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Abstract

It has been 50 years since astronauts last walked on the lunar surface during the Apollo programme. The aim of
NASA’s lunar exploration programme, Artemis, to which the European Space Agency (ESA) and several national space
agencies are contributing, is to establish a sustainable human presence by 2028. The goal is to “go forward to the Moon”
and use what is learned on and around the Moon to take the next giant leap, sending astronauts to Mars.

ESA and commercial partners are currently preparing the development of a European Large Logistics Lander (EL3).
The EL3 is being designed to allow various missions with different options for its payloads, such as scientific payloads,
crew supplies, or unpressurised rovers to support human expeditions. A cargo deployment solution that fulfils EL3's
mission requirements and allows easy interaction by astronauts has yet to be designed, however it is essential to the success
of future missions involving human interaction. The lunar surface poses several challenges due to its unique environmental
conditions such as reduced gravity levels, harsh thermal conditions, peculiar illumination, limited field of view and range
of motion due to the extravehicular activity suits, as well as mental and physical fatigue. All these challenges need to be
considered and tackled when designing technology for future lunar and planetary explorers.

This paper aims to present a novel human-centred design methodology that combines elements of standard space
systems engineering with approaches from the design engineering domain related to concept development to generate
creative and innovative design solutions for the lunar surface such as reliable logistics supply systems for the EL3.

The following design process was adopted; first, multiple concepts were generated during group brainstorm sessions,
after that a trade-off analysis was performed to narrow down the set of concepts in a systematic manner. The weighted
trade-off criteria included: operations risk, development risk, safety and feasibility. Feedback was gathered through a
multiple-stakeholder approach including operations engineers, astronaut instructors, managers and scientists from the
European Astronaut Centre (EAC) and the EL3 study team. The concepts were then refined iteratively to finally select
three viable cargo deployment concepts, whose operations could then be tested in a representative virtual reality
environment.

In conclusion, this work provides a novel approach for early-stage design studies which shows potential for the concept
development of prospective novel lunar surface systems.

Keywords: Human Spaceflight, Moon, Human-Centred Design, Lunar exploration, Lunar Lander, Cargo Deployment
Solutions

Acronyms/Abbreviations EL3: European Large Logistics Lander
CAD: Computer-Aided Design ESA: European Space Agency
C&DH: Command and Data Handling EVA: Extravehicular Activity

CoM: Center of Mass HLS: Human Landing System

EAC: European Astronaut Centre ISRU: In-situ resource utilization

ECSS: European Cooperation for Space Standardization LDE: Landing Descent Element
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LRO: Lunar Reconnaissance Orbiter

LSAM: Lunar Surface Access Module

MBSE: Model-Based System Engineering

NASA: National Aeronautics and Space Administration
TRL: Technology Readiness Level

VR: Virtual Reality

1. Introduction

Humanity’s understanding of the Moon has
undergone a substantial evolution since the days of
Apollo. While the first astronauts to walk the lunar
surface were met by a barren wasteland, robotic missions,
such as the Lunar Reconnaissance Orbiter (LRO), have
since then painted a different picture [1]. It is now
strongly implied that permanently shadowed craters on
the polar regions of the Moon hold significant quantities
of water [2] and that the unique lighting [3] and thermal
conditions [4] in these areas are favourable for power
production and other forms of in-situ resource utilization
(ISRU) activity. Moreover, its proximity to Earth places
the Moon within theoretical reach of relatively fast and
routine access (compared to future exploration
destinations such as Mars). Such factors are increasingly
lending credence to proponents of human space
exploration who advocate for the establishment of lunar
outposts as a “historical starting point for human
expansion off-planet” [5]. Against this backdrop, the
stage appears set for a new generation of lunar missions,
that will exceed Apollo in their scope and ambition by
virtue of longer stay times, reusable infrastructure and
eventually permanent surface bases to achieve a
sustainable human presence on the Moon.

The feasibility of a sustained human presence on the
Moon will be heavily dependent on the development of
reliable logistical solutions for delivery of crew supplies
and other forms of cargo to the lunar surface. Recent
years have seen a number of both public and private
actors from around the world taking up this challenge,
giving rise to a spectrum of design concepts ranging from
the 325 kg light Astrobotic Peregrine Lander [6] to the
towering SpaceX Starship Human Landing System
(HLS) [7]. In line with this trend, ESA 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 payloads to the
Moon, with an initial launch window planned between
2028 and 2029. Once taken into service, the EL3 is
expected to form the backbone of Europe’s pathway
toward sustainable human exploration of the Moon [8],
[9].

A key challenge hampering the development of ELS3,
and other comparable solutions, stems from the lack of
an established design framework tailored to the unique
context of human-machine interactions on the Moon.
Whilst prior studies on the design of lunar surface
solutions have taken place, issues concerning human
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factors and ergonomics, such as those surrounding the
delivery and reception of cargo, have typically been left
unaddressed.

