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ABSTRACT

Revived interest in lunar exploration is heralding a new genera-
tion of design solutions in support of human operations on the
Moon. While space system design has traditionally been guided by
prototype deployments in analogue studies, the resource-intensive
nature of this approach has largely precluded application of profi-
cient user-centered design (UCD) methods from human-computer
interaction (HCI). This paper explores possible use of Virtual Re-
ality (VR) to simulate analogue studies in lab settings and thereby
bring to bear UCD in this otherwise engineering-dominated field.
Drawing on the ongoing development of the European Large Lo-
gistics Lander, we have recreated a prospective lunar operational
scenario in VR and evaluated it with a group of astronauts and space
experts (n=20). Our qualitative findings demonstrate the efficacy of
VR in facilitating UCD, enabling efficient contextual inquiries and
improving project team coordination. We conclude by proposing
future directions to further exploit VR in lunar systems design.

CCS CONCEPTS

+ Human-centered computing — Virtual reality; Human com-
puter interaction (HCI).
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1 INTRODUCTION

50 years after Apollo astronauts last set foot on the Moon, an un-
precedented international collaboration seeks to send humans back
to the lunar surface as part of the NASA-led Artemis programme.
With a first crewed landing planned for 2025, the long-term goals
include establishing permanent lunar bases before the end of the
decade [83]. Surpassing Apollo in scope and ambition, the success
of humanity’s renewed push for Moon will rest on reliable, safe and
effective technologies being designed in support of future crews
and their extravehicular activities (EVA’s). Accordingly, the devel-
opment of novel methods for advancing low-technology readiness
level (TRL) solutions in service of human and robotic operations
on the Moon has been described as a key ambition of the Artemis
programme [92].

Designing such solutions requires taking into account challenges
and limitations posed by a range of environmental, operational
and human factors that may markedly deviate from established
terrestrial usability and ergonomics considerations. This includes
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elements such as the reduced lunar gravity, dust mitigation, limited
field of view and range of motion due to EVA spacesuits, mental
and physical fatigue, thermal and atmospheric situation, limited
capability for redundancy and the extreme lighting conditions, such
as pitch black shadows [29, 61], all against the background of often
ambiguous mission criteria and still largely undefined operational
scenarios [2].

The lighting conditions in particular have emerged as a promi-
nent consideration during design and preparatory activities. No-
tably, the tilt of the lunar axis creates a unique setting on the lunar
south pole, with elevated areas experiencing near-permanent illu-
mination, whilst the very low sun angles simultaneously also block
out all sunlight in depressed areas. Indeed, the access to persistent
illumination (and the resulting availability of solar power), along
with water ice preserved in permanently shadowed areas, was a
key factor leading to the selection of the Moon’s south polar region
as the likely site of the next human landing and the subsequent
construction of base camps [83].

In a bid to factor in such lunar conditions during design and
development processes, engineering teams have typically resorted
to experimental deployments and field studies of prototypes in
analogue environments, such as large cave systems to approximate
the poor lighting conditions on the Moon [77], or neutral buoyancy
pools to simulate lunar gravity [6].

These classical approaches have met with varying degrees of
success, attracting criticism for their logistical complexity and high
costs, typically resulting in low frequency of experimental deploy-
ments and limited number of test subjects [15]. Barriers like these
have prevented widespread adoption of established UCD method-
ologies, such as rapid prototyping and participatory design, that are
otherwise successfully employed in HCI. As a result, space systems
development projects are often plagued by limited agility, frequent
delays and notorious budget overruns [35].

In response, this paper investigates potential use of Virtual Real-
ity to simulate field studies and thus facilitate rapid and resource-
efficient user-centered assessments of early-stage lunar surface
prototypes. Although VR’s capacity to interactively simulate hypo-
thetical concepts and environments at comparatively low costs has
already garnered significant attention in several fields [37, 91], its
applicability in simulating the unique lunar conditions and facilitat-
ing assessments of pertinent design solutions remains unexplored.

The goal of our work, then, is to understand the strengths and
weaknesses of VR-based field studies in terms of their capacity to
enable user-centered HCI methods in the context of lunar system
design. By shedding light on the types of design questions this
approach can and cannot reasonably address, we seek to lay a
foundation for responsible use of VR to ameliorate ongoing and
future design projects in this domain.

