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1. Introduction

In the field of space exploration, changes are occurring rapid-
ly, in different spheres: from political/governmental to social,
economic, and cultural ones (OECD, 2019). An increasing push
toward the democratization of Space has been characterized by
significant changes across various levels of analysis:

« Macro-scale: The integration of commercial actors is ex-
panding, highlighting the growing importance of the pri-
vate sector in space governance, infrastructure develop-
ment, and the commercial use of orbital spaces;

+ Meso-scale: The space economy is diversifying. The arrival
of companies not traditionally associated with the space
sector, contributing to technological developments, pro-
duction, and new services, is creating novel entrepreneur-
ial opportunities;

+ Micro-scale: The design field is opening up to a broader
range of designers, fostering greater cross-disciplinary
and cross-competence contamination. Furthermore, the
democratization of space is creating new opportunities for
users, enabling wider participation in space infrastructure
and services.

Within this framework, beyond the dimensions of geopolitics
and security, urgent issues emerge that require intervention:
the psycho-physical well-being and interpersonal relationships
of future crews, both in short- and long-duration missions.

The study Beyond the Space Life. Digital Living Lab for Human
Life in Space (Project 1.10 of the MICS extended partnership)—
object of the previous chapter of this publication—explores
how the evolution of the concept of well-being is crucial with-
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in microgravity environments (KANAS & MANZEY, 2008) espe-
cially for a context where space exploration will be accessible
to new users (NASA, 2020) and it constitutes the methodolog-
ical foundation for this contribute. The ideation phase of the
design process is assumed as an initial touchpoint, where the
user’s psychological, emotional, and perceptual characteristics
become drivers (VAKOCH, 2012) for a more adaptive, responsi-
ble and advanced design approach (SUCCINI et al., 2024).

Thanks to the competences and knowledge of Thales Alenia
Space Italia (TASI), the theoretical analyses and considerations
initiated on the integration of additional factors capable of en-
hancing behaviors and psycho-physical well-being in the design
of pressurized orbital interiors are further explored and tested
within TAST’s design processes. To achieve this, systemic-level
improvements are introduces, to support the application of an
advanced design methodology (CELASCHI, 2016; CELASCHI et
al.,, 2019) to foster forms of knowledge and design more inclu-
sive and attentive to the needs of an increasingly less-trained
and non-specialist users’ base.

With the aim of optimizing design times and processes from
both digital and virtual perspectives, the research also focus-
es on analyzing the current pipeline to improve the simulation
and visualization of the 3D model and its surrounding envi-
ronment. This approach enables the reduction of development
times for designers’ practices, thereby positively affecting the
environmental impact of the design process.

In addition to highlighting these aspects, the contribution
emphasizes how interdisciplinarity, together with the role of
design as a mediator of knowledge (CELASCHI, 2008), can foster
greater accessibility within this context. The acceleration of the
process of collaborative knowledge can support future design-
ers approaching this field in developing innovative concepts.

2. Current processes for the analysis of habitable areas in
deep space environments

The analysis of Space environment and habitats is a multidis-
ciplinary process that has always combined space engineering
and ergonomics. This approach considers the extreme condi-
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tions typical of the extraterrestrial environment, including mi-
crogravity, isolation, and the limitation of spatial and function-
al resources (DOMINONI, 2021; BANNOVA, 2021). However, it
predominantly focuses on addressing strictly engineering-relat-
ed aspects, incorporating human factors (NASA, 2014) almost
exclusively to meet the essential needs of astronauts.

Current methodologies throughout the design phases are
supported by both digital tools and physical prototyping. The
former rely on the use of advanced computational modeling
tools, such as CFD (Computational Fluid Dynamics) simula-
tions and FEM (Finite Element Method) analyses, aimed at
optimizing functional and technical aspects including airflow
distribution, structural integrity assessment, and material be-
havior prediction under microgravity conditions (GREEN et al.,
2017; SINGLA & SHIRKE, 2024). All these analyses are funda-
mental for crew safety.

Similarly, physical prototyping plays a fundamental and in-
dispensable role, especially in relation to the expected stand-
ards. The recourse to tests conducted in terrestrial environments
could replicate space conditions, such as simulations carried out
in extreme environments like Antarctica or underwater settings.
Low-fidelity prototypes, on the other hand, are essential for val-
idating interior configurations (JELONEK, 2024). Currently, this
phase accompanies the design process at various stages, repeat-
ing based on the feedback received. However, this iterative pro-
cess, necessary due to the sector’s complexity, entails high costs
and raises issues concerning the sustainability of the process.

Academic and industrial communities are exploring to op-
timize some of these processes is the integration of immersive
technologies (JUAN et al., 2022), such as Virtual Reality (VR)
and Augmented Reality (AR), that offer the possibility to simu-
late the user experience also in remote spaces, enabling a more
detailed and immersive evaluation of the proposed solutions
(HERA and VECTION are two different experimentations in
which AR and VR have been tested, demonstrating their po-
tential).

