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Ongoing democratization of access to space in combination with the prospect of long-duration missions off-planet are setting
the stage for a new era in human spaceflight. An era characterized by a growing spectrum of people with diverse professional
and demographic backgrounds living and working in space. The development of human spaceflight systems has historically been
intertwined with prototype studies in analogue environments that approximate some of the extreme conditions associated with space
operations. Examples include hypogravity reenacted during parabolic flight campaigns or challenging lighting conditions assessed
during experimental deployments in underground caves. The high cost and logistical complexity of such approaches pose a significant
barrier to relevant design activities, typically leading to a low frequency of studies, a relatively small number of participants and slow
feedback loops, all antithetical to modern participatory design practices. Whilst successful in underpinning the highly specialized and
engineering-driven space programs of the past century, it is increasingly apparent that these traditional approaches to space systems
engineering are poorly equipped to accommodate the forthcoming end-user diversification and normalization of space travel. To
explore an alternative approach, our team is in the process of developing a testbed facility enhanced through the use of mixed reality
technologies. By leveraging physical mockups, gravity-offload systems and digital set extensions, we demonstrate a comparatively
cost-effective and accessible way of interactively simulating key challenges associated with space operations. With that, we seek to
lower the threshold for participation of relevant stakeholders in design and evaluations of pertinent space solutions. We conclude by
reflecting on the viability and potential importance of participatory design and rapid prototyping methods in shaping the future of
humanity’s endeavours in space.
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1 INTRODUCTION

Our prospects of living off-planet have undergone a substantial evolution since the days of Apollo. We now know,
for example, that polar regions on the Moon and Mars hold significant quantities of water [16], offering conditions
favorable for power production and other forms of in-situ resource utilization (ISRU) necessary to sustain future human
presence. In combination with the ongoing commercialization of Low Earth Orbit (LEO) and proliferation of private
spaceflight, the stage appears set for a future where space travel and habitation will become accessible to a growing
number and range of people [1, 10].

The fruition of this vision will hinge on supportive technologies being designed in service of our prospective
expansion off-planet. A wide spectrum of such solutions, ranging from simple supply containers to extravehicular
activity suits, will need to be carefully developed and assessed for operational viability in the extreme conditions of the
Low Earth orbit (LEO), Moon, Mars and beyond.

Yet, the approaches used for design and evaluation of these systems have remained surprisingly static over the past
decades. Traditionally, the development of novel space solutions has been informed by cumbersome and expensive
experimental deployments carried out by engineering teams in analogue environments, such as aboard reduced gravity
flights [18] or during field studies conducted in remote geographical sites [4]. The resource-intensive nature of this
approach has limited its widespread adoption, with only a select few actors in the aerospace industry possessing the
means to engage in these design activities regularly. This, in turn, has contributed to a situation with only a narrow
range of prospective users and other stakeholders being adequately represented.

In line with the ongoing democratization of access to space, it stands to reason that space systems design ought to be
made more accessible and open to participation of diverse stakeholders whose interests extend beyond the traditional
engineering realm. Considerations such as usability, ergonomics, and holistic user experience will likewise have to be
incorporated in order to accommodate the evolving needs and expectations of a wider user base.

This paper posits that extended reality (XR) technologies are well-positioned to help catalyze this transition. By
combining physical testbeds with digital elements, the simulation of space environments and design solutions can be
achieved at a fraction of the cost of traditional analogue studies, thus helping to close the gap between large space
agencies and the rest of the industry. In doing so, we argue this approach has the potential to incorporate participatory
design elements into a field historically dominated by engineering perspectives and thereby help foster more inclusive
evaluations and accessible rapid prototyping activities.

In the remainder of this paper, we provide a brief review of representative traditional approaches to development of
space technologies before detailing our alternative approach and reflecting on its potential role in shaping the future of
space systems engineering.

2 CONTEMPORARY SPACE SYSTEMS DEVELOPMENT

Space systems design activities have traditionally revolved around experimental deployments and studies of prototypes
in analogue environments that exhibit operationally relevant characteristics, such as specific gravity levels, lighting
situation, terrain features or geological compositions of interest. Aside from naturally occurring analogues, some of
these characteristics have also been replicated through artificial means, such as using neutral buoyancy water tanks or
vacuum chambers [5].

While not without merits, the inherent complexities and resource-intensive nature of analogue studies have con-
tributed to a notoriously low frequency of experimental deployments that typically only feature limited numbers of
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participants. The slow feedback loops and rigid project structures resulting from such constraints have rendered the
space systems engineering field largely incompatible with established participatory design approaches successfully
utilized in HCI and other disciplines [22]. Furthermore, since no single analogue environment can encompass all the
relevant aspects of a space mission, multiple analogue studies are typically necessary, resulting in additional costs.