To this end, we created an interactive simulation of the Moon’s
south polar region in VR for the purpose of assessing a design con-
cept of the European Large Logistics Lander (EL3); a prospective
autonomous lunar landing vehicle currently under development
by an international consortium led by the European Space Agency
(ESA) [27]. Working closely with the EL3 development teams, we
produced a plausible operational scenario and evaluated it with hu-
man spaceflight experts, including astronauts, engineers, astronaut
instructors, project managers and scientists.

Their qualitative reflections have demonstrated the utility of
VR in enabling user-centered approaches to studies of operational
performance and human factors in the early stages of a lunar sur-
face system’s design and development, thus significantly expanding
the potential applicability of UCD methodologies in this tradition-
ally engineering-dominated discipline. By highlighting systemic
aspects of future lunar operations, we found VR-based scenarios
to be uniquely qualified for driving reflection on the synergies and
frictions within broader human-machine ecosystems. Furthermore,
the comparatively accessible nature of VR proved well suited to
coordinate and improve the agility of project teams by virtue of
facilitating a model-based systems engineering approach. By consid-
ering these findings, we take a first step towards understanding the
potential use of VR as a design tool to shape humanity’s expansion
to the Moon and beyond.

2 STATEMENT OF CONTRIBUTION

The contribution of our work is threefold: (1) We introduce VR-
simulated field studies as a novel methodology in space system
design. To determine its efficacy, we present, to the best of our
knowledge, the first documented application of a UCD approach
during the development of a concept-stage lunar surface system.
(2) We extend the ongoing discourse on immersive design scenar-
ios and speculative enactments by reflecting on their potential
use in terms of facilitating contextual and holistic assessments of
human-machine ecosystems as well as supporting the coordination
of design project teams. (3) We provide a set of recommendations
on VR interfaces used to simulate lunar conditions (e.g. low gravity),
including possible ways of leveraging mixed reality technology to
improve the validity of future design inquiries.

3 RELATED WORK

There is a wide range of HCI and VR publications related to our
work. Here, we focus on three main topics: (1) HCI research methods
in space systems design, (2) classical approaches to assessing space
design concepts via analogue field studies, and (3) the potential use
of VR to bridge the gulf between these two.

3.1 HCI in Space Systems Design

Aerospace engineering and HCI have been intertwined since the
dawn of the space age. Efforts in this vein have materialized into
solutions spanning from computer interfaces supporting physical
and mental wellbeing of astronauts [67] to telerobotic control mech-
anisms [80]. Notably, influential ideas from HCI, such as human-
machine symbiosis [18], were leveraged throughout the develop-
ment of modern spacesuit designs to enhance human performance
and safety during EVA operations [22] and helped shape numerous
relevant solutions, including exoskeletons for supporting humans
in low-gravity [70, 86] or augmented reality interfaces for improved
spatial orientation [45].

Nevertheless, the development of such systems has tradition-
ally been engineering-driven, guided predominantly by utilitarian
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metrics, such as technological feasibility and crew safety. In con-
trast, comparatively little attention has been paid to the use of HCI
design methodsmore directly by involving end users and other
stakeholders in the design process [87].

The ongoing proliferation ofNew Space compani{&s, such
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sand plains of Iceland3g share important characteristics with
the lunar environment, including terrain features or geological
composition. Aside from such naturally occurring analogues, some
lunar conditions have also been simulated by arti cial means. For
example, reduced-gravity ights and neutral buoyancy pools have

as SpaceX, and the consequent democratization of access to spaceégeen employed to replicate the Moon's partial gravity levels (0.17g),

has therefore led some scholars to suggest that the time has come
for HCI to play a more central role in development of future space
systemsf7]. As elaborated by Trotta et al., the HCI community
now has a unique opportunity tocontribute a new perspective and

while vacuum chambers have been used to simulate the lack of
lunar atmosphere [11].

In addition to simulating relevant environmental conditions,
another core purpose of analogue studies is the assessment of de-

knowledge on how to think about and design future interfaces insign solutions within the context of prospective mission scenarios

space [87].

Early e orts to take up this challenge have typically resulted
in various forms of UCD approaches employed for the purpose
of engaging non-engineers in ideation of future space solutions.
For example, in a series of CHI workshops, Pataranutaporn et al.
invited scholars from across disciplines to brainstorm around the
possibilities o ered by HCI for space design. The result was a wide

[2]. This typically entails the study of their synergies with other
key operational concepts and elements of the mission architecture,
including interhuman communication, data collection and distribu-
tion systems, scienti ¢ procedures, logistical work ows and remote
supervision [88].