To date, as highlighted during the 75th International Astro-
nautical Congress (IAC) held in Milan in October 2024, the pre-
dominant use of virtual reality offers clients a broader audience
the opportunity to experience an orbital habitat or to showcase
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the final layouts of a project. However, international research
centers and companies are seeking to integrate these technolo-
gies into various stages of the design process to address emerging
challenges in terms of economic efficiency, environmental sus-
tainability, and the democratization of space (BASU et al., 2021;
HoOLT, 2023). This integration facilitates the analysis and exper-
imentation of new design configurations (WANG, 2009) and hu-
man engaging (LEE et al., 2023), but however they cannot replace
final prototyping and the related verification phase, which will
remain necessary to meet NASA standards (NASA, 2017).

The ongoing study, building upon the analyses conducted,
focuses on the integration of digital technologies in the initial
conceptual phase of the design process, aiming to consider and
monitor individual well-being from the earliest stages of con-
cept development.

As previously mentioned, the design of living spaces in space
environments requires particular attention to ergonomic and
human factors. While ergonomics provides the technical founda-
tions for designing functional and adaptive spaces, the study of
human factors introduces a deeper dimension, oriented toward
the well-being and psychological sustainability of individuals.

3. How ergonomics and human factors affect design for well-
being in microgravity environments. Hints and implications

The voluntary and involuntary condition of humans in Space
relate to modified interaction with surroundings as well with
physiological changes, that can only partly be contrasted by de-
termined actions. Hence, human factors in the specific context
become clearly of crucial importance, as the human dimension
relate to (free floating) movement in search of stable position-
ing, motion through space by using holders, as well as the in-
teraction with all panel commands and cognitive matters such
as noise, light and smell relate to immediate safety issues. Any
impertinent use or interpretation of space station or orbit ve-
hicle parts can lead to devastating catastrophe up to instant
dead of passengers on the station in orbit. Human factors on
the other hand are well studied, the discipline counts on innu-
merable experimentation and tests of any kind of activity that
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needs to be monitored and consequently improved. More than
anywhere else than in space, this is the case and must be. Neth-
er the less, the environmental conditions are radically different
from conditions on earth with regular gravity, that balances any
action (movement, pressure, force, etc.) to the muscle force hu-
mans have and exercise in any regular and irregular circumstanc-
es: “The focus of ergonomic design is on the human being with
his or her individual performance requirements such as height,
physical strength, abilities but also eyesight, reading and writing
ability and specialist knowledge.” (SCHMAUDER & SPANNER-UL-
MER, 2014, p. 19). From this generic description, the further
indication for a correct ergonomic environment relay on “con-
sideration of the environmental context, i.e. the physical, organ-
izational, social and legal environments must be identified and
described.” (SCHMAUDER & SPANNER-ULMER, 2014, p. 19).

In consideration of this, the NASA documentation Human
Integration Design Handbook, in its 2022 updated version re-
lated to anthropometry, confirms that the design references
need to include Anthropometry, the Body Surface Area, Body
Volume and Body Mass, as well dimensions regarding interac-
tion such as Range of Motion and Reach Envelope. The same
documentation discusses the already ongoing development of
major variabilities related to human dimensions.

“Although NASA maintains databases of current (active)
astronaut anthropometry, this data is not necessarily the best
estimate for future astronauts. While it may be useful for cur-
rent and ongoing human factors analyses and investigations,
it may not fully represent the variation among the population
from whom the astronauts are selected.” (CHILDRESS & COFFEY,
2022, p. 5).

Considering the current evolution of Space Economy, with the
already ongoing dispatch of space travelers who are not trained
astronauts, this last sentence reveals particular importance.
Based on the changes “sources such as modified military and ci-
vilian databases may be more appropriate representations of a
future astronaut population.” (CHILDRESS & COFFEY, 2022, p. 5).

The current geopolitical condition seems to newly separate
space missions between geographical areas with related anthro-
pometrical differences. Thus, it could seem suitable to keep on
the idea of commonly and globally shared spaces in orbit which
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today however includes besides American statistics only Euro-
pean references. But in a long-term project programming, this
might be very limiting. The recent ISO/EN 7250-2 (update in
progress) might give a better overview of national populations,
as it lists anthropometrical data from different countries. The
problem keeps alive when it comes to designing for multiple
population references. The proposed design strategy includes
to use same product in different sizes (especially when it comes
to clothing, this characteristic appears evident), of an adjusta-
ble product, that can be sized to personal comfort. At the same
time, as Juergens, Matzdorff and Windberg (1998) are underlin-
ing, there are critical dimensions, that cannot be changed: “The
“critical measurement” needs to be determined, for instance
concerning doors and other passageways, the critical measure-
ment will be based on the highest percentiles of body height in
a given population. [...] in determining the critical measure, the
“average person” can again play a role.” (JURGENS, MATZDORFF
& WINDBERG, 1998, S. 3-4).