Reduced gravity and challenging lighting conditions represent two of themost prominent characteristics that influence
the design of relevant space solutions. Below, we elaborate the manner in which these conditions are re-enacted during
traditional analogue studies and reflect on the main drawbacks of such approaches in design processes.

2.1 Designing for altered gravity

Altered gravity levels constitute one of the primary challenges associated with off-planet operations. The impact of
hypogravity, for instance, has been linked to impaired locomotion and sensory-motor performance, making it a major
consideration during design projects [9, 31].

A common approach to replicating reduced gravity conditions on Earth utilizes neutral buoyancy water tanks or
ocean floor testbeds [26]. The effects of desired gravity levels are emulated by immersing astronauts in water with
appropriately weighted-out spacesuits and test equipment [14]. Using this approach, researchers from the European
Space Agency (ESA) have, for instance, conducted extensive design assessments of tools for lunar geological sampling
[12].

Underwater studies of this nature typically require large teams, including safety divers and physicians in case of an
emergency. Moreover, while gravitational conditions can be accurately simulated during low-speed movements, the
water-induced drag renders fast movements inaccurate [5].

Another popular approach to recreating the effects of reduced gravity is centered around parabolic flight campaigns.
These flights involve a maneuver during which an aircraft rapidly climbs to high altitude, followed by a steep descent,
resulting in temporary altered gravity states onboard. Such parabolic flights are routinely used to recreate weightlessness,
as well as gravitational conditions of the Moon or Mars [24].

Fig. 1. Left: NASA engineers testing a lunar motorcycle during reduced gravity maneuvers aboard an airplane. Right: ESA organizes
regular exercises with international teams of astronauts in the challenging lighting conditions found in underground cave systems.
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Parabolic flights were, for instance, utilized during the Apollo program to evaluate and train astronauts to use the
Modular Equipment Transporter (MET) Lunar cart for tool transportation, as well as a prototypical lunar motorbike
(see left side of figure 1) [18].

However, the cost for parabolic flights is generally high, access to flights is restricted, and reduced gravity can only
be experienced in short bursts, typically for 20-30 seconds at a time. As a result, parabolic flight campaigns are mostly
utilized for biological or medical experiments that only require brief exposure to reduced gravity [29].

2.2 Designing for Challenging Lighting Conditions

Lighting conditions have emerged as another prominent consideration during design and preparatory activities
surrounding human spaceflight. Notably, environments lacking atmosphere, such as the Moon, are characterized by
pitch-black shadows and blinding highlights [11, 20]. Apart from affecting extravehicular activities (EVAs) of astronauts,
such extreme lighting conditions have likewise implications for the design of ISRU solutions, with key resources, such
as water ice, being typically located in permanently shadowed areas [30].

Lighting has thus become a frequent subject of enquiry during various analog campaigns. ESA, for instance, is
regularly conducting excursions in natural cave systems to assess astronaut workflows in environments devoid of
natural lighting (see right side of figure 1) [27]. Similarly, NASA’s JETT3 campaign simulates Lunar EVAs in the
Arizonian desert using an artificial sun at night to approximate the lighting conditions found in the Moon’s south polar
region [17].

Apart from requiring considerable time and resource investment, such approaches are likewise constrained by the
presence of Earth’s atmospheric light scattering, which precludes a fully authentic simulation of, for instance, lunar
lighting scenarios.

In summary, while exploration of reduced gravity and challenging lighting conditions constitute two common
objectives of analogue studies, similar approaches have likewise been utilized to replicate other relevant conditions in an
attempt to evaluate design solutions in an operationally valid context. The Concordia research station on Antarctica, for
instance, has seen frequent use by space agencies due to its unique capacity to facilitate studies of prolonged isolation
in inhospitable environments [8].

Nevertheless, as illustrated throughout this section, apart from facing challenges in accurately replicating relevant
environmental conditions, analogue campaigns may likewise be prohibitively expensive and logistically demanding.
As a result, a gap exists between current space systems engineering practices and the aspiration of achieving more
inclusive access to space. In the following section, we will propose a novel approach to analogue studies combining
physical infrastructure with XR technologies, thereby offering a comparatively more accessible testing ground for
future design exploration.

