission had a total duration of surface EVAs of over 23 hours (Orloff, 
2001); due to the relatively short duration of those sortie-style missions and the mass penalty of an airlock, all EVAs 
dispensed with this feature. LM cabin air was vented and regolith contamination was unavoidable (Griffin, 2009). 
However, future crewed lunar missions such as those envisioned in NASA’s Artemis program and the EU’s Moon 
Village will almost certainly entail longer missions with significantly longer total EVA durations. Consequently, 
airlocks for habitats—and possibly for rovers and vehicles as well—will be a necessity, both to conserve air and 
control regolith contamination of the habitable volume. 

II. Airlock Requirements 

A. Occupancy and volume 
While eventually higher-occupancy airlocks may become attractive and perhaps even necessary for larger lunar 

surface operations, initially lunar surface airlocks are likely to be limited to a two-crew configuration. Single-
occupancy airlocks can be ruled out as they do not allow for an incapacitated crew member requiring ingress, and 
fundamentally ignore the “buddy system” of tandem crew operations. A minimum of two crew members in the airlock 
allows for mutual assistance in donning and doffing or emergency ingress of an incapacitated crew member by an 
active crew member. For purposes of design optimization, we have adopted 8m3 as the minimum volume for two crew 
members to doff and don suits, unassisted by a third crew member (NASA, 2018), which is slightly higher than 
Griffin’s findings and the volume suggested for the Advanced Inflatable Airlock volume (Barido et al, 2003). 

B. Dustibule 
Others have suggested dust mitigation and containment activities within a fully-pressurized habitat, between the 

airlock and the rest of the habitable volume (Toups and Kennedy, 2009). In the interests of maintaining Indoor 
Environmental Quality (IEQ) with a minimum of resources, our approach varies significantly in placing the dustibule 
(a portmanteau we first encountered in Griffin and subsequently used by others) outside the airlock. Such a “pre-
airlock”, situated between a lunar habitat’s front porch and the airlock proper would allow for dust mitigation measures 
to be taken in atmosphere, without the resources required to provide a shirtsleeve environment. Crew would be suited 
at all times in the dustibule, so safety concerns need not be addressed. The purpose of the pre-airlock is to provide a 
low-pressure atmosphere as a countermeasure to the extreme adhesion of lunar regolith in vacuum; the presence of an 
atmosphere provides lubrication and reduces regolith adhesion (Perko et al., 2001). Such a dustibule need not offer 
full micrometeoroid protection, as the crew’s suits already do so. With a distal position, the dustibule is farthest from 

T 

Figure 1. Apollo lunar EVA durations totaled 
under one day for all missions. 
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habitable space, reducing particle migration (Lévy et al., 2009). Moreover, dust removed from suits can be captured 
and ejected in a fairly direct path. 

C. Hatch configuration 
As a significant hardware component of an airlock with specific anthropomorphic constraints, hatch geometry and 

size are significant contributing determinants to airlock operations, configuration and thus mass. In microgravity a 
square hatch geometry such as a standard ISS hatch is logical for rack loading. Lunar gravity, even with its 1/6 g 
regime, suggests a more eccentric geometry for human ingress and egress. Andrews et al. (2019) test a 1.27m x 1.57m 
(50” x 62”) hatch, among others, but this scores only marginally higher than the next best case, a 1.27m (50”) square 
hatch rotated 45° in a diamond (and operating such a hatch would be challenging in a gravity regime). For the sake of 
the comparative design of an inflatable airlock, we take a “submarine” hatch that is 0.91m x 1.52m (36” x 61”) (Figure 
2, D), suggesting an ergonomically acceptable opening for suited crew as well as assisting a disabled crew member to 
ingress, while minimizing overall seal length. Note that we have not performed any ergonomic testing of such a hatch, 
much less in a variety of simulated gravity regimes, which is obviously outside the scope of this paper. Nevertheless, 
we take these dimensions as a reasonable starting point for our present purposes. 

D. Suitlocks and suitports 
Griffin (2009) argues convincingly against suitlocks (an airlock within which are stowed rear PLSS-entry suits 

docked to dedicated hatches), primarily on the grounds that they increase complexity due to multiple hatch types, 
increased volume requirements for donning/doffing ported suits, and increased total seal length increasing chances of 
failure. Moreover, EVA suits require frequent maintenance, particularly in a lunar environment; being able to perform 
such tasks in a shirtsleeve environment is a significant benefit. We therefore take the case that suitports will have their 
place in the context of pressurized lunar rovers, and do not address them within the scope of this paper. 