Following the reasoning of the authors, who discuss in the
paper the possibility to generate an artificial “European Man”
by using lowest and highest measurements as border data, the
result might be staying in the middle: “A compromise concern-
ing a differentiated solution was found in defining the median
(P50) of all measures of the European population by way of the
all-European calculation, while the limiting percentiles P5 and
P95 were to be set according to the countries hosting the high-
est and lowest body measures in their population respectively.
[...] In order to avoid a too extreme “straddling” of the limiting
percentiles, it was agreed that the “extreme” countries would fix
the upper and the lower percentiles respectively, but that they
would not be differentiated according to sex, but rather average
between women’s and men’s values.” (JURGENS, MATZDORFF &
WINDBERG, 1998, S. 3-4).

This last proposal could overcome another concern of NASA,
as the data of female astronauts is even lower that the already
low data available for astronauts in general. At the same time,
it could be examined if the difference between NASA standard
using P99 and P1 instead of P95 and P5 covering sufficiently in
this way the differences of population of different geographi-
cal areas. As defined by the same document, two design aspects
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are mainly to be addressed by anthropometrical dimensions as
critical measurements: clearance (door-pathways) and Reach or
Access.

In addition to this, significant anthropometrical variations
can be observed (in addition to the “traditional” ones) in the
clothing. Not necessarily limited to the specific role of an astro-
naut (f.e. team leader of generic space traveler), any crew mem-
ber faces temporarily the need of wearing pressurized suits,
either in docking activities while arrival and departure, but
also in any emergency or programmed spacewalk. Further, it is
important to add as an anthropometrical adaptation in space,
that the assumed posture of the human body in a zero-gravi-
ty environment changes drastically the overall body imprint in
space: the body assumes a sort of embryonal form, leading to
less height but increased depth, with more limitations in frontal
reach. From this should be assumed further that ability in deal-
ing with the own body in the unusual condition of zero-gravity
need learning and experiencing once arrived in orbit, a period
during which the physical data of human dimensions need to
be evaluated differently as unprecise movement and interaction
exceeds the regular range of body imprint in space. This in par-
ticular, as different kind of space travelers with less preparation
exercise on ground might be unprecise in movement, and even
find enjoyment in experimenting unusual body movements.

4. The concept of well-being in the design of space habitats

The analysis presented highlights the need to redefine the rela-
tionships between: humans and the environment, humans and
each other, and humans and their inner selves.

One of the initial phases of the research therefore focused
both on an in-depth analysis of the state of the art—examining
operational platforms in orbit, such as the International Space
Station (ISS) (first module launched in 1998, with decommission-
ing planned around 2030) and Tiangong (first module launched in
2021, with planned expansion in the coming years)—and on map-
ping emerging concepts proposed by private companies.

Despite significant advancements in the design of space
habitats having improved comfort through the introduction of
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human factor-oriented principles, such interventions remain
rooted in a system originally designed to prioritize technical ef-
ficiency over user experience. However, with the expansion of
the user base and the introduction of new perspectives—such
as space tourism and the privatization of space access, as previ-
ously mentioned—it becomes essential to rethink design para-
digms to meet broader and more diverse needs.

Regarding the state-of-the-art investigation, the ISS repre-
sents a fundamental case study due to its long operational his-
tory, which provides valuable lessons in iterative design. The
station’s modular structure has allowed for continuous adap-
tations over the years, integrating astronaut feedback to opti-
mize usability, safety, and comfort. The evolution of functional
zones—such as those dedicated to rest, nutrition, and personal
care—has highlighted the importance of ergonomic design in-
creasingly oriented toward psychological well-being, particular-
ly in confined environments (NASA, 2023).

Similarly, the Tiangong station, with its more recent mod-
ular design, incorporates improvements in flow management
and reduces interference between operational and recreational
areas (CNSA, 2024).

In parallel, the mapping of emerging concepts (tab. 1)—such
as Airbus’s LOOP project, Gravitics’s Starmax, and Sierra Space’s
Orbital Reef—has revealed significant innovations aimed at im-
proving the human-environment interface. These design con-
cepts place particular emphasis on elements such as biophilic
integration and visual access to the external environment, sup-
porting not only physical orientation but also psychological sta-
bility and the emotional connection between interior and exte-
rior spaces (GALAN MADRUGA, 2010).

The interaction between humans is also considered, particu-
larly to promote teamwork and social cohesion. Some of the
analyzed concepts focus on creating more shared spaces to en-
courage collaborative activities. This aligns with psychological
studies conducted in extreme environments, which highlight
the necessity of fostering interpersonal relationships to miti-
gate the effects of isolation and stress during long-duration
missions (KANAS & MANZEY, 2008).