To fill this gap, the aim of this work is to propose an
innovative human-centred design methodology that
combines elements of standard space systems
engineering with approaches from the design engineering
domain related to concept development to generate
creative and novel design solutions for the lunar surface.
In doing so, it seeks to shift the spotlight from purely
technical issues to relevant human factors, including
astronaut safety and usability.

To demonstrate the viability of this methodology, this
paper documents its employment during the development
and evaluation of novel design ideas for EL3 cargo
unloading. In a first step, initial design concepts for
viable cargo delivery solutions were generated during a
brainstorming session. Based on various criteria such as
risk, safety, and feasibility, the concepts were then
narrowed down using a systematic trade-off analysis,
followed by feedback from domain experts at the
European Astronaut Centre (EAC) and the EL3 team in a
multi-stakeholder approach. The design was iteratively
refined, based on the feedback received, until three viable
cargo deployment concepts were generated. Following
the selection, the identified concepts were implemented
in a representative virtual reality environment to further
evaluate the proposed cargo deployment solution's
design. As a result of this work, a framework for future
design studies is established as well, allowing for an early
operational evaluation of design solutions for the EL3
and other relevant projects [10].

The remainder of this paper is structured as follows:
Section 2 elaborates the backdrop and provides an
overview of relevant prior work. Section 3 describes the
novel methodology used to generate innovative yet
feasible cargo concept solutions. The cargo deployment
ideas generated, as well as an informal list of
requirements originating from the context analysis
performed during the iterative design process, are then
described in section 4. Section 5 presents a discussion on
the adopted methodology and the resulting cargo
deployment concepts. Furthermore, the limitations
related to the proposed design approach and lessons
learnt are elaborated upon. Finally, conclusions and
recommendations for future work are outlined in section
6.

2. Related Work

Whilst the long-term ambition of the ongoing lunar
exploration is to establish a sustainable and self-
sufficient human presence, the progress towards this goal
will likely be gradual and unfold over stages, with early
outposts being dependent on supplies delivered from
Earth [11]. It has been suggested, for instance, that the
renewed push for the Moon ought to start out with
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precursor robotic missions deployed to the lunar surface
in the early 2020’s with the aim of installing supporting
ground systems ahead of the first human landing [12].
Existing literature identifies a long list of provisions
required for outfitting such outposts on their path to
sustainability, including water extraction facilities and
processing plants for ISRU fuel manufacturing, large
structures for plant cultivation, metal extraction and
processing tools, sanitations and recycling solutions,
appliances for ceramics manufacture and use, as well as
major hardware like coils of pipe and wiring, pumps,
electrical heaters and LED lights [13]-[16]. All in all,
relevant enquiries into long-duration habitation have
anticipated that outfitting a sustainable lunar outpost will
require the delivery of between 200 to 600 m® of
pressurized cargo, weighing in excess of 50 tons [17].

Establishing and maintaining logistics supply chains
robust enough to underpin such an endeavour is a non-
trivial matter. Above all, current activities in space are
largely limited by transportation costs. As Kutter
explains, “it costs $4000 to $10000 per kilogram to get
from Earth to low earth orbit. It costs four times as much
to get to [geostationary orbit] GEO and nine times as
much to get to the lunar surface”[13]. Facing such
economic considerations, space agencies around the
world have been experiencing a growing demand for
reliable and efficient logistic landing and cargo
deployment solutions. Jones et al. sum up this situation,
arguing that “the human exploration of space can be seen
as an investment in a new space infrastructure, most of
which will be logistical” [18]. Indeed, studies suggest that
minimizing the costs of lunar surface infrastructure is in
large part directly related to the design of a cargo delivery
and landing craft [19] and that designing efficient cargo
offloading and transportation solutions will be critical for
the effectiveness of future lunar surface missions [20].

The past two decades have seen several initiatives
arising in this vein. Notably, NASA's Constellation
programme engaged in conceptual design of the Lunar
Surface Access Module (LSAM) [21]. With a projected
payload capacity of roughly 14-20 tons [17], the LSAM
was intended to accommodate a host of prospective
missions, including delivery and deployment of scientific
experiments, supply of materials for lunar habitats, and
crew to the lunar surface [22], [23].

Following the Constellation ~ programme’s
cancellation due to budgetary constraints [24], NASA
launched a series of initiatives aiming at producing more
affordable lunar landing solutions via closer
collaboration with the private sector. The Lunar Catalyst
programme, for instance, seeks to provide technical
support to companies designing light lunar landers for
future lunar cargo delivery services [25], [26]. Similarly,
NASA’s Lunar Delivery Challenge is asking teams
around the world to submit innovative ideas and concepts
to unload cargo from lunar landers [27].
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Going a step further, the Next Space Technologies for
Exploration Partnerships (NextSTEP) initiative provides
funding for industry partners involved in more extensive
human spaceflight projects, including the design and
development of new reusable human landing systems for
future Artemis missions [28], [29]. In April 2021, NASA
selected the Starship HLS concept by SpaceX as the most
suitable solution for this purpose, awarding its authors a
full development contract [30]. To maintain a climate of
competition, another company will be selected for
funding to produce an additional human landing solution
in the near future [31].

