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ABSTRACT

The concept of touchscreen primary control device is a novel approach of touchcreen implentation.
The objective of this study is to investigate differences in flight performance and attention
allocation between a touchscreen inceptor and a traditional sidestick. Twenty-one participants
flew four simulated instrument landing system (ILS) approaches - with the touchscreen inceptor
or traditional sidestick — during flight scenarios where an aircraft attitude disturbance was either
present or absent. Results demonstrated that participant performance scores were worse with the
touchscreen inceptor compared to the sidestick during attitude disturbance scenarios. Interestingly,
participants exhibited reduced attention to external visual cues with the touchscreen inceptor
compared to the sidestick. In addition, use of the touchscreen inceptor resulted in lower
performance and lower self-reported situation awareness. Overall, the touchscreen inceptor
demonstrated poorer performance compared to the traditional sidestick, highlighting limitations
in its current design that warrant cautious consideration and further investigation.

PRACTITIONER SUMMARY: Integrating the touchscreen inceptor into the PFD is an attempt to
expand the application of the touchscreen in the flight deck and to explore the human-system
integration mode of the future flight deck. Although the touchscreen inceptor cannot match the
sidestick’s performance, it has a potential impact on the pilot’s situation awareness supply and
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attention allocation.

1. Introduction

As the complexity of the flight deck increases, the
traditional array of knobs, buttons and gauges is no
longer suitable and has been transformed into the
‘glass cockpit, an array of electronic (digital) flight
instrument displays, typically large LCD screens
(Nagabhushana and Sathyanarayana 2010). Due to the
increasing intelligence of modern aircraft, the amount
of information processed by flight computers has
increased dramatically. For example, flight computers
now handle vast amounts of sensor data from
advanced avionics systems, including real-time weather
updates, terrain mapping, and traffic collision avoid-
ance systems (Singh, Jain, and Mishra 2023).
Additionally, they manage complex autopilot func-
tions, fly-by-wire controls, and integrate inputs from
multiple systems to optimise flight efficiency and
safety. Thus, the increasing quantity and complexity of

flight data place higher demands on the design of
flight deck interfaces to improve human-computer
interactions, enhancing pilots’ ability to efficiently per-
ceive, comprehend system state information, and act
accordingly—an area where current flight deck inter-
faces are insufficient (Xie, Zhou, and Qu 2023). The
application of touchscreens on flight decks is a poten-
tial solution to improving this integration and warrants
future flight deck research.

Currently, the application of touchscreens in safety
critical human-machine interaction systems, such as
flight decks, is becoming increasingly widespread (Chu,
Wu, and Xu 2021; Xue, Zhang, and Zhang 2022).
Touchscreens themselves offer numerous advantages
in systems that demand high human-machine interac-
tion efficiency by providing system output and imme-
diate user feedback within the same area where user
input or selection occurs. Consequentially, touchscreen
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interfaces can make interactions more intuitive and
less mentally demanding - such as reducing the need
for users to recall items (Tang, Weiss, and Stirling 2023;
Xie, Zhou, and Qu 2023). This immediate feedback
loop helps users stay focused on their current task
without the distraction of having to remember previ-
ous actions or results. It enhances the overall user
experience by making the interface easier to use and
reducing cognitive load (Tang, Weiss, and Stirling
2023). However, most existing studies have focused on
touchscreens as advanced input devices, primarily
replacing traditional keyboards and buttons on the
flight deck. Applications intended to support naviga-
tion or checklist management tasks have demonstrated
the integration and efficiency benefits of touchscreens
(Sadia et al. 2022; Watkins et al. 2018). Despite their
proven benefits in supplementary tasks, the potential
for touchscreens to serve as primary flight control
devices—requiring real-time manipulation of aircraft
flight dynamics—remains underexplored. This rep-
resents a key gap in current research that requires
investigation into how the use of a touchscreen incep-
tor, compared to a sidestick inceptor, influences pilot
manual flying performance, attention distribution, situ-
ational awareness, and mental workload. Our study
addresses this gap by leveraging eye-tracking data to
explore the differences in pilot behaviour and atten-
tion allocation between touchscreen and sidestick
inceptors. Addressing this gap, our study aims to eval-
uate the effectiveness of touchscreens as primary flight
control mechanisms in a simulated flight environment.