Finally, the relationship between the individual and their in-
ner self is addressed through customizable lighting elements,
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adaptable layouts, and soundproofed modules to meet the di-
verse needs of users, ensuring a certain degree of autonomy
within a shared habitat. These aspects reflect a broader trend
toward personalized environments aimed at enhancing the liv-
ing experience in space.

This section of the research highlights the increasingly cen-
tral role of specific factors related to individual and community
well-being in the design of space habitats. As will be further ex-
plored, this information will contribute to defining the future
needs of new astronauts while consolidating the fundamental
ones.

Tab. 1. Summary Table of the Preliminary Analysis of the Case Studies, showing in which factors
aspects the different projects are driving the habitation design, based on a visual research and on
the description on the reference websites, as they are purely concept. Adapted and improved table
from Zakonvan et al., 2024.

Reference . . ) . .
s Axiom Station Loop Orbital Reef Starmax Voyager Station] Vast Station
. . . Sierra Space L. Gateway
Main partners Axiom Airbus L. Gravitics i Vast
Blue Origin Foundation
Concept X X X X X X
Light System X X
Biophilic System X X
Storage System X X X X X
Flow «
optimization
Sound
L X X
optimization
Oneni
penlngf to the x X « « «
outside
Working life and M
daily life division
Social spaces X X X
Personal spaces X X

5. Advanced design tools for interdimensional analysis:
Bridging state-of-the-art research and emerging needs

With the aim of incorporating these reflections into the project,
a multi-level research framework has been developed. When
integrated, these levels have led to the definition of configu-
rations and design constraints that consider the evolution of
uses, needs, and practices occurring in other domains (fig. 1).
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To propose guiding factors and characteristics for design,
it was necessary to start from the principles currently adopt-
ed in the design of space habitats. It was essential to examine
how these relationships intertwine in other terrestrial environ-
ments (not included in NASA standards), compare them with
the emerging needs identified through case study analyses (as
previously described), and consider the new user archetypes.

This working framework was structured into three phases:
in-domain research, out-of-domain research, and user needs
analysis.

5.1. In-domain research

The experience accumulated over decades of space activities and
life in space represents an invaluable resource for guiding future
designers. Documents such as the Human Integration Design
Handbook (HIDH) (NASA, 2010) and the lessons learned (BAG-
GERMAN et al.,, 2004) collected from previous missions provide
a consolidated methodological framework, the result of itera-
tive design processes and retrospective analyses. These tools
allow for the early consideration of livability issues during the
design process, which, despite being extensively documented in
the literature, have not yet been translated into mandatory re-
quirements.

Another significant contribution to the design of space hab-
itats comes from the analysis of analogous terrestrial environ-
ments that share comparable conditions with space. In this re-
gard, the NASA STD-3001 document (NASA, 2023) provides an
analysis of habitable volumes and their relationship with the
number of crew members, using references derived from terres-
trial and maritime living spaces (e.g., vessels).

These data, along with current regulations and guidelines,
form a starting point for identifying key parameters in defin-
ing future space habitats. Given the anticipated expansion of
the user base and the introduction of new perspectives, these
parameters will need to be integrated to meet broader and more
diverse needs.

5.2. Out-of-domain research
The design of future space habitats requires the adoption of ad-
vanced analysis tools based on design-driven approaches that
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incorporate innovations from the earliest stages of the design
process. It is therefore necessary to broaden traditional refer-
ences by including living models from different experiences
than those already considered in the reference literature. This
approach is essential since the motivations and expectations of
future “astronauts” will differ from those of traditional ones.
After a thorough investigation, minimal habitats in which user
experience and relationships play an important role were select-
ed and analyzed, such as capsule hotels, RVs and boats. Such
contexts offer insights to identify configurations of minimal
habitable spaces and to develop strategies to resolve conflicts
between various activities and functions within compact envi-
ronments. Furthermore, in these confined environments, the
multi-functionality of spaces becomes a prerequisite for opti-
mizing the use of available resources and preventing the pro-
longed non-use of areas dedicated to specific functions. The
analysis of the user experience conducted on terrestrial and
currently in orbit (ISS and Tiangong) environments led to the
identification of main macro-activities.

The activities identified—rest, personal care, meal prepara-
tion and consumption, training—were then used in the further
research and in the comparison of the minimal living models.

The analysis of the volumes of space dedicated to these ac-
tivities in the selected terrestrial environments (capsule ho-
tels, campers and boats) was supplemented with a study of
the spatial relationships and affinities between the different
functions.

The analysis presented (tab. 2) outlines a summary of the
state of the art regarding the dimensions of the cockpits under
study and a comparison with the ISS. In particular, the main
typological categories were identified, analyzing the most wide-
spread models on the market. For each typology, an analysis
of minimum and average dimensions made it possible to de-
termine optimal conditions for habitability. This process con-
sidered the specific activities carried out inside the passenger
compartments and defined the correlation between volumes
and functions.
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Tab. 2. Results of out-of-domain research across various research fields, categorized by functional
areas and in relation to the estimated current volumes on the ISS.