E. Deployability 
An obvious benefit of inflatable structures is their reduced volume at launch (Aikin, 2019), and the potential for 

reduced mass for equivalent volume. Even at smaller scales, inflatable structures are competitive with rigid vessels. 
For example, on the ISS the useable mass to volume ratio of BEAM (NASA, 2016) is about 85.23 kg per m3 of habitable 
volume; the analogous PMM (NASA, 2018) has a mass-volume ratio of 143.43 kg per m3. Adaptable airlock placement 
and relocation may be an important feature of long-duration missions, facilitated by the depressurization and stowage 
of the airlock. From TransHab (Kennedy, 2002) to more recent designs like BEAM, internal metallic cores have been 
commonly incorporated in inflatable structures, for pressure and launch loads. For a small structure like an airlock, a 
rigid core would severely undermine the usability of the space. The Advanced Inflatable Airlock (AIA) and the Dual-
Chamber Hybrid Inflatable Suitlock (DCIS), for example, dispense with a rigid core. Ways to support the shape of an 
airlock-scaled inflatable structure and provide structural stability include the weave of the envelope, internal 
pneumatic beams, or rigidized foam layers that can be installed once deployed.  
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Figure 2. A few hatch profiles considered. The far-right hatch is a variation on Griffin’s (2009), and allows for his 
recommended 0.3m step and 0.15m stoop of a 95th percentile crew in a suit such as the xEMU. 
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III. Design Methodology 

A. Precedents 
There are several examples of precedent inflatable airlocks in the literature, though many are intended for 

microgravity. As is evident from the brief discussion of hatch options alone, the gravity regime plays a critical role in 
determining airlock design. Two inflatable airlock precedents are of particular note. The AIA (Barido et al. 2003) was 
primarily a technology demonstrator and established important inflatable structural solutions building on lessons 
learned from TransHab. While it was intended to be deployed in microgravity as a flexible and broadly adoptable 
airlock, the AIA is of particular interest to our current scope as it represents one of the few inflatable airlocks for 
which test articles were actually built and evaluated. 

 
Recognizing the pernicious nature of regolith contamination in lunar habitats, an earlier airlock design proposed a 

bicameral configuration, with an outer “pre-airlock” serving as a low-pressure atmospheric environment for dust 
mitigation (Lévy et al., 2009). The DCIS (Howe et al. 2011) includes a conceptually similar bi-cameral arrangement, 
with important differences: 
! The DCIS is intended for both deep-space and surface applications (arguably a too-broad and potentially 

contradictory mandate) 
! The DCIS is designed to accommodate or at least allow for suitports. 
! Both chambers of the DCIS have identical composition, as both are designed for identical pressurization. 
 
Hatch geometry requirements are, as has been noted 

above, distinct for microgravity and gravity regimes. One 
could implement a 45° rotated square hatch (Andrews 
2019) in a “universal” airlock serving both microgravity 
and planetary surface applications; the rotation is 
irrelevant in µg and the diamond opening approximates 
anthropomorphic requirements of a 95th percentile suited 
person (Figure 2). However: 
! The seal length is 16% longer on the square hatch, 

potentially leading to greater failure per Griffin; 
! The surface area of the opening is 29% greater than 

the hatch we propose, presumably with a 
corresponding increase in mass penalty; 
! It is not clear how such an inward-swinging the 

hatch would hinge and operate within the confines 
of an airlock. 

 
Moreover, a bicameral airlock is extremely beneficial in a dusty near vacuum (i.e., lunar environment), but of no 

benefit in LEO or deep space. It is doubtful that Mars regolith, eroded by wind and in the presence of an atmosphere, 
albeit a very low-pressure one, poses the adherence and IEQ problems to the same degree as those associated with 
lunar regolith. 

Furthermore, some airlock features like floors (necessary in a gravity regime) and handholds, while not mutually 
exclusive, may be essential in one environment but superfluous in another. In short, a truly universal airlock design 
would incur non-negligible mass penalties and needless complexities in an effort to serve every environment, and in 
the process may serve non very well. Table 1 summarizes a few fundamental characteristics of three environments; 
note the lack of commonality. 