Much like the other lunar lander concepts described
above, the EL3 design efforts have been revolving
predominantly around issues concerning technical
feasibility and integration into future mission
infrastructure [22], [32]. In contrast, less attention is paid
to human factors and ergonomics surrounding the
interaction of crew members with the lander itself,
especially in connection with cargo unloading.

This can be largely attributed to the fact that
designing efficient human-machine interfaces for the
lunar context constitutes a uniquely challenging
undertaking. The singular environmental conditions of
the Moon, in combination with the still largely undefined
missions' concept of operations, translate into complex
and oftentimes ambiguous design requirements, all
against a backdrop of an evolving engineering
development. Whilst NASA has explicitly stated that
advancing low-technology readiness level (TRL)
solutions  for human-robotic science operations
represents a key aspiration of the Artemis programme
[33], it is arguable whether conventional design
approaches represent the most optimal employment of
contemporary design methodologies for tackling such a
complex and dynamic problem-space.

When confronted with some of the complex
challenges surrounding human-machine interactions in
the past, scholars have typically been arguing in favour
of combining traditional systems engineering approaches
with elements of human-centred design. Lee et al. reflect
on this synergy, stating that “designers and engineers are
uniquely positioned to help address these challenges by
inventing new problem-solving methodologies in times of
need” [34]. Thomas Both follows a similar line of
reasoning, arguing that human-centred and systems-
thinking methods all fit within an effective design
approach and can work in conjunction to address
complex problems [35]. The importance of a human-
centric approach in engineering was further elaborated by
Owen et al.,, who advocate for planning teams to
“uncover user-centered needs, recognize insightful
relationships, capture ideas as they develop, organize
large amounts of information optimally for concept
development, and develop solutions appropriate to the
real (and natural) complexity of problems”
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Aside from human-centred and systems-thinking
approaches, related methodologies from the design
engineering domain could be relevant for the early-stage
concept development of space systems and human-
machine interaction concepts. As documented in German
engineering standards from the 1970s [36], and further
expanded on in fundamental theoretical work by Pahl and
Beitz [37] and Roozenburg and Eekels [38], from the
1950s onwards a systematic approach to engineering
design has been developed [39] to tackle the complex
challenges related to new product development in an
unpredictable commercial and technological context.
These methodologies were designed to operationalise the
development of new solutions for multiple-stakeholder
problems within a commercial context while considering
the limitations and advantages of the developing entity as
well as trends and developments in technologies and
market conditions. Similarities between the context
intended and that of the subject of this paper indicate that
adaptation of these methodologies to the development of
human space systems could be of interest.

As Ramos et al. explain, broadening the scope of
systems engineering in this manner can result in the
classical notion of systems being replaced by complex
“systems of systems” [40], which in turn introduces a
level of intricacy that may be difficult to handle in large
engineering projects. Efforts to navigate this new
problem landscape are increasingly crystalizing as
various forms of Model-Based Systems Engineering
(MBSE). The core idea behind MBSE is to develop
visual models of the domain of interest, capturing key
project aspects while simplifying or omitting less
relevant features [41]. Such a model can feature both
social and technological contexts, helping engineers to
coordinate and incorporate an extensive and wide-
ranging set of requirements, including flexibility,
sustainability, real-time  capability, adaptability,
expandability, reliability or usability [42].

The approach by which such a model ought to be
conveyed remains a topic of debate. Lutfi and Valerdi,
for instance, suggest that drawing on elements of Virtual
Reality (VR) could help develop system models capable
of facilitating early design evaluations and analyses with
less cost and effort than what would be feasible using
traditional means [43]. However, further work is needed
in order to arrive at a more well-defined and applicable
approach. As argued by Lee et al., developing and
curating a new methodology that enables designers and
engineers to create human-centred systems where the
needs of the user and the system can be simultaneously
met remains a key goal for future efforts in this domain
[44].

Moreover, the integration of VR for the purpose of
creating a virtual model is aimed at enhancing the
standard MBSE approach which is still largely lacking a
significant level of multidisciplinary collaboration in a
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common shared work environment. In fact, the time and
effort required for training, the deep level of
understanding required by the modelling language, the
complexity of the models adopted, and the limited
flexibility of the tools results in a situation where the
MBSE design approach has yet to see any widespread
adoption by the industry [45]. Indeed, most of the time,
especially in the space sector where large complex
systems or “systems of systems” must be developed, a
model-based approach typically crystallises into another
form of a document-based method. Lindblad et al.
postulated that the non-total adoption and successful
realisation in the space sector of fully operational MBSE
processes and tools [46] lay in the integration of
heterogenous engineering applications from the design to
the production and ultimately inspection steps of
products across the production network [45].