Functional Area

Personal care

Food Processing

and Food

Consumption

Boats Capsule Hotel Recre'atlon Train Berths ISS
Vehicles
332m3
1.50 m3 for sleeping.
3,2m2 2,4m2 3,2m2 2,6 m2 0.63 m3 for stowage of operational and
personal equipment.
1.19 m3 for donning and doffing clothing.
3,0 m2 External Area 2,2m2 2,4m2 Approx. 3.9 m3 including facilities
3,8 m2 External Area 2,2m2 0,4 m2 16 m3
External Area External Area / 24m3
External Area External Area 0,4 m2 Approx. 70% of 388 m3

In parallel, the qualitative analysis of the selected terrestrial lay-
outs made it possible to identify recurring structural elements.
Particular attention was paid to the study of the configuration
of the functional unit destined for rest and sleep, similar to the
current crew quarters of the Space Stations (fig. 2). The in-depth
study of the spatial relationships between this unit and the oth-
er functional areas provided useful indications for improving
livability and fostering the harmonious integration of functions
within the habitats planned for the future.

The analysis of these different layouts and space hybridiza-
tion solutions offered insights into the possible configurations
of future commercial space stations and the design of environ-
ments according to a task-driven approach. Among the results
that emerged, one element of particular interest stands out: the
outdoor space, which has not only functional, but also social
and psychophysical relevance within these minimal units.

Although in the context of spatial design, direct contact
with the outdoors represents an intrinsic and insurmountable
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2. Representation showing the position of functional areas in relation to the living cell where users
sleep. The aim is to evaluate their connection to the sleeping area, measure the level of intimacy
required for each activity, and assess their integration with other activities. It also highlights
usually associated activities and potential conflicts with other functional zones.
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nominal
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unscheduled
activities

3. Functional areas analyzed during this research, with related actions to be carried out in these
spaces. During the design phase, they are overlaid on the basis of functional and experiential
compatibilities and affinities.
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limitation, it is evident how, through careful design of interior
spaces, actions or moods can be brought back to recreate the
beneficial effects typically associated with it.

5.3. User needs analysis
The work carried out, together with the research on future users
(described in the previous section) and the analysis of human
experiences and relationships in confined environments, has
been crucial for defining the functional areas, related actions,
and associated needs.

In establishing these elements, it was essential to integrate
constraints and regulations defined by NASA. In particular, the
Human Integration Design Handbook (HIDH) (NASA, 2010) pro-
vides detailed guidelines on the various environments within
the station and the activities that, based on past experiences,
could compromise the proper functioning of the habitat. This
document serves as a reference to ensure that the spatial or-
ganization supports the crew’s operational, physiological, and
psychological needs while adhering to established safety and
usability standards.

The clustering described in figure 3 introduces, on the one
hand, new spaces dedicated to personal well-being and care, and
on the other, allows for identifying and addressing critical is-
sues or opportunities related to existing activities, such as those
observed on the ISS. The actions within each functional area are
closely linked to the explicit and implicit needs of future user
archetypes. These were validated and integrated through spe-
cific tools, including questionnaires, workshops, and ongoing
discussions with the TASI team.

For this component of the research, the distinction between
individual and group activities, as well as between public and
private spaces, plays a key role in developing guiding strategies
for new configurations that are more focused on human and
community well-being in space. Building upon those described
by NASA (NASA, 2023), the activities have been enhanced to
foster a more collaborative and experiential relationship be-
tween environment-human, human-human, and human-self

(fig. 4).
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space-related needs, aiming to create habitats that are both functional and adaptable, addressing
both technical aspects and human requirements.
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5.4. Application of advanced design tools: initial configurations

The presented research process was tested by hypothesizing a
future commercial orbital station. This led to the development
of a potential configuration that considers the guiding princi-
ples derived from both domain-specific and cross-domain re-
search, as discussed in the previous sections. This initial out-
come proposes a new distribution of functional areas. At this
stage, the identified areas are not specifically linked to space
modules nor, more generally, to volume allocation; instead,
they are developed following two dimensions, consistent with
the current configuration of the international segment of the
ISS, in order to avoid constraints arising from specific technical
requirements (such as those related to docking).

The configuration (fig. 5) features three distinct environ-
ments, respectively dedicated to work-related, communal, and
individual activities. At the center of the layout lies a multi-
functional area intended for leisure time, meal preparation,
and consumption, serving as a “central square.” This space was
conceived based on research insights and aims to foster social
cohesion and community processes, enabling continuous trans-
formation of the living environment according to immediate
needs. Connected to it are areas designed for well-being and
stress mitigation, including spaces for physical training, bio-
philic zones, and a “see-through” environment (fig. 3)—an area
that allows observation of the external extreme environment,
intended to address the psychological effects of orbital condi-
tions, particularly those related to isolation.