B. Preliminary design parameters 
We began by modeling three solid volumes representing the fully pressurized airlock compartment, to meet our 

stated goal of an airlock volume for two suited crew: a sphere, cylinder, and a rectangular solid; the latter two’s edges 
were filleted to represent the curvature of the inflated hull and all three solids had a 8m3 volume after filleting. Each 

Feature µg Moon Mars 
Hatch size smaller larger larger 
Hatch aspect ≈1:1 ≈1:1.7 ≈1:1.7 
Floor No Yes Yes 
Handholds Yes No No 
Dust mitigation No Critical Some 
Shirtsleeve maintenance Optional Yes Yes 
Don/doff assistance Yes No No 

 

Table 1. “Universal” Airlocks. In reviewing a basic list 
of some key airlock requirements for various 
environments, note that none is actually universal. The 
requirements for Moon and Mars, while similar in gross 
respects, differ in the key area of dust mitigation. 
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solid was shelled with a 150mm thickness, and the volumetric displacement of the shell (as a proxy for its mass) was 
compared to the interior free volume of each configuration, as summarized in Figure 3 and Table 2. 

These initial volumes are gross first order approximations developed solely to establish a range of baseline mass 
efficiencies. They obviously exclude important operational considerations, such as floors, the configuration of hatch 
bulkhead, and even required ergonomic distances for donning and doffing. 

C. Major axis orientation 
With regard to planetary habitats assembled from pressure vessels modules, there has been a long-standing debate 

in the space architecture community arguing the merits of cylindrical pressure vessels oriented with the major exit 
oriented vertically or horizontally. Given the roughly 1:1:1 aspect ratio of a two-crew airlock, and the small radius for 
any curved surface dictated by the modest volume to be enclosed, it seems reasonable in the case of an airlock to limit 

Table 2. As might be expected, there is a tradeoff between mass efficiency and volume effectiveness. The sphere 
captures the most volume for the lowest mass envelope, but unlike for a microgravity regime, at 1/6g certain 
dimensions are prioritized. Height is always vertical, while width and depth are (somewhat) interchangeable. So 
while the spherical volume is most efficient, it is also least effective. 

Table 2: Shell Volume to Free Volume Ratios (v:V)

V Interior v, Shell
Configuration free volume, m3 Dimensions, mm Volume, m3* v:V
Sphere 7.99 r=1240 2.78 2.87
Cylinder 7.99 r=1100, l=2160 3.07 2.60
Prism 7.94 w=2000, l=1980, h=2100 3.21 2.47
*excluding hatches
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Figure 3. First-order modeling of three airlock forms based on volumetric primitives (sphere, cylinder, prismatic 
solid), rendered in section through the major axis with side and front elevation thumbnails beneath. 
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shape finding to horizontal axes. A 
vertical axis would presume continuously 
curved side walls, making mating the 
airlock to the served habitat more 
cumbersome. 

D. Clipped or “cam profile” cylinder 
In an effort to reduce mass, dedicated 

components, and maximize volume, we 
initially considered a “clipped” or 
“shaved” cylinder geometry: a horizontal 
cylindrical volume with a sectioning plane 
parallel to and some distance from the 
cylinder’s major axis, effectively creating 
a floor as part of the pressure vessel. This 
creates more useable floor space. While 
the qualitative comparison of volume to 
envelope is fairly favorable with a v:V 
score of 1.79 (very close to a “pure” 
cylinder), it was also noted that not all the 
volume thus created was equally useful. 

E. Candidate profiles 
With mass optimization being a paramount consideration, we considered multiple two-dimensional cross-sectional 

profiles for the fully pressurized compartment. Our goal was two-fold: quantitatively comparing each profile’s 
respective spatial efficiency while considering each’s qualitative effectiveness. In relying on an analysis of the lateral 
sectional plane through the airlock volume, we recognized that end-cap conditions—aside from hatch configuration 
of course—would not significantly contribute to airlock performance; sectional geometry is far more significant. 
Moreover, two-dimensional analysis is rapid and highly tractable.  

To analyze efficiency, we tabulated the ratio of each profile's perimeter and area as proxies for shell mass and 
captured volume, respectively. With respect to effectiveness, we weighed how each profile would accommodate two 
astronauts in the 95th height percentile, standing in a gravity regime, wearing the equivalent of a NASA Artemis 
Project xEMU space suit. In donning and doffing a suit, freedom of movement at the extremities is key: being able to 
stand fully, extend nearly full arm span, and so on. For the latter, it was evident that an octagonal prism—unlikely as 
it may be for an inflatable airlock geometry—might offer a useful balance of efficiency and effectiveness. Taking the 

Figure 4. Views of a clipped cylinder airlock model. Note the v:V score 
is 2.60, nearly that of a true cylinder (2.61) of similar volume and shell 
thickness. 