It is here then, in the intricate and largely unexplored
territory of lunar human-machine interaction design,
where the main subject of this enquiry resides. Facing
novel challenges that need to be tackled at both the
human and engineering level, one is left with little choice
but to rethink, adapt and - if necessary - break the status
quo of established design methods. The following
sections will elaborate this process in detail, outlining a
novel approach to generate design solutions for future
lunar landing systems.

3. Methods

From the outset, the goal in formulating an approach
for this study was to pool the diverse resources and
experiences brought together by an interdisciplinary team
within EAC. It was decided to adopt an approach which
borrows both from the design engineering domain, more
specifically methodologies described by the VDI
standard 2221 [36], and further works by Pahl and Beitz
[37] and Roozenburg and Eekels [38] related to concept
development and from space system engineering
methods, namely European Cooperation for Space
Standardization (ECSS) standards [47]. This section
provides a retrospective view of the activities and
methods applied.

As illustrated in Figure 1, an iterative approach was
adopted for the conceptual design of a cargo offloading
system for the EL3.

Design Iterations
‘Workshops, Brainstorms,..

4— inform ﬁ

. yield > Design Considerations

and gerneral requirements

Fig. 1 Iterative design process adopted for the design of
a cargo deployment system for the EL3.
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A semi-structured, multidisciplinary approach based
on the VDI standard 2221’s first two phases in the design
cycle was employed [36]. Based on the principles of the
double diamond (see Fig. 2), intuitive methods such as
brainstorming, ‘How Might We’s’ and association were
used for divergent concept generation with the aim to
find a multitude of solution principles which are
unconventional or innovative. Convergent processes
such as intuitive clustering, dot-voting and a trade-off
analysis were used to home in on the ideas with the most
promise.

EXPLORE

EXPLORE ANALYSE ANALYSE

IDENTIFY SEGMENT IDENTIFY SEGMENT

»
»

Fig. 2 The double diamond approach [48].

Throughout the process, the approach itself was
discussed by the team to evaluate if the existing plan was
suitable given the unforeseeable nature of creative
problem solving, and adjustments were made when
necessary. Specifically, direction was given to the level
of abstraction on which the team was working. When it
seemed that the discussion was being excessively
weighed down by technicalities, the discussion was
nudged to achieve a higher level of abstraction. For
example, a discussion about how one might lower objects
to the lunar surface was lifted to a higher level of
abstraction by asking ‘how might one move objects? This
opened the discussion and allowed for more
unconventional and innovative ideas to be found.
Alternating between higher and lower levels of
abstraction throughout this iterative process allowed the
team to evaluate a large number of ideas and ensure that
promising solutions were not left behind due to collective
or individual tunnel vision.

Due to the intuitive nature of this synthesis stage, it is
challenging to provide detailed specifications of each
step followed. In fact, the synthesis stage is well-
documented as a creative phase and although
methodologies can provide hints and inspiration, no one-
size-fits-all step-by-step plan can be given [38]. Figure 3
provides an overview of the activities and various types
of guided brainstorms and discussions that were
performed, while highlighting some of the methods and
creative tools which were employed.
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and synthesis of Concept Designs |
_______ 4
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Internal e

qualitative discussion

Development
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Fig. 3 Iterative design process adopted for the design of
a cargo deployment system for the EL3 outlining all the
activities, methods and related outputs.

Documentation of the sessions was done using online
real-time collaboration tools with functions similar to
those of a digital whiteboard. This allowed team
members and experts to join from various locations
despite restrictions imposed during the COVID-19
pandemic.

3.1 Context Analysis
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After formalizing the objectives, a short analysis of
the external context of the intended design, including its
expected use cases, other lunar infrastructure currently
under development and potential mission profiles, was
performed. Subsequently a stakeholder analysis and an
inventory of technical requirements formed the basis for
a list of requirements and an initial formulation of trade-
off criteria by which future concepts could be evaluated.
This concluded the ‘context analysis’ activity, but the
findings were revisited at every subsequent step; they
were never seen as unchangeable or complete. Instead,
the activities in the concept development phase were also
used to further refine and substantiate the definitions
resulting from the context analysis.

3.2 Internal Guided Brainstorm

The first internal brainstorm overlapped with the
context analysis and was done during the same session
with the same participants, the core project team. The
main goal was to document initial ideas and
preconceptions about what a potential solution might
look like. Discussing potential solutions and different
perspectives also allowed further detail to be added to the
context analysis, problem definition and project scope
through critical discussion of assumptions and unknown
factors. This led to either making decisions (e.g.,
deciding for the given scope to exclude the handling of
the cargo after it reached the lunar surface) or defining
objectives for information finding. Several ideas and
thoughts were discussed and clustered in groups that
seemed representative of distinctive thoughts; this
resulted in 11 idea clusters.