3 BRIDGING THE GAP

To meet the increasing need for design evaluations in realistic settings, our team is in the process of developing the
so called "LUNA" analog facility [28]. Incorporating several XR technologies, LUNA will encompass a large testbed
of around 700 m2 designed to replicate the layout of relevant geological environments and enable the assessment of
various mission scenarios and technologies critical for future human exploration [6]. Given its size, the testbed will
allow for simulated EVAs and extensive testing of, for instance, ISRU technologies (see figure 2). The testbed will also
support rover navigation exercises and teleoperations, allowing a comprehensive range of activities to be conducted
within its premises.
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A dedicated mission control center will be established to enable end-to-end testing of mission operations in a
high-fidelity simulation environment involving the interplay of a large number of relevant systems, including robotic
solutions, lunar lander mockups and astronauts.

In addition, LUNA will be attached to a habitation module that can accommodate up to four astronauts and be
accessed via an airlock. The habitation module is expected to serve as a starting point for simulated EVAs and will be
used to test techniques surrounding Environmental Control Life Support Systems (ECLSS), dust protection, equipment
cleaning and maintenance. In addition, the habitation module will be powered by a separate energy module that utilizes
hydrogen technology.

The facility will likewise provide access to other relevant amenities on the same campus. For example, medical
infrastructure close to the facility can be utilized to host astronauts and simulate isolated conditions, presenting an
additional opportunity to further enhance the research potential of the facility. By consolidating such capabilities in a
single location, LUNA will offer an easily accessible, cost-effective, and flexible testbed for future design evaluations.

Fig. 2. Illustration of the LUNA analogue testbed facility

The use of XR technologies will play a pivotal role in our ability to facilitate relevant design assessments. By providing
users with modified EVA suits featuring integrated XR headsets, we aim to enhance the perceived authenticity of the
simulated environments while also elevating the fidelity of the solutions being evaluated. Digital set extensions, such as
dust or rocks, for instance, will be used to rapidly adapt the testbed area to match any preferred scenario. Similarly,
augmenting physical mockups with digital elements will help reduce the need for fully developed real-world prototypes
during early design stages.

Below we illustrate this concept in greater detail by elaborating our approach to simulating scenarios that involve
reduced gravity and challenging lighting conditions.
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3.1 Approximating Altered Gravity

Reduced gravity will be induced via so-called gravity-offload systems. These dynamic robotic platforms are characterized
by anchor points onto which physical mockups can be attached in order to reduce their weight by a desirable factor.
Inspired by NASA’s Active Gravity Response Offload System (ARGOS) [32], our solution will be integrated directly into
the planned testbed area and utilized to provide sensations of low gravity by offloading not just the the equipment the
users are manipulating, but also the user’s own bodies.

One limitation associated with the reliance on such offloading systems is their capacity to only lift a relatively small
number of objects at a time. To overcome this constraint, objects that are not directly interacted with by the user will
be simulated virtually. Leveraging the capabilities of state-of-the-art game engines, such as Unreal Engine or Unity
3D, along with their associated physics engines, allows for accurate visual simulation of various gravity scenarios.
Computer-generated assets, such as supply containers or Moon rocks, will thus be rendered on top of the user’s view of
the real world using XR technology to achieve realistic physical behavior with respect to the targeted gravity level.
Similar techniques will likewise be employed to simulate environmental effects, such as dust plumes or debris resulting
from the user dropping physical mockups on the ground.

This approach has the potential to substantially enhance the validity of design evaluations, achieving a higher level
of realism than what could be done, for instance, through studies conducted in neutral buoyancy water tanks, whilst
also saving time and resources in the process. In addition, the projection of visual cues into the real world has been
proven to alleviate perceived physical space limitations, thereby further increasing the user’s sense of presence in the
simulated environment [15].

3.2 Approximating Challenging Lighting Conditions

In order to achieve an accurate simulation of lighting conditions on the testbed surface, our facility will incorporate
an adjustable high-power light source capable of replicating a wide range of different sunlight angles. This feature
will help facilitate comprehensive testing of human exploration procedures and pertinent technologies under lighting
conditions that match those of relevant sites, such as the Lunar South Pole.

Much like in other analogue field studies, the lighting will still be subjected to earthly atmospheric light scattering.
To compensate for this and accurately recreate the distinct characteristics of no-atmosphere environments like the
Moon (e.g. deep shadows and intense highlights [11]), we will utilize extended reality to virtually simulate additional
shadows and light blooms overlapping both real and virtually generated objects (see e.g. [21, 23]) thus obscuring the
users’ view of the environment in a manner that more closely aligns with reality. Leveraging the precise control over
light behavior provided by modern game engines, we can achieve an accurate representation of the desired lighting
conditions while maintaining flexibility for easy adjustments as required.

