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ABSTRACT

This paper presents the development of a liquid hydrogen (LH5) system layout for
an aircraft, focusing on the design, prototyping and evaluation. The design process
followed a human-centred approach, starting with Hierarchical Task Analysis (HTA) and
manual concept sketches, progressing to digital prototyping in Miro. Unity was chosen
as the platform for developing the interactive prototype due to its flexibility in creating
complex, multi-touch interfaces and supporting rapid prototyping. The system was
integrated with the Future Systems Simulator (FSS) at Cranfield University. Key
challenges involved developing control-loop algorithms to manage both automatic
engine control and manual pilot overrides, and compressing large volumes of system
data using half-byte encoding to optimise communication. HMI effectiveness was
quantified using the System Usability Scale (SUS) during pilot-in-the-loop trials.
The results showed that the system achieved an “acceptable” level of usability,
with feedback from airline pilots guiding further improvements. Finally, the paper
discusses future directions for refining emergency response scenarios and optimising
automation levels in hydrogen-powered aircraft.

Keywords: Liquid hydrogen, Flight deck design, Human-computer interactions, System
usability

INTRODUCTION

The aviation industry is undergoing a significant transformation to address
the environmental impacts associated with traditional fossil fuel-based
propulsion (Afonso et al., 2023). Over the last few years, the search for
sustainable alternatives has gained momentum with increasing regulatory
and societal pressure to reduce carbon emissions. These efforts include
exploring alternative fuels, developing more environmentally friendly
propulsion systems, better air traffic control, and implementing policy
mechanisms, for example, emissions trading and carbon offsets (Capoccitti
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et al., 2010). Sustainable aviation fuels (SAFs) are seen as a good long-term
solution for commercial aviation, while battery-powered electric aircraft
show potential for short-range flights but require further technological
advancements (Yilmaz, 2022). Hybrid propulsion systems, encompassing
full-electric, hybrid-electric, and turbo-electric architectures, are also being
researched to significantly reduce fuel consumption and emissions (Cardone
et al., 2024). Additionally, the industry is investigating improvements
in aerodynamics, structures, materials, and manufacturing processes to
enhance overall efficiency (Afonso et al., 2023). Despite this progress,
challenges remain, including the need for increased SAF production capacity
and improved battery technologies. Collaboration between governments,
universities and companies is crucial to establish effective policies and driving
innovation towards a more sustainable aviation sector (Arnaldo Valdés et al.,
2019).

Liquid hydrogen (LH;), one of the conventional fuel alternatives, plays a
crucial role in decarbonising aviation. Hydrogen offers a high energy density
per unit mass and, when used as a fuel, produces zero carbon dioxide
emissions at the point of use, emitting only water vapour as a by-product.
This makes it an attractive option for achieving net-zero emissions in the
aviation sector by 2050 (Sethi et al., 2022; Yusaf et al., 2022).

The adoption of LH, as an aviation fuel, however, introduces a host
of new technical challenges. Unlike conventional jet fuels, liquid hydrogen
must be stored at cryogenic temperatures (around -253°C) and at high
pressures to remain in liquid form. This presents significant demands on fuel
storage, handling, and distribution systems within an aircraft. Furthermore,
the integration of LHy propulsion requires new approaches to fuel flow
management and safety protocols to ensure that pilots can effectively
monitor and control the system in real-time. These challenges necessitate the
development of novel technologies and design approaches that incorporate
human factors considerations from the outset (Sarkar et al., 2023; Schutte
et al., 2015; Treleaven et al., 2023).

One of the most critical aspects of integrating LH, technology into
aviation is designing an effective human-machine interface (HMI) that
allows for seamless interaction between pilots and the fuel system. The
complexity of an LHj fuel system, which includes multiple pumps, valves,
and cryogenic components, demands an interface that can provide clear,
actionable information while minimising the cognitive load on the pilot. This
is particularly important in scenarios where faults occur, as pilots must be
able to quickly understand the problem and take corrective action. Decision-
making is often compromised by a startle reaction to becoming aware of the
system failure state (Landman et al., 2017). Thus, the design of the HMI is
not only a matter of engineering but also of human factors, where usability
and situational awareness play crucial roles in system safety and efficiency.
To the authors’ best knowledge, there are no frameworks that discuss the
human-machine interaction aspect of LH, systems.