The implementation of glass cockpits, including
touchscreens, also provides manufacturers the advan-
tage of easily updating and modifying user applications
running on such systems (Bhalla and Bhalla 2010).
Screens can present critical information and actionable
options in a clear and intuitive manner, informing users
of the functions that can be performed. They can also
alert users to potential issues in real-time, enabling
quicker responses and proactive problem-solving. This
significantly enhances overall operational efficiency and
holds great potential to reduce workloads, decrease
head-down scanning time, and improve safety (Noah,
Li, and Rothrock 2017; Rouwhorst et al. 2017). However,
the flight deck environment is complex, subject to fac-
tors like vibration, and demands high accuracy and
response speed in operations. Due to the lack of physi-
cal feedback, touchscreens may impact users’ percep-
tion of their own operation responses, leading to an
over allocation of user attention and to the detriment of
other task-relevant information (Wynne et al. 2021).
Additionally, the ergonomic shortcomings of touch-
screens may lead to issues such as increased physical

fatigue and accidental touches (Khoshnewiszadeh and
Pool 2021). Because of these inherent challenges, touch-
screens have been limited to supplementary roles in
commercial aviation and their application as direct con-
trol mechanisms remains an open question.

1.1. Touchscreen integration in flight decks:
development, challenges, and applications

Although previous studies have not specifically
focused on using touchscreens as direct control input
devices for aircraft, they provide valuable insights
into the advantages and limitations of touchscreen
use in the flight deck environment. These insights are
crucial for understanding how the characteristics of
touchscreens might impact their effectiveness as
inceptors. To further understand the range touch-
screen application scenarios on the flight deck, and
enhance the development and the efficiency of
human-system integration (HSI), numerous studies
have explored the hardware and software require-
ments for touchscreens in specific environmental
conditions - such as vibration resistance and high
transmission speeds. For example, Tao et al. examined
the effects of control-to-display gain in vibration
environments and found control-to-display gain
(GAIN) values around 1 supported maintenance of
user accuracy in high vibration environments and
decreased the precision requirement level (Tao et al.
2021). Cockburn et al. (2019) designed the braced
touch for touchscreens to improve resistance to the
effects of vibration, such as in high turbulence envi-
ronments, and where more precise manual inputs
were needed (Cockburn et al. 2019). Using Fitts’ law
to optimise the interaction process of a touchscreen
can help improve the efficiency and ease of use of
touchscreen interfaces in the flight deck. While Fitts’
law quantifies input performance and allows for com-
parisons across different interface designs, the result-
ing improvements have potential to enhance
hand-eye coordination by making interactions more
intuitive and reducing the effort required to accu-
rately target controls (Coutts et al. 2019; van Zon
et al. 2020). These findings suggest that the design
and optimisation techniques developed for general
touchscreen applications could be crucial when
adapting touchscreens for use as direct control
devices.

Furthermore, researchers have worked on the user
interface of touchscreen to improve HSI. The target
size and spacing had significant effects on task per-
formance using touchscreens in turbulence environ-
ments in flight deck (Lin and Lee 2022). Furthermore,



touchscreen location, size and screen brightness can
affect the HSI efficiency on the flight deck (Dodd et al.
2014, 2019; S. H. Kim and Kaber 2014). Providing addi-
tional visual and auditory feedback for touchscreens
(i.e. to offset the lack of touchscreen tactile feedback)
can also support task performance and reduce error
rates (Lawrenson et al. 2018; Wan, Prinet, and Sarter
2017). Compatibility between the task demands and
required gestural input is also critical to effective
touchscreen design; Tasks such as tapping and enter-
ing numbers are less affected by distractions com-
pared to drag-and-drop or sequential tasks. Simple
gestures like tapping or typing require less cognitive
effort and fine motor control, making them more resil-
ient to environmental distractions (Alapetite et al.
2018; Coutts et al. 2019). These interface design princi-
ples, developed for conventional touchscreen tasks,
are relevant when considering how touchscreens can
be adapted as inceptors, particularly in terms of mini-
mising errors and optimising user interaction under
varying environmental conditions.