In the proposed configuration, particular emphasis has been
placed on the arrival and departure phases of the astronauts.
It is hypothesized that the arrival spaces can contribute to en-
hancing the experience and facilitating adaptation to life in
space, while, during departure, they can support the “detach-
ment” operations.

This initial application of the design method, also discussed
with industry experts, made it possible to verify the effective-
ness of the analysis and design process while simultaneously
highlighting crucial areas for the subsequent design phases:

1. Recreational Activities and Free Time: The need to prior-
itize recreational activities and, more broadly, the crew’s
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5. Conceptual layout figured out matching the research (in and out of domain) of the State of
the Art and the human factors involved. The key aspect to highlight in this representation is the
concept of "shared square,” a common unconventional living space (image already shown as an
example in Zakonyan et al. 2024).
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free time has been underscored. This involves designing
public spaces not dedicated to laboratory use, characterized
by flexibility, partitionability, and architectural elements
capable of simulating or evoking open environments to
foster social cohesion.

2. Spaces Defined by Emotional and Experiential Parameters:
A critical insight is the importance of defining spaces based
on parameters tied to desired emotional impact, activity af-
finities, and user experience types. It becomes essential to
design spaces that can be perceived as, for example, calm or
energetic, formal or informal, depending on functional and
psychological needs.

3. Rethinking Training and Microgravity Countermeasure Ar-
eas: The research suggests a paradigm shift in the concep-
tion of training areas and those dedicated to counteracting
the effects of microgravity. Considering the significant time
spent on these activities, there is an opportunity to rethink
them to integrate recreational and social dimensions. This
hybridization could significantly enhance onboard quality
of life, transforming physical exercises into experiences
that also promote psychological well-being and social inter-
action.

The results obtained provide the foundation for a holistic and
flexible approach to the design of future space habitats, focusing
on well-being, community dynamics, and the optimal integra-
tion of functional and emotional needs (HAUPLIK-MEUSBURG-
ER & BISHOP, 2021). This research phase supports the definition
of the design process and the digital tools intended for future
designers, contributing to the improvement of specific design
actions both in terms of material sustainability (e.g., execution
times) and immaterial aspects (e.g., project accessibility).

6. Thales Alenia Space case study

As anticipated in the introduction, Thales Alenia Space Italia,
in addition to being a project partner, serves as the application
case in which to explore and experiment with the emerging de-
sign strategies, analyzing their strengths and weaknesses.
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Given the wide range of professional figures involved in
the design process of a pressurized habitat, it was necessary to
structure the investigation process and the experiments along
multiple strands, each providing partial results that, when in-
terconnected, contribute to achieving the main goal of the re-
search: the Space Digital Living Lab (ZAKOYAN et al., 2024; Suc-
CINI, 2024).

This tool, designed to assist designers, serves as a space for
knowledge sharing and early conceptualization of habitats for
extreme environments. Among its key components is a demon-
strator that, in its initial conceptual phase, supports the study
of a dynamic configuration of the space habitat. This approach
ensures greater attention to the personalization and flexibility
of spaces, as well as to the psychophysical well-being of future
space travelers participating in new missions.

To conceptualize an initial prototype of the demonstrator,
it was necessary not only to design its architecture, user expe-
rience, and content interactions but also to correlate the pre-
liminary research findings—focused on emerging needs and ac-
tions—with Thales Alenia Space Italia’s (TASI) design systems.
Additionally, efforts were made to enhance the data transfer
pipeline between CAD models and virtual environments.

To this end, the following two chapters describe the actions
undertaken to make the current design process more practical
and sustainable at a systemic level, while improving the speed
and efficiency of data exchange:

« Interactions between existing tools and new design inputs
through the integration of emerging needs and functions
of future users into Thales Alenia Space Italia’s (TASI)
Model-Based Systems Engineering (MBSE) framework;

+ Optimization of modeling processes to enhance the design
and utilization of virtual environments characterized by
microgravity conditions.

6.1. MBSE: bridging human-centered insights and engineering in space
habitat design

Currently, for the design of space habitats, Thales Alenia Space
Italia (TASI) adopts a systemic approach through Model-Based
Systems Engineering (MBSE), a tool that organizes the design
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process by connecting needs, actions, and functions, ultimate-
ly defining the functional architecture and its relationship with
end users.

MBSE represents a convergence between exploratory design
thinking and the systematic rigor of engineering. To effective-
ly integrate new functions and needs related to the profiles of
emerging users and their well-being, MBSE plays a fundamen-
tal role in transforming complex requirements into actionable
solutions. It provides tools to map needs into logical structures,
operational functions, and physical components, ensuring that
every aspect of the module meets the diverse requirements of
the users.