3.3 External Guided Brainstorm

Once the project scope and problem definition were
well defined and the first idea clusters had been
generated, a guided external brainstorm was organized
with 11 interns, trainees and EAC staff from a wide
variety of backgrounds. Three members of the core
project team acted as facilitators. This large group
allowed the team to approach the problem as openly as
possible by including perspectives from different fields
of expertise. After a plenary introduction, participants
were split into three groups, each with their own
facilitator. Participants were asked to freely write down
all their ideas for logistics solutions. Once the stream of
ideas slowed down, facilitators used either pre-arranged
or impromptu tools to ignite the discussion and cause
new ideas to be generated. For instance, a matrix was
prepared in which participants were challenged to think
about solutions that could work for certain types of cargo
with specific requirements (fragile/non-fragile and
small/large). An example of an impromptu tool used by
facilitators would be to highlight an idea which was
written down and ask all participants to freely associate
new ideas based on it. This process generated over 100
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digital post-its with ideas and thoughts within the span of
a few hours. Then each group created clusters which
represented idea groups to filter out ideas which would
already clearly not be suitable for further development
(for example highly unrealistic ideas or ideas outside the
project scope) and to combine duplicate ideas. In total,
16 clusters were generated.

3.4 Internal Development

Subsequently, progress was made internally by the
team. First, the clusters from both previous brainstorms
were combined into 21 solution principles. These
solution principles have a high level of abstraction,
describing some key aspect of a possible approach to
solving the problem without defining how this would be
achieved technically speaking. For example, a solution
principle might be to have a system which propels the
payload from the top of the lander to the lunar surface for
astronaut pickup. The solution principles often have a
higher level of abstraction than the ideas, meaning that
one principle can represent multiple ideas. Such as when
both the idea for a catapult system and for a rocket-
propelled system fell under the principle of cargo
ejection. Part of this process included synthesizing ideas
from the brainstorms and refining them with specific
considerations derived from technical requirements,
trade-off criteria and project goals.

It was however not feasible to define embodied
designs for 21 solution principles for evaluation due to
the available resources. Instead, it was decided to use a
trade-off analysis to identify the most promising solution
principles that should be advanced through the early steps
embodiment design stages. Using weighted criteria based
on insights from the context analysis and the two
previous brainstorms, a spreadsheet with a short
description and rough sketch to explain each solution
principle was created. The selected trade-off criteria were
risk, safety, and feasibility. Risk was further specified
and divided into risk of failure during operation and risk
of failure during the development; safety specifically
refers to astronaut crew safety, while feasibility refers to
whether the concept fulfils EL3’s mission requirements.
The following weights from 1 to 4 (weight 1: lowest
importance, weight 4: highest importance) were assigned
to each trade-off criteria, safety (weight: 4), risk of failure
during development (weight: 3), risk of failure during the
operation (weight: 2), and feasibility (weight: 1).

To account for the wide range of interpretations that
could be made based on these rough descriptions and to
benefit from the multi-disciplinary environment, both the
team and three EAC staff members rated the concepts by
filling in the spreadsheet. After combining the results, all
participants in this analysis met virtually to discuss them.
It was found that the quantified results generally matched
individual expectations, and after some critical
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discussion it was decided to move forward with the 5
most feasible and highest scoring concepts.

These 5 concepts were developed further by the core
project team, defining a preliminary embodied design
concept, describing the function, structure and creating
illustrated storyboards showing the intended concept of
operations with each concept. These outputs were then
used in the next interactive expert feedback session.

3.5 Interactive Expert Feedback Session

The next session included EAC staff from the
astronaut training team. The EAC experts’ feedback
represented an important factor in the development of the
design concept thanks to their first-hand knowledge of
human spaceflight operations and insight into the real
constraints, challenges and priorities for space systems
meant for astronaut interaction. This session consisted of
an introduction by the core project team, followed by an
open discussion in which experts were asked open
questions to elicit critical feedback on each concept.

3.6 Internal Development

Inputs from this session were then used to further
narrow down the concepts to a total of three. These 3
selected concepts were then detailed further. After
iterating their embodiment design, CAD models were
made to represent the concept designs. The interested
reader is referred to Nilsson et al. [10].

4. Results

In this section the outcomes of the iterative design
process, explained in section 3, are presented. The initial
context analysis was important to define the problem and
scope of the project as well as identify potential mission
profiles, stakeholders, requirements and constraints to
subsequently formulate design concept trade-off criteria.