Figure 5. Exploratory cross-sectional profiles. The cylinder is most efficient (most area captured per perimeter 
length), but the octagon more closely represents useful space, providing more area at head, feet, and arm spans. The 
clipped cylinder integrates a floor into the profile while maintaining a continuous curved perimeter in consideration 
of the nature of inflatable structures. Like the octagon, the compound curve concentrates more space at useful areas, 
but with greater area to perimeter efficiency. 
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octagon as a diagram rather than a literal profile eventually led us to consider a compound curve, flattened at the floor, 
with variable radii along its perimeter to achieve greater lateral freedom of movement where needed, restricting height 
for efficiency, and providing relatively smooth transitions for a continuous soft goods shell 

 
From Table 3, the octagon is as expected inefficient; the circle (or cylinder) is efficient (but evidently less effective 

outside of µg). The compound curve is marginally less efficient than a cylinder but allows for more volume where 
most needed at the torso and arms, hence more effective. 

Table 3: Perimeter Efficiencies
A, cross Perimeter

Case Configuration area, m2 length, mm ε
A. Cylinder 4.41 7446 1688
B. Cam Cylinder 4.41 7476 1695
C. Octagon 4.40 7649 1738
D. Compound Curve 4.40 7503 1705
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Table 3. The four cross-sectional profiles, comparing bounded area and perimeter as a measure of envelope 
efficiency. Unlike in Figure 3, some consideration is given to the effectiveness of the space so bounded. 

Figure 6. The compound curve profile from Figure 5, extruded to an 1800mm interior length, filleted at its ends, then 
shelled to model the inflatable structure. With its flat base the structure has its own floor. 
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IV. Results 
After extruding the preliminary compound curve profile and filleting its end caps, we adjusted the length and 

profile of the extrusion to achieve a free volume of 8m3. Shelling the solid and subtracting for the hatch assemblies 
yielded a solids model for which we could derive its volume. The resulting airlock configuration has a v:V ratio of 
8:3.93, or 2.58—close to that of our baseline cylindrical airlock’s 2.60. 

Dustibule. This airlock antechamber serves a limited but important purpose, offering a (low) pressurized 
environment for suit cleaning prior to entering (and contaminating) the airlock. From Apollo we know that lunar dust 
is highly adherent, especially in vacuum, and seems if anything to cling more to smooth surfaces then rough ones. 
Further study of actual regolith interaction with novel suit outer layers is required to develop appropriate high 
performance suit overs to passively facilitate mitigation for long-duration missions. It would seem that stomping on a 

Figure 7. Plan, elevations, and section perspective through the dustibule (left), with its considerably thinner pressure 
shell due to an absence of thermal and micrometeoroid protection layers. 

Table 4: Shell Volume to Free Volume Ratios (v:V)

V Interior v, Shell
Configuration free volume, m3 Dimensions, mm Volume, m3* v:V
Cylinder 7.99 r=1100, l=2160 3.07 2.60
Cam Cyliner 7.94 r=1155, l=1980 3.06 2.59
Compound Curve 7.96 w=2375, l=1860, h=2265 3.08 2.58
*excluding hatches

v:
V 

(v
ol

um
e 

ef
fic

ie
nc

y)

2.59

2.61

cylinder “cam” cylinder compound

1

Table 4. Comparison of the free volume 
to shell volume for three similarly sized 
airlock geometries. The compound 
curve with greater volume dedicated to 
upper body mobility is nearly as mass-
efficient as a cylinder, and concentrates 
space where most needed. 
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“front porch” and submitting to an air shower may not dislodge nearly as much lunar dust as might be hoped. 
Regardless of future suit innovations, regolith is more adherent in the lunar (near) vacuum than in the environment of 
a lubricating atmosphere; even if not a complete solution in itself, a dustibule is an important component to lunar 
regolith mitigation. By limiting the dustibule to fully suited crew operations, its envelope can be relatively thin, 
eschewing thermal and micrometeoroid impact layers as these protections are already offered by the crew’s suits. The 
dustibule can thus be significantly lighter and more compact than the shirtsleeve airlock.  

V. Conclusion 
By comparing the quantitative characteristics of candidate airlock volume profiles, we were able to optimize shell 

mass for a given volume. In considering range of motion for two crew donning and doffing suits in a gravity regime, 
we further refined the airlock volume in an effort to maximize useful volume while still controlling total envelope 
mass. In the lunar environment, dust mitigation is essential. The inclusion of a pre-airlock “dustibule” is necessary to 
afford a pressurized environment for dust mitigation operations in the presence of atmospheric lubricant. Future work 
on a lunar airlock would refine the geometry with paramedic form finding algorithms for further optimization, 
concurrently with or prior to low- to mid-fidelity ergonomic studies. 
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