To address these challenges, simulation platforms such as Cranfield
University’s Future Systems Simulator (FSS) (Korek et al., 2024) provide a
valuable environment for testing and refining LH, system layouts before
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real-world implementation. The FSS is a fixed-base flight simulator capable
of replicating the flight dynamics model and cockpit environment of any
aircraft (Fig. 1). The HMI is composed of seven screens representing various
control panels and synoptic displays. In addition to touchscreen displays, the
simulator includes physical sidesticks and a motorised dual-engine throttle.
The FSS has a modular architecture: HMI, aircraft dynamics and engine
models, and the instructor operating station communicate by sending data
packets via the user datagram protocol (UDP) over a local network. By
incorporating pilot-in-the-loop testing, the simulator can evaluate the human
factors aspects of the HMI under various flight conditions, including both
nominal operations and fault scenarios (Korek et al., 2022; Wang et al.,
2024).

Figure 1: Future systems simulator (FSS) cockpit environment.

The work presented in this paper aims to demonstrate the process of
developing a prototype LH; system layout for a next-generation aircraft,
focusing on the integration of advanced programming techniques and
human-centred HMI design. Through a series of simulated flight trials
using the FSS, the authors, in collaboration with stakeholders, were able
to see how pilots interact with the LH; system and identify areas for
further optimisation. The results contribute to the broader goal of advancing
sustainable aviation technologies and supporting the industry’s transition to
a low-carbon future.

DESIGN PROCESS

The design of the LH; system layout followed the human-centred and
iterative approach, shown in Fig. 2. The flow chart illustrates the steps taken
from the early design stages to pilot trials and human factors analysis. The
process was divided into multiple stages, including initial discussions, task
analysis, manual sketching, and digital prototyping, to progressively refine
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the layout. The following sections detail each stage of the initial design
process.

Initial Discussions

The design process began with a series of initial meetings involving
stakeholders, pilots, engineers, and human factors specialists. The main
objective of these meetings was to gather initial requirements and establish a
foundation for the LH, systems procedures. Engineers presented the systems
architectures, and then all participants discussed essential functions, safety
considerations, and the interactions needed between the pilot and the system.
It is worth noting that LH, systems are already operational in other areas,
such as the automotive and manufacturing industries (Arnold and Wolf,
2005; Hirabayashi et al., 2008). Those applications, procedures, and reports
were considered. During these discussions, key tasks for managing the LH,
system in commercial aviation were outlined, which served as a basis for
further analysis and development.
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Figure 2: Flow chart of the LH5 layout design process.

Hierarchical Task Analysis (HTA)

Following the initial discussions, human factors specialists conducted a
Hierarchical Task Analysis (HTA) based on the meeting notes. HTA is a
technique used to decompose complex tasks into a hierarchy of goals, sub-
goals, and actions, showing the relationships between different activities
required to accomplish the system’s objectives (Stanton, 2006; Stanton et al.,
2013). This method provided a structured approach to understanding the
tasks involved in operating the LH; system, identifying potential points
of failure, and determining the required interface elements to support the
pilot’s tasks effectively. The HTA enabled a more detailed understanding of
task sequences and operator requirements, which informed the subsequent
development of initial layout concepts.
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Manual Drawings

With the insights gained from the HTA, a series of workshops were conducted
where pilots and engineers collaborated to sketch initial concepts for the fuel
system interfaces. These manual drawings explored various configurations
for interface elements, control layouts, and information display. The
workshops allowed participants to experiment with different arrangements
and identify essential features as well as areas for potential improvement. The
manual sketches served as preliminary designs, offering a representation of
the concepts and facilitating discussions on how to best integrate safety and
usability considerations into the final layout.

One Concept Layout

The manually sketched concepts were then transferred to a digital format
using Miro, an online collaborative whiteboard tool. Miro (miro.com)
enables team members to upload, share, and modify designs in real time,
making it a suitable platform for refining interface layouts through feedback
and collaborative input. The sketches were digitised and organised in Miro,
where the team could evaluate multiple designs, add notes, and combine them
into one concept design for each display — in this case, the overhead panel
and fuel synoptics page. This early digital prototype allowed for iterative
modifications, ensuring that the design addressed the initial requirements
while also incorporating feedback from pilots and engineers, encapsulating
the human-centred approach. Once the prototype was deemed satisfactory, it
served as the basis for the development of an interactive prototype in Unity,
which will be detailed next.