An informal list of requirements important for the

cargo deployment system conceptualisation resulted
from the abovementioned context analysis:

e  Center of Mass (CoM): the center of mass of
the lander shall be kept low to ensure
structural stability.

e Fairing fit: the cargo deployment system shall
be contained in the predefined fairing envelope
of Ariane 6-4 [49].

e Mass: the cargo deployment system shall not
exceed the allocated mass budget.

o Cargo:

o the cargo deployment system shall
support the integration of pressurised
cargo for the delivery of e.g., life
support items or fuel [9].

o the cargo deployment system shall
allow for fragile payloads to be
integrated and delivered safely.
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o the cargo deployment system shall
accommodate different  sizes  of
payloads [9].

e Scalability: the cargo deployment system shall
allow for scalability with increased lunar
surface activity.

e Interfaces: the cargo deployment system shall
provide for required interfaces for night
survivability,  thermal  control,  power,
Command and Data Handling (CD&H) [49].

e Payload capacity: the cargo deployment system
shall allow for the maximum allocated payload
capacity of 1800kg [9].

e Mechanical loads: the cargo deployment
system’s structure shall be able to withstand all

mechanical loads e.g.,, launch, descent,
touchdown loads.
e Environmental  constraints:  the  cargo

deployment system shall be resilient against
regolith dust contamination [50].

As at the time of writing it remains unclear whether
and to what extent human intervention will be required to
operate the cargo deployment system, a certain degree of
human-machine cooperation was assumed. Below is the
resulting list of associated assumptions:

e Working volume clearance: astronaut crew
shall be able to access the working area and be
able to comfortably move and reach required
items.

o Clearance from sharp edges and fragile
equipment: astronaut crew shall be aware of
sharp edges and fragile instrumentation as well
as equipment and have enough space to move
and work freely.

e Physical and mental fatigue:

o astronaut crew operations shall
consider the acceptable energy
consumption  limit  for  physical

activities in  1/6g conditions of
234Kcal/h [51].
o astronaut crew operations duration
shall not exceed 8 hours [51].

o Safety: astronaut crew safety shall always be
ensured during operations [51].

e Manual backup system: astronaut crew shall be
able to avail of manual backup cargo
deployment system in case maintenance is
required.

e  Usability:

o the cargo deployment system shall be
simple.
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o if required, appropriate interfaces to
control  (remotely) the cargo
deployment system shall be integrated.

Following the in-depth context analysis, the first
internal brainstorm session where the design challenge
was rephrased into the following ‘How Might We’,
namely ‘How might one move objects and people?’ and
‘How might one move cargo off the landing and descent
element of the EL3?’ a set of 11 loosely defined ideas for
potential operating principles of cargo deployment
systems without any definition of form, architecture or
embodied design was produced. These ideas are listed
below:

Gravity-driven

Robotic

Magnetic

Spring-loaded mechanisms
Propelled by human
Pulleys

Pressure-driven
Conduit-based

Vertical  displacement  (e.g.,
jumping, jetpack)

10. Carried by human

11. Vehicles

©CoOoNoA~LNE

ladder,

The second brainstorm session produced a set of
slightly more detailed ideas. In fact, these ideas included
descriptions of the operating principles which could be
used to estimate the suitability of the concepts in terms of
the selected trade-off criteria.

The following ideas were generated:

1. Crane
2. Inflatable or non-inflatable rolling ball
3. ‘Origami-like’ unfolding structure/mechanism
4. Ladder

5. ‘Shootables’

6. Local infrastructure

7. ‘Dumping’

8. Rail crane

9. Transportation system

10. Robotic arm

11. Auger transportation

12. In-flight deployment

13. Moving carousel with compartments / conveyor

14. Robotic arm (rotating on edge)

15. Jettison

16. Inflatable or non-inflatable coiled tube, the
‘snake concept’

Following an internal development phase, 21 so
called solution principles were generated (see Fig. 4).
These abstract ideas of operating principles that do not
consider the cargo shape or embodied solution are listed
below:

IAC-22.A3.2B.8

Vertical displacement
Centred robotic arm
Sliding with ramps

Rover

‘Flower’ concept

Robotic arm (rotating on edge)
Crane (part of local infrastructure)
Crane (part of EL3)
‘Inchworm’

10. Jettison

11. Conveyor

12. Ladder

13. ‘Dumping’

14. Pick and Place (P&P)

15. ISRU ramp

16. Projection

17. ‘Shootables’

18. Zipline

19. Inflatable robotic arm

20. Inflatable ball

21. ‘Snake concept’ coiled tube

©o~NoOOMLNE

over - dropping rover i
with attached cargo o obotic arm

lower (rotating on edge)

o el |

local

rane (part of
infrastructure) Crane (part of EL3)

Yl =

A A
SA/

: {‘;_“'”"d’ “a“hd Conveyor / caroussel fackiar
e sonec payion with slide on leg "
lands separately g for astrona

N

A4
1 l/‘,.

:.’J.;\

"Pick and Place” (P&P)
Robotic Arm with basket lift

ISRU Ramp (from construction
post-landing)

Dumping
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Fig. 4. lllustrations of the 21 solution principles.