In this context, the definition of new user archetypes and
their needs has been implemented within the MBSE frame-
work, creating a structured approach that gradually guides the
progressive system definition. Specifically, for less experienced
travelers, additional requirements related to comfort, enter-
tainment, and safety have been considered to ensure an ade-
quate experience in space environments.

The starting point of the MBSE process is the operational
analysis, which involved identifying activities, needs, and their
implementation in Capella, an open-source MBSE tool. The
clear definition of requirements enabled the identification of
the primary objective for the new modules: ensuring a fully
operational habitat while optimizing comfort and the manage-
ment of new users.

Following the operational analysis, a high-level system anal-
ysis was conducted to identify the common functions between
a crewed space module and a commercial one. Although the
specific subsystems have yet to be defined, the analysis has be-
gun to outline the key properties required by the module. For
instance, while both types of modules must support commu-
nication functions, the new module necessitates a system that
goes beyond operational and emergency communication, incor-
porating solutions tailored to more personalized and frequent
personal communication. This highlighted the need for more
intuitive and flexible systems to enable new users to stay con-
nected with their loved ones on Earth or collect memories to
view during their stay on the station.

The final phase of the MBSE implemented at this stage of
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the project focused on defining the operational architecture,
emphasizing how the system functions to meet stakeholder
expectations. In this phase, the subsystems were defined as
logical components, to which more detailed functions—re-
ferred to as “logical functions”—were assigned. As a higher
level of abstraction than physical components, logical compo-
nents can later be further decomposed into specific hardware
and software in subsequent stages. To meet the requirements
of this project, two distinct logical architecture schemes were
developed:

« The first provides an overview of the commercial module
system, representing all the main logical components and
their interactions;

« The second focuses on the logical components derived from
an in-depth analysis and discussions with partners, paying
particular attention to traveler needs and suggesting po-
tential hardware solutions to meet those requirements.

Regarding the physical components derived from this process,
several concepts were selected during collaborative design ac-
tivities involving researchers, young designers, and the compa-
ny TASI. These outputs were subsequently integrated into the
MBSE, linking them to needs and actions, and later incorporat-
ed into the modeling database, where they were converted into
virtual reality files. This approach enabled the development of
a design flow that facilitates the selection of systems and prod-
ucts best suited to user needs while maintaining a continuous
relationship between systemic design and the VR model.

In this context, further experimentations are planned, as
the integration of virtual reality into the MBSE is believed to
make certain observations more immediate, allowing for earlier
assessments of the design process. Currently, these evaluations
are conducted exclusively on physical prototypes and through
the analysis of their interactions.

6.2. Optimizing the pipeline for improved design and utilization of virtual
environments in microgravity

In recent years, virtual reality has been successfully integrated
into aerospace industrial processes, particularly for construct-
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ing virtual scenarios capable of replicating the environments
and dynamics of aerospace activities. These scenarios of this
chapter directly support the design process of space modules,
allowing the verification of ergonomic requirements through
tools such as virtual mannequins. Research has focused on a
threefold objective: the improvement of the process of import-
ing CAD models and creating new models, and the use of virtual
mannequins, again starting with the heritage of TASI.

Synchronization with the CAD baseline. Components
from CAD modeling, which generally derive from a previous
design phase or are subject to changes during the project,
must be simplified and converted into polygonal meshes for
use within the Unreal Engine software, with which the vir-
tual scenarios are created. For this purpose, the Datasmith
features were used, perfectly integrated with Unreal Engine,
which is able to manage a large variety of file formats typical
of the CAD description. The imported meshes were simplified
using the Nanite application, which allows for optimized ren-
dering and storage based on the distance from the point of
view. An Unreal Engine plugin was created that automatically
processes all the components imported with Datasmith (typi-
cally tens, if not hundreds of thousands of elements) and their
materials. The created features are easily usable thanks a spe-
cific graphical interface designed to be used within the Unreal
Engine editor.

Interactive robotic arms. Typically, some elements import-
ed into the scene need to be animated during the scenario
simulation. Some simulations, such as the kinematics of single
mesh components with simple shapes, are simple. However, if
the animation concerns a more complex object, which is made
up of multiple elements from the CAD design, such as a robot-
ic arm, the creation of the control system for the animation of
the object is more complex because it is necessary to transform
the model into an articulated figure. Since in Unreal Engine 5.0,
there is no system for creating a skeleton for an articulated fig-
ure, it was necessary to use external software, Blender, in this
case. In this way, an animation system for robotic arms was
created, capable of respecting all the movement constraints of
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the model components, in particular controlling the robotic
arm’s movement with the skeleton’s bones inside it.

Meta-human. The meta-human is a new type of virtual man-
nequin that can act as a user’s avatar and can be controlled by
tools such as a helmet and HTC Vive remote controls.