INTERACTIVE PROTOTYPE DEVELOPMENT IN UNITY

The development of the interactive prototype for the LH, system layout
was a critical stage in the design process, focusing on translating the refined
digital layout into a functional simulation environment. Unity (unity.com), a
versatile game engine and application development environment, was chosen
as the development platform for the LH; system’s HMI because of its ability
to program complex interactive interfaces. The platform’ multi-touch and
multi-window support made it ideal for simulating the digitised control
elements and touchscreen interfaces found in modern aircraft cockpits,
facilitating realistic pilot interactions. Additionally, the Unity Editor enables
rapid iteration and testing, allowing for quick implementation of design
changes based on pilot feedback. The aircraft’s flight dynamic model and
engine systems (including the entire LH; fuel system) were developed using
MATLAB Simulink, which enabled realistic behaviour of the aircraft during
pilot-in-the-loop simulations, including emergency scenarios.

Those scenarios were implemented in the Future Systems Simulator (FSS).

The LH; interface implementation was based on an existing generic
business jet cockpit layout used regularly in the FSS. The design focused
on two monitors: the central lower display (CLD) and the central overhead
display (COD). The CLD featured an engine startup panel, which included
master levers and a crank/ignition knob, as well as synoptics pages displaying
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fuel and engine parameters along with control options. This page allowed
pilots to monitor critical data during various phases of flight and manage
the LH; engine startup process. Fig. 3 presents the example engine synoptics
page of the CLD. The COD provided an overview and control interface for
multiple aircraft systems, such as the fire isolation panel, fuel, hydraulic,
electric, and air systems. The simplified fuel panel on the COD was
synchronised with the CLD fuel synoptics page. Additionally, a “range rings”
feature was developed for the navigation display, providing each pilot with
enhanced situational awareness of the range capabilities based on the fuel
and flight conditions.

One of the challenges in developing the LH interface was the integration
of automatic system control from the engine model and pilot overrides,
i.e. the interface needed to accommodate scenarios where the engine model
could autonomously control components such as valves and pumps while
still allowing the pilot to override these controls if necessary. The “control-
loop” algorithm managed the state of each toggle, lever, or knob by setting
their positions based on incoming data from the model and then sending
the updated state back to the model to ensure synchronisation. When the
pilot made a manual adjustment, a 0.1-second “lock” flag was set in the
element’s structure to prevent it from reverting to the previous state. This
lock was necessary because it took two “frames” of operation for the system
to register the new value: sending the manually changed state to the model
first and then receiving an updated value back from the model. The brief
lock ensured that the element did not revert to its old position due to the
model sending back the prior state one frame after the manual change.
This approach prevented unintended changes caused by synchronisation
delays.

Figure 3: An example of FSS engine synoptics page on the central lower display.
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Another challenging novelty of the new interface was that significantly
more variables had to go through the network than the existing FSS
architecture. The new values included the state of each system’s element, from
wires, pipes, tanks, valves, and pumps in the synoptic pages to the engine
levers and startup progress bars. To optimise this data flow, a custom data
compression method was developed using “half-byte” encoding. By sending
multiple states within a single byte using 4 bits for each single digit (0-9)
value, and 1 bit for each boolean value, the data for multiple system elements
could be packed into a smaller number of UDP packets. This approach
significantly reduced the bandwidth requirements and ensured that the HMI
could maintain real-time responsiveness even when managing large amounts
of data.

PILOT TRIALS

Methodology

Five crews (10 pilots) participated in the research. Participants’ total flight
experience ranged from 2000 to 15000 hours (M = 6796, SD = 4063). The
research proposal was approved by the Cranfield research ethics committee
before the experiments were conducted.

Following a 20-minute briefing session explaining the purpose of the trial
and the functionality of the LH, interface, the crews undertook a training
flight in the FSS to familiarise themselves with the simulator capabilities. The
training flight involved a 10-minute circuit of Bristol Airport (ICAO: EGGD),
taking off from and landing at runway 09. Subsequently, the crews conducted
a short-haul flight between Bristol Airport (ICAO: EGGD) and Newcastle
International Airport (ICAO: EGNT). During the flight, they encountered
four scenarios that provided the opportunity to interact with and provide
feedback on the full range of the HMI’s functionality. The four scenarios
included 1) an on-ground engine start failure at EGGD, 2) an inflight engine
failure, 3) an inflight fuel leak, and 4) an on-ground engine shutdown at
EGNT.