Consequently, a set of 5 concepts was generated (see
Fig. 5), namely:
1. Center-platform revolving elevator
2. Extendable sliding plank
3. Delta-printer type construction with extendable
booms
4. Flipping robotic arm attached on the edge of the
Landing Descent Element (LDE) of the EL3
5. Winch-based lowering mechanism

Center-platform revolving elevator

Slide / Conveyor: “Extendable sliding plank”

Parallel manipulator: "Delta-printer type construction with extendable booms™

Flipping robotic arm attached on edge of LDE

Winch-based lowering mechanism

Fig. 5 IHlustrations of the 5 concepts: center-platform
revolving elevator, extendable sliding plank, delta-
printer type construction with extendable booms, flipping
robotic arm attached on edge of the Landing Descent
Element (LDE) of the EL3, winch-based lowering
mechanism.

Finally, following the interactive expert feedback

session, 3 concepts were produced. These included a
detailed description of a design, including the operating

IAC-22.A3.2B.8

principle, high-level system architecture, embodiment of
the design concept and concept of operations. These
concepts are:

1. Robotic arm (see Fig. 6)

2. Winch-based pulley system (see Fig. 7)

3. Ladder (see Fig. 8)

In Figure 6, the robotic arm concept is illustrated
including its operating principle and embodiment of the
design concept.

Fig. 6 Robotic arm capable of orbiting along the edge of
the LDE of the lander.

In Figure 7, the winch-based pulley system concept is
illustrated.

Fig. 7 Winch-based pulley system with cradles concept.

In Figure 8, the ladder concept is illustrated including
the concept of operation with an astronaut in the loop.
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Fig. 8 Advanced ladder concept.

5. Discussion

Space system design is complex and involves a large
number of stakeholders, which need to navigate high
levels of uncertainty, fluctuations in budget and shifting
mission priorities. The direct involvement of astronauts
in the early-stage design of human space systems by
space agencies is limited if not non-existent. Instead,
systems engineers coordinate engineering teams to
deliver on functional system requirements, including
human factors, set against constraints. However, due to
the rather static and generalised inclusion of human
factors, this approach may allow for the development of
sub-optimal concepts, or for blind spots related to
specific human factors design considerations in the early
stages to cause unnecessarily costly design changes
further on in the testing and technical design stages.

In order to prevent such blind spots from arising, the
aim of this work has been to propose an innovative
human-centred design methodology that combines
elements of standardised space systems engineering with
approaches from the design engineering domain.
Specifically, in a bid to facilitate the development of
creative and novel, yet feasible, design solutions, this
paper has sought to demonstrate the viability of the
proposed methodology in the context of human space
systems for the lunar surface. By employing low-cost
visualisations to elicit user feedback, rapid iterative
development of design ideas was enabled at the very
beginning of the development process. Gathering input
from both users and experts at such an early
conceptualisation phase was found to evoke new and
unconventional ideas which consequently translated into
more well-rounded and better optimised concepts.

Such a user-centred design approach ensured that the
concept design, its prospective context of use, and
potential user interactions were all considered, thereby
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minimising the risk of inadvertently neglecting or
trivialising relevant human factors that could otherwise
translate into expensive late-stage design adjustments.

The design engineering methodologies adopted in
this work are particularly suitable for the early concept
design of highly complex systems intended for human
interaction. For one, the iterative approach allows for
learning during the design development, which is
essential when dealing with complex problems that
involve significant unknowns. Secondly, freely
switching between levels of abstraction, as design
methods encourage, allows for an efficient evaluation of
several highly differentiated solution principles. Thirdly,
embracing the creative and intuitive sides of innovative
concept development and providing tools to guide these
processes can help break past convention and find the
most suitable solution for a specific problem. This is
particularly relevant in a context defined by the fast pace
of technological advancements, where conventions must
be questioned in order not to hold on to inefficiencies
caused by the paradigm of outdated technologies.

Evidently, the adopted approach facilitated the
creative output of the interdisciplinary engineering and
design teams during this early phase of the concept
development of a cargo offloading system for EL3. It also
led to enhanced group work as the approach adopts and
integrates intuitive methods from the design engineering
domain, e.g., guided brainstorms, ‘how might we’s’,
double diamond approach and switching between levels
of abstraction.

A barrier to the successful implementation of such a
mixed approach is scepticism from established
professionals who are used to working with a
conventional system engineering approach. To
effectively include experts in the process, attention must
be given to convey the objective of workshops and
brainstorm sessions clearly and concisely while
underlining the benefits of the mixed approach.

Another limitation of the approach may be that it is
more labour intensive and hence time-consuming,
especially during early-phase design studies due to the
work required in preparing, conducting and documenting
the outcome of the various brainstorm sessions.