Space agencies are increasingly turning to such analogue eld
trials to inform the design of reliable solutions for lunar exploration

range of novel scenarios and use cases for space HCI research[3, 57 65. For example, in 2019 ESA conducted a eld campaign in
centered around emerging stakeholders, such as space tourists the arid volcanic landscape of Lanzarote in the Canary Islands to

[67, 68. Similar approaches have been utilized to conceptualize
hypothetical lunar settlementslfg 90, or even to co-create new
ideas around the future of food and eating in spa&d[ Closer to

our work, Rometsch et al. conducted a series of group brainstorm
sessions with aerospace experts to converge on potential cargo
unloading solutions for future supply shipments to the lunar surface
[73].

However, apart from ideation, the application of UCD during
prototyping and evaluation of real-world solutions has been sparse.
While examples exist of software tools for human space exploration
being developed in a user-centric manne; 9, applying such
approaches during the design of physical interfaces has proven to be

evaluate several prototypical tools for the collection and storage
of geological samples on the Moon's surfad&]} One of the tests,
for instance, saw a team of experts compare the functionality and
maneuverability of two alternative trolleys, seeking to nd the
optimal balance of properties [32].

In a separate 2019 study, two astronauts performed a series of
underwater spacewalks in the Atlantic Ocean with the aim of eval-
uating a prototypical portable vehicle designed for the evacuation
of incapacitated astronauts under lunar gravity conditior®3 (see
Figure 1). Future crew members were thus given the opportunity to
re ect on the (inter)operability and ergonomics of relevant systems,
as well as potential risks associated with their use. This included

more complicated. For instance, Sumini et al. developed a seahorse-ergonomic and mechanical aspects surrounding interactions with

inspired prosthetic tail designed to enhance body motion in low-
gravity conditions Bg. To evaluate its e ectiveness, assessments
had to be carried out on board reduced-gravity ights. In this case,
the relatively low prototype development costs meant the authors
could arrange a series of such prototypical deployments, allowing
for a user-centered iterative design process.

In contrast, many space agencies currently engaged in develop-
ment of comparatively more complex solutions for the Moon, such
as lunar landers or rovers, have to deal with greater constraints. As
will be detailed in the following section, the high nancial and lo-
gistical burden of assessments, combined with the need to evaluate
such solutions in a representative environmental and operational
context, have largely hampered the adoption of HCI methodologies
(and UCD in particular) in classical approaches to lunar systems
development.

3.2 Classical Field Studies

Itis common practice that novel lunar and planetary exploration
solutions are tested and evaluated in so-calkethlogue environ-
ments Several sites, such as the caves of Sardiliaf the volcanic

1we base our use of this term on the work of de Haan, who de ned HCI design methods

as human-centred and creative approaches to the conceptualising and building of use

interfaces [21].

relevant components such as pulley systems, handles, locomotion
systems and other tool interfaces while being weighted-out to the
lunar gravity, wearing mock-up EVA gloves and a representative
helmet reproducing a spacesuit's constrained eld-of-vie@4], all
against the backdrop of the uneven sandy and rocky seabed [11].

Although the feedback gathered through such studies has helped
facilitate iterative integrated design and development processes for
potential lunar surface solutions, the reliance on analogue envi-
ronments is not without its drawbacks. Mainly, the choice is often
limited to single-aspect environments with only a few analogues
capable of replicating multiple lunar conditions simultaneously (e.g.
only geology and gravity, but not the lighting conditions in the case
of seabed trials11]). Because one analogue cannot simulate all
the di erent aspects of a lunar mission, a variety of analogue and
arti cial testbeds is typically required. In addition, these analogue
campaigns require signi cant preparation and planning time, con-
suming large amounts of resources. They also generally only allow
a small number of participants to take part in the tests, limiting the
volume of design assessments that can realistically be carried out
on a yearly basis.