Between scenarios, each crew member completed the System Usability
Scale (Bangor et al., 2008). The SUS measures system usability on ten
positively and negatively worded items using a five-point Likert scale
response (strongly disagree (1) to strongly agree (5)). To aid interpretation,
SUS dimension scores were transformed into percentile scores and allocated
usability gradings (A: > 89; B: 80-89; C: 70-79; D: 60-69; and F: < 60)
based on published normative datasets. Percentile scores above 68% would
be deemed above average (Bangor et al., 2008; Sauro and Lewis, 2016). After
all scenarios were completed, the crews took part in a post-trial debriefing
interview to provide qualitative feedback.

Results

Fig. 4 presents boxplots depicting the difference in HMI usability scores
between the training flight and four scenarios according to participants’ SUS
ratings. Six participants were unable to contribute usability data to two
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scenarios, inflight fuel leak and engine shutdown, due to technical issues
initiating the scenarios. Importantly, the HMI reached the 68% “acceptable”
usability criterion on all four LHj scenarios. Usability was rated below that
criterion for the training flight only. Despite this, analysis of differences
in usability between scenarios (including the training flight), using linear
mixed effects analysis, revealed no significant difference (F (4.33) = 1.882,
p = .137). The median usability of the HMI across scenarios was 71.25.
Corresponding positive useability feedback from pilots during the post-
trial debriefing interviews was recorded. For example, pilots commented
that “It was actually really intuitive” and “we’ve never seen that before. We
came in, and we started an engine, and we even had a start failure, and it
didn’t really phase us.” Constructive design feedback was offered in the form
of improvements to the readability and salience of task critical information
(“I would maybe like to see the text just a little bit bigger”), the provision
of more explicit decision-making prompts (“just like a quick sort of green
brilliant, the engine was relighted.”), and increasing the level of automation
involved in the system interaction (“that’s clever engineering stuff in the
background, but from a pilot point of view - it’s crossfeed, open or not”).

SUS Rating
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Figure 4: Boxplots for SUS ratings grouped by scenario. SUS normative grading bands
from Bangor et al. (2008) are included. The dashed horizontal line represents the
average SUS score - 68% - from the same normative datasets.

CONCLUSION

The development of the LH, system layout presented in this paper
demonstrates the critical role of advanced programming techniques in
creating an effective HMI for future hydrogen-powered aircraft. Using a
structured, human-centred design approach, the interface encapsulated the
complexities of managing an LH, fuel system during both normal and fault
conditions.
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The implementation of the HMI in Unity, with its multi-touch support and
rapid prototyping capabilities, enabled the development team to visualise
and test interface elements in a realistic simulation environment. This
choice proved essential for iteratively optimising the interface based on
pilot feedback. The interactive prototype seamlessly interacted with the FSS
HMI and aircraft model. The developed algorithms ensured smooth control
exchange between the automated engine systems and manual pilot inputs,
preventing unintended state changes.

A significant challenge was the need to compress large amounts of real-
time data to optimise communication between the engine fuel model and
the HMI. By implementing custom encoding, it was possible to efficiently
transmit system state information without compromising performance. This
technique played a vital role in maintaining the HMI responsiveness, even
under heavy data loads.

Pilot-in-the-loop evaluation of an LH; flight deck interface demonstrated
how following a user-centred design approach can deliver an interface
with “acceptable” usability within the first iteration of the design process.
While no significant usability differences were found between different test
scenarios, feedback from pilots highlighted areas for further refinement,
particularly regarding the readability of information and the automation of
certain system elements.

The trials have shown that the next research should focus on refining the
time-critical aspects of emergency scenarios to better support pilot decision-
making, especially under conditions where the startle effect compromises
situational awareness. Additionally, exploring different levels of automation
in the HMI design will help determine the balance between manual control
and system autonomy, ensuring that the interface remains intuitive and safe in
real-world operations. Further testing with alternative prototypes will help
to identify the optimal configuration for future hydrogen-powered aircraft
cockpits.
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