A factor which was found to determine the type,
applicability and value of resulting concepts is the level
of detail in the requirements and reference mission
profiles which are provided in the project brief. It seems
doubtful that any design process can produce a solution
that meets a requirement with less ambiguity than the
ambiguity of the requirement. So, if no detailed
information is provided, for example if ‘cargo’ is not
defined with any specifications, then it is not possible to
develop concepts which are specialised in their design for
the unique intended application. Although a certain value
might be found in more general designs that can be
applied in a wide range of contexts and applications, it is
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not sure that this would weigh up against the value of a
specialised design which can meet very specific
requirements efficiently.

In this study, only limited specifications were
available. Notably, it was not clear what types of cargo
would be transported, what the destination of the cargo
would be once delivered to the lunar surface and whether
astronaut crew time would be available for the handling
of cargo or whether the deployment and transportation of
cargo on the lunar surface should be entirely automated.
Therefore, the concepts resulting from the study can only
be illustrative, serving to highlight the value of the
employed design process. It should be noted however,
that the three selected concepts feature different levels of
autonomy; the ladder is fully manual, while the robotic
arm and the winch-based pulley system can be either
hybrid, thus requiring a certain degree of human
intervention, or in combination with a transportation
system potentially fully autonomous.

It is also noteworthy that the evaluation of concepts
on the basis of rudimentary descriptions, rough sketches
and visualisations cannot act as replacement for the
actual testing and optimisation of a concept during its
embodiment design, technical design and integration
phases. Evaluations during the concept design serve to
focus on the most promising directions and concepts for
solution principles. Doing so at a high level of abstraction
allows for rapid evolution of a design with a limited
investment of resources. However, this process always
relies on a high level of assumptions and intuitive or
qualitative assessments. Therefore, the evaluations
including grades derived from the trade-off analysis
should not be seen as an indication of the actual system’s
performance once it is built.

The concepts which resulted from the mixed
approach adopted in this work are innovative and have
received positive expert feedback. This is a promising
result which shows the potential value inherent in the
combination of concept development methodologies
from the design engineering domain with established
space system engineering methodologies. Especially for
early-stage development of space systems, this approach
can ensure that many possible solution principles are
evaluated at an early stage and ideas are progressed
towards testable embodied designs in a structured and
well-supported manner.

6. Conclusions and Future work

The purpose of this paper is then not to advocate for
the presented method as a comprehensively applicable
approach to designing future lunar surface solutions.
Rather, this paper has sought to demonstrate its promise
and viability during the early phases of conceptual
development.

Indeed, the ability to reward creative and intuitive
problem solving while surfacing matters concerning
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human factors and ergonomics, in combination with the
high degree of flexibility in terms of allowing varying
levels of abstraction, all add up to a method that fills a
void in conventional approaches to iterative ideation and
evaluation of early-stage lunar surface solutions.

One might object that the high level of abstraction
employed by conceptual sketches has likely steered the
workshop discussions towards high-level overarching
themes at the expense of some of the more specific
features that might nevertheless be of key concern later
in the design process. Further work is therefore needed in
order to integrate elements of the presented method into
comparatively more advanced phases of design and
development. It seems reasonable to assume that as the
development matures, increasingly robust design tools
will have to be employed and adapted to the unique
context of lunar surface solution design.

Virtual reality is emerging as a particularly promising
platform in this vein. VR refers to three dimensional
computer-generated environments and artifacts that can
be simulated and interacted with in a realistic manner.
Such computer simulations may typically be produced at
a fraction of the time and cost it would take to build a
real-world counterpart, enabling efficient visualisation,
modelling and assessment of prospective design
solutions under realistic and controlled experimental
conditions.

Drawing on VR technology, forthcoming design
efforts will be directed at developing usage scenarios
centred around the proposed cargo unloading solutions,
making them available for further evaluation by relevant
space engineering experts. Centring future user studies
around such VR scenarios will help communicate design
ideas with a higher degree of fidelity than what could be
achieved using the conventional sketches employed in
this study, thus narrowing the gap between abstraction
and detail, resulting in more accurate and well-defined
user feedback.

Early experimentation conducted in this vein has
already yielded numerous constructive insights, with
participants commenting on matters such as the ideal
placement of lights on the lander, ergonomic aspects of
the cargo containers and potential safety hazards
associated with the cargo unloading workflow [10].

The modelling of relevant VR scenarios and their
subsequent testing thus forms a vehicle for
representation, demonstration, interpretation and deep
analysis of the proposed cargo unloading solutions.
According to the Stanford Encyclopaedia of Philosophy
[52], this cognitive process constitutes the basis of a so-
called “model-based reasoning”, which, in turn, has been
described as central to MBSE [53]. Consequently,
another aspiration of this work is to lay the foundation for
the adoption of a MBSE approach, exploiting early
conceptual models as a means for information exchange
in order to coordinate complex sociotechnical work
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across large teams, thus contributing to the evolution of
MBSE interoperability required to fully adopt a model-
based approach in the context of space projects [45], [46].
Ultimately, this research aspires to provide engineers and
designers with the best means possible to develop human
space systems in which the needs of the astronaut and the
system can be concurrently met.
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