Such limitations have traditionally predisposed relevant design
projects to adopting the relatively rigid/-modelapproach, with
considerable amount of development taking place prior to any
experimental deployments and evaluation through analogue testing
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Figure 1: An astronaut simulating the rescue of an incapacitated crew-member with a portable vehicle designed for evacuation
in lunar gravity. The underwater weight of this suit simulator was equivalent to the weight of an astronaut wearing an EVA
suit on the Moon [31] (left). An astronaut performing simulated EVA operations during an analogue study [32] (right).

activities [11]. In contrast to typical design projects in HCI, the

VR usually taking a back seat to analogue eld studies when more

interaction between development teams and end users in space systematic user evaluations are required.

systems engineering is thus rather limited and often only occurs
towards the end of a development cycle. As a result, by the time

Instead, it is non-space related domains that are now leading
the way in the adoption of VR-centeric design processes. Indeed,

an operational scenario is deployed and assessed at the end of theVR has already been successfully used to study human interaction

V-model design cycle, there tends to be little room left to in uence
the design. This results in longer feedback loops and slower design
iterations, incurring further nancial and temporal costs on the
project.

In the following section we will argue that some of these limita-
tions might be alleviated through greater use of VR-based design
practices during early stages of a project's lifecycle.

3.3 Design Studies in Virtual Reality

The aerospace industry was at the forefront of popularizing VR
technology. Notably, NASA pioneered the use of this tool when
training the Hubble space telescope ight team for a repair mission
in 1993 BY. The bene ts of using VR in this case were evident, as
it reduced EVA training time and therefore project cost.

However, it was not until the 21st century that VR and virtu-
alization began to gradually gain a foothold in design practices
surrounding space systems development. Virtual environments
have since been utilized, for instance, to help prevent misalign-
ments and erroneous data ow in the International Space Station's
Columbus module 12, to assist with general satellite assembly
troubleshooting B9 or to analyze the replacement procedure of a
Columbus cabin Iter [44].

VR technology has also seen use during veri cation and vali-

with a range of prototypical technologies, including autonomous
cars BY, healthcare solutionsg6§ and complex robotic systems
[64. Such studies have demonstrated the ability of VR simulations
to gather a wide range of relevant user feedback on topics includ-
ing usability [25, human factors and ergonomic9¥, safety [84

and acceptability 6. By collecting such feedback in early stages
of a project lifecycle, development teams have been able to bet-
ter anticipate potential problems and lower risks for the overall
production processes, resulting in a reduction in development and
manufacturing costs [4, 39, 48].

Compared to studies centered around traditional physical proto-
types, VR was found to enable rapid iteration of design concepts
without being limited by their number, size, or shape, nor the spatial
constraints of the lab49. Similarly, evidence suggests that VR is
superior to digital mockups experienced in 2D when it comes to
facilitating spatial assessmentd@ and stimulating creative and

exible thinking [52].

Another aspect of VR that has recently attracted attention of
the HCI community is its capacity to embed design concepts in a
realistic context. For instance, Makela et al. evaluated the use of in-
formation displays in public spaces by simulating their placementin
a representative virtual environment. They found that by providing
users with a context that simulates a natural scenario, VR con-
tributes to a more realistic experience than what could otherwise
have been achieved in a lab settingd. Drawing on established

dation project phases, such as assembly scheme and maintenance .| methods, such as scenario-based design or design ction, Sime-

reviews for the Orion lunar spacecrafi] or to collect astronaut
feedback for an ergonomic evaluation of the Gateway lunar space
station modules42. Nevertheless, such cases are still rare, with

one et al. follow a similar line of reasoning, arguing that extending
such speculative enactments to Virtual Reality would enable users
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to engage with design ideas in theltruest envisioned fornj81].
Based on their exploration of immersive design ctions, McVeigh
et al. have echoed similar views, arguing that VR is particularly
well suited for prototyping embodied and contextually rich aspects
of speculative experiences [59].

Given its ability to immerse prospective users in such contextu-
ally rich experiences, coupled with its applicability in early design
stages, we could posit that VR is uniquely quali ed to support the
development of future lunar surface solutions. Nevertheless, VR-
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to form the backbone of Europe's pathway toward sustainable
human exploration of the Moon [13, 41, 51].

Upon completion of the initial mission requirements speci ca-
tion phase and securing of funding, which is expected to take place
by the end of 2022, the industrial implementation phase will be
initiated [27]. The rst design reviews of the EL3 are then scheduled
to commence in the rst quarter of 2023 [13].