4 CONCLUSIONS

Surging interest in human spaceflight necessitates exploration and development of innovative space systems designed
to withstand the challenging environments of LEO, the Moon, Mars, and beyond, all while catering to the needs of a
user base that is growing in number and diversity.

Yet, the design and development of such space systems has been notoriously inaccessible, as current methods rely on
costly and inflexible analog campaigns to test novel solutions.
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For instance, a recent ESA study sought to design and evaluate a lunar transportation cart for evacuation of incapaci-
tated crew-members [7]. The production of the initial design and manufacturing drawing for mock-up construction
required an investment of approximately 15000 Euro. This was then followed up by construction of a high-fidelity
functional prototype, its integration and initial tests, incurring an additional cost of 25000 Euro and requiring significant
engineering efforts spanning hundreds of hours. Finally, the prototype underwent comprehensive trials in reduced
gravity conditions at the ocean seabed [25]. Although the exact costs of these trials were not disclosed, it can be inferred
that they were substantial.

In an attempt to address such limitations, we are currently in the process of developing an innovative analogue
facility that will provide a unique and comparatively affordable setting for testing of new design ideas pertinent to
future human spaceflight. Combining physical infrastructure with digital set extensions, the LUNA facility will be
centered around a large testbed that leverages consumer grade XR technology to enhance the visual aspects of simulated
environments and design elements.

Similar applications of XR technology have already seen success in other domains, such as during test flights to
simulate aerial refueling, landings, and flying in formation, which would otherwise be too costly or pose a significant
safety risk to pilots [2]. Our work seeks to go a step further by utilizing XR to accurately recreate environmental
conditions that could otherwise not be adequately emulated through conventional means on Earth.

Beyond simply bringing down the costs and thereby making design assessments of space systems more accessible,
we propose our work has the potential to yield meaningful contributions in three overarching areas:

• Stimulating creativity through rapid prototyping: The reliance on digital set extensions will not merely help
improve the visual fidelity of simulated experiences, but likewise enable their rapid and dynamic customization.
By conveying novel ideas visually before they have been turned into real-world prototypes, XR will enable explo-
ration of greater numbers of distinct ideas and facilitate a more iterative design process (see e.g. [3]). Ultimately,
we hope this will stimulate out-of-the-box creative thinking and encourage the exploration of unconventional
ideas that may otherwise have been considered too risky or costly for assessment during traditional analog studies.

• Exploring interaction modalities: Making both real and virtual elements available for exploration under
controlled conditions will enable comparative assessments of different interaction modalities and the role they
play in evaluation of relevant space systems. By analyzing potential points of equilibrium on the Reality-Virtuality
continuum [19], we will develop a better understanding of the extent to which physical infrastructure is needed
to achieve a sufficient degree of research validity, and conversely we shall learn where virtual elements might
be sufficient. In doing so, we aspire to establish a methodological foundation for the use of extended reality
technologies in space systems design. Whilst the facility described in this paper might still be prohibitively
expensive for many prospective stakeholders, the know-how gained from its use may thus theoretically help
pave the way for more specialized testbeds, such as those fully simulated using the comparatively affordable
virtual reality.

• Fostering interdisciplinary collaboration: Our work strives to create an inclusive environment where
professionals from diverse fields, including scientists, engineers, researchers, and artists, can come together
and collaborate on the design of future systems beyond the scope of traditional space systems engineering. By
fostering interdisciplinary exchanges and embracing different perspectives, our aim is to facilitate more dynamic
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discussions and generate fresh insights that may not have been attainable through conventional approaches. In
doing so, our work has the potential to inform and expand existing frameworks, such as concurrent engineering
[13], while contributing to the advancement of design practices in the field.

Our position, then, is that established space systems engineering approaches run counter to the vision of a democra-
tized access to space and that extended reality technology is well positioned to help tackle this situation. Whilst our
design approach will do little to lift the financial constraints associated with space travel itself, we believe it will lower
the entry barrier and help facilitate wider participation in ongoing design activities surrounding humanity’s push for
space. By reducing the associated costs and by establishing design methods centered around more readily available
tools, our objective is to involve professionals that might have previously been excluded from this process, thereby
enabling a larger spectrum of companies and individuals to engage in ideation, design and development of solutions
that might one day prove instrumental in shaping our prospects beyond Earth. Ultimately, then, we aspire to foster
innovation by virtue of enabling collaboration and mutual inspiration, thus cultivating a more inclusive and dynamic
space industry.
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