A new resource based on the Meta-Human integrated with Un-
real Engine is being studied, which implements additional fea-
tures specific to aerospace environments.

When the Meta-human is used as an avatar in virtual reality
simulations, the user must be able to identify with the manne-
quin and move in the virtual scenario. To this aim, the created
resource was inserted as the main component in a Pawn, a par-
ticular type of actor controllable by the user, that contains all
the functions for interfacing with the input devices, including
remote controls and a helmet. The mannequin’s animation sys-
tem was then modified to synchronize it with the movements
of a possible user.

First results of TASE virtual design process

Synchronization with CAD baseline the new pipeline (fig. 6
and tab. 3) optimizes the synchronization with the CAD base-
line and makes the generation of new VR scenarios starting
from CAD models extremely fast.

Tab. 3. Some results of the processing algorithm.

Memory Usage Number of Meshes Execution time
6.57 MB 8 13ms
772.79 MB 137 1176 ms
8202.64 MB 7242 33280 ms

More in detail, the activation of Nanite, especially on high
resolution models, allows the navigation of the scenario at a
constant frame rate that can reach up to 120 FPS (a minimum
of 60 EPS is already sufficient to avoid problems related to mo-
tion sickness) in desktop systems, thanks to the dynamic mesh
simplification system based on the distance from the point of
view (fig. 7). Tables 4-5 report some results.
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Tab. 4. Mesh simplification tests carried out on a structural component of a
pressurized module, varying the tolerance with respect to the chord.

Chord Tolerance Triangles Memory Usage
0.001 cm 11668170 617 313.562 KB
0.01cm 2025294 109 616.781 KB

0.1 cm 706 430 31035.848 KB
1cm 579 864 22 937.609 KB

10 cm 575112 22 529.648 KB

Tab. 5. Data from the rendering phase of the model analyzed in table 9.2
and fig 9.3, tiled with 0.1 cm tolerance with respect to the chord.

Model-camera distance Triangles Vertices Clusters
10m 139383 207 175 1108
15m 100 567 157 943 804
20m 70033 114 348 571
50m 20716 37 064 211

Robotic Arm Animation fig. 8 shows some poses of a model
used within the virtual scenarios, which represents the robotic
system present in the International Space Station. On the ob-
tained Skeletal Mesh, a motion control system based on inverse
kinematics is implemented using the IK Rig editor and the Full-
Body-IK solver, which uses the pseudo-inverse damped least
squares algorithm to obtain the rotations of the intermediate
joints. This solver has proven to be the most efficient among
those present in Unreal Engine, as the result given by its use
faithfully reflects the actual physical movement of the arm, and
it is the only solver that allows compliance with any rotation
constraints of the joints.

Avatar Meta-Human The new Meta-Human resource (figs. 9
and 10) integrates additional features specific to aerospace en-
vironments:

+ An animation system based on inverse kinematics, that ef-
ficiently poses the mannequin within the scenario.

« Choice of the mannequin’s gender;

+ Use of the suit for extravehicular operations;
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« The human percentile is selected based on gender and the
chosen percentage, with consequent automatic and dy-
namic resizing;

« Possibility of being inserted into a virtual reality scenario
to be piloted by the user.

The movement of the chain of bones of the articulated figure
is divided into various sub-movements controlled through ro-
to-translations of specific parts of the body according to direct
and inverse kinematics techniques. In addition, what the man-
nequin sees in the virtual scenario is returned by a virtual cam-
era in the Pawn and is used to reconstruct the video output in
the helmet.

7. Conclusions

The integration of factors related to the future “astronaut’s”
well-being, their relationship with the environment and the
crew, and the design of a new space experience represent a cru-
cial challenge in developing sustainable and inclusive digital
tools. These tools aim to support designers in creating micro-
gravity habitats that are flexible and adaptable to various sce-
narios.

Within this framework, design plays a fundamental role as
a mediator between technology, human needs, and operational
contexts. By integrating interdisciplinary data, advanced tech-
nologies, and human-centered design approaches, it is possible
to rethink the conception of space habitats, offering innovative
solutions that open new perspectives for space exploration and
habitability. Design transcends the mere resolution of function-
al problems, redefining the relationships between human and
environment, human and human, and human and self.

This user-centered approach ensures that space habitats are
designed to be comfortable and responsive to the continuously
evolving needs of their inhabitants.

As highlighted, to make this design process increasingly
adaptive and aligned with a more intangible vision of sustain-
ability—placing the traveler’s psychophysical well-being at its
core—digital tools, supported by field research activities, play a
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crucial role in integrating human factors in all their dimensions
during the early stages of ideation and concept creation. These
tools provide designers with real-time feedback on the impact
of their design choices, both on the environment and on crew
well-being.

Future research developments include the complete defini-
tion of the Space Digital Living Lab and its components, the pro-
totyping phase of key elements, and enhanced interconnection
between the various tools and systems that comprise it.
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