The important role the EL3 is expected to play in future hu-
man surface operations on the Moon, in combination with its still-

enabled design processes in space system development still haveuntested design, made it an ideal subject for our study.

a long way to go before they can be considered a standardized
approach. There is an opportunity, then, to come full circle by en-
abling human space ight to fully capitalize on VR technology it
once helped pioneer. In return, VR might open up this traditionally
engineering-dominated eld to greater application of user-centric
design methods, along with all the aforementioned bene ts that
come with such approaches.

By producing a VR-based scenario centered around a prospective
lunar lander and evaluating it with expert users, as described in
the following section, we hope to shed further light on the viability
and validity of VR as a design tool in this unique domain.

4 METHODOLOGY

In order to explore the potential use of VR to catalyze UCD ap-
proaches in the context of human lunar exploration, we carried
out a simulated eld study focused on a VR-based operational lu-
nar scenario. Speci cally, we created a virtual mockup depicting
a prospective con guration of the EL3 lunar lander along with a
potential cargo unloading system. This was complemented with
3D models of cargo containers, a transport cart, an EVA space suit
and a ladder to climb the lander (see gure 2). A virtual replica of
the Moon's south polar region was produced to form a realistic
backdrop. These assets were then combined into an interactive sim-
ulation of cargo-reception and o oading procedures on the lunar
surface. Finally, borrowing from established HCI methods, such as
Scenario-Based Desig4], we invited a group of relevant experts

to immerse themselves into this VR scenario and critically evaluate
the simulated design solutions. In the remainder of this section, we
will elaborate on these steps in more detail.

4.1 The EL3

The feasibility of a sustained human presence on the Moon will
depend heavily on the development of reliable logistical solutions
for delivery of crew supplies and other forms of cargo to the lu-

Guided by input from the EL3 project management and respon-
sible engineering team, we modeled an agnostic EL3 con guration
representing a generic design that could meet the requirements
outlined in the EL3's original invitation to tenderl3. The result-
ing EL3 model is approximately 2.8 m tall, with an approximately
14 n? large octagonal cargo deck on top. We have attempted to
provide the model with the highest possible level of detail to allow
for the evaluation and study of issues related to overall usability,
operations and human factors challenges and constraints, which
are likely to apply to most potential designs that might result from
the EL3 team's own work.

On top of the virtual lander, we designed and implemented a
hypothetical cargo unloading system in the form of a winch-based
pulley system with cradles that would rely on lunar gravity to
deploy cargo containers from the deck at the top. The cargo un-
loading mechanism was animated in the VR scenario. This concept
was once again guided by input from the EL3 development teams,
making sure our virtual mockup was reasonably realistic. Further
details concerning this process can be found in our precursor study
[62].

4.2 Additional Assets

A number of additional 3D assets required for the scenario was
produced based on real-world references.

Firstly, the EL3 is being designed to carry a set of speci ¢ cylin-
drically shaped pressurized cargo containers. These are expected
to have a mass of ca. 350 kg and a pressurized volume of ca.0.7 m
4 of these were reproduced virtually and served as essential compo-
nents of our scenario, as participants were tasked to retrieve these
containers and carry them. This meant that the cargo containers
had to be physics components and be interactable in VR.

Secondly, to enable users to be able to inspect the cargo unloading
system from the top of the lander and to elicit potentially important
insights, as well as to help predict potential scenarios (e.g., required
maintenance due to a jammed system), a climbable ladder was

nar surface. Recent years have seen a number of both public and designed and integrated. The VR user was able to grab the rungs

private stakeholders from around the world taking up this chal-
lenge, spawning a spectrum of design concepts ranging from the
325 kg light Astrobotic Peregrine Landet ] to the towering 100
ton SpaceX Starship Human Landing System [78].

In line with this trend, ESA, together with its partners from the
industry and academia, is currently in the process of designing
the European Large Logistics Lander (EL3), an autonomous lunar
landing vehicle capable of delivering a wide range of crew supply
payloads to the Moon, with an initial launch window scheduled

and/or side rails of the ladder by latching onto these with their
VR hands using the motion controllers and move up or down the
ladder respectively, simulating climbing.

Thirdly, a static cart was added to trigger valid re ections on
potential means of container transportation.

To further improve authenticity of the scenario, users were em-
bodied in a 3D model of the a spacesuit. Speci cally, we employed
the Exploration Extravehicular Mobility Unit (xEMU) EVA suit.
Users had their heads encapsulated inside the XEMU helmet to

between 2028 and 2029. Once taken into service, the EL3 is expectedaccurately restrict their eld of view [74. The XEMU helmet was
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