For flight deck design, touchscreens have been
widely tried and tested for navigation tasks, replacing
traditional checklists and traditional system control
panels (Sadia et al. 2022). In the Gulfstream G500 and
G600 symmetry™ flight decks, touchscreens have
replaced the entire overhead panel (Watkins et al.
2018). These studies have enabled designers to further
develop touchscreen design for the flight deck, thus
realising the vision of improving the overall efficiency
and integration of the flight deck. However, the poten-
tial for touchscreens to be used in more dynamic and
critical functions, such as direct flight control, remains
less explored. Our research seeks to fill this gap by
investigating how these well-documented touchscreen
characteristics can be leveraged and adapted to enable
their effective use as primary control devices in the
flight deck.

1.2. Prospects for touchscreen inceptors: aircraft
control system development and future

Aircraft have always been manoeuvred using a sides-
tick or control column, and few researchers have
attempted to manoeuvre an aircraft using a touch-
screen inceptor (W. C. Li, Wang, et al. 2022). The
introduction of sidestick controllers, which have revo-
lutionised the conventional yoke-based controls,
caused a substantial shift in aircraft control systems in
the aviation sector in recent years. In contemporary
fly-by-wire aircraft, the sidestick—a small joystick usu-
ally situated to the side of the pilot’s seat—has become
the principal control interface. The Airbus A320 (1987)
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became the first airliner to feature global real-time
steering and side-stick control, and the sidestick
became one of the most important elements of air-
craft manoeuvring in the Airbus family to date (Favre
1994). The sidestick provides significant advantages in
terms of spatial flexibility compared to other aircraft
control devices. Its design allows the pilot more free-
dom of movement by being positioned to the side,
which reduces physical obstructions and frees up valu-
able space in front of the pilot. This setup also offers
better elbow support, enhancing comfort and reduc-
ing fatigue during long flights. Furthermore, the sides-
tick’s compact and unobtrusive design contributes to a
more efficient cockpit layout, allowing for better access
to other controls and instruments, thereby improving
overall pilot manoeuvrability and operational effi-
ciency. However, it is worth noting that sidesticks have
certain limitations compared to yoke-based controls.
For instance, Field and Harris (1998) highlighted that
sidesticks reduce the amount of information available
to pilots regarding their co-pilot’s control inputs. Unlike
yokes, which allow pilots to observe their co-pilot’s
inputs as peripheral visual cues, sidesticks lack this
visual feedback, potentially impacting coordination in
multi-crew operations.

Recent research on active sidesticks has further
enhanced their performance, with variable force gradi-
ents providing greater flexibility in aircraft operation.
The feeling of force variation allows the pilot to directly
feel the limitations of the flight envelope (X. Li, Li, and
Liu 2018; Van Baelen et al. 2021). Moreover, active
sidestick systems (like those used in the Gulfstream
G500) address the lack of peripheral visual cues pres-
ent by providing direct force feedback of the co-pilot’s
control inputs. This effectively substitutes visual cues
with haptic feedback, enhancing coordination and
awareness between pilots during multi-crew opera-
tions (Watkins et al. 2018). However, there have been
very few attempts to integrate flight control functions
into other input tools beyond sidestick and yokes; Not
only because such a change would encompass multi-
ple technical and safety requirements, but also because
physical control inceptors leverage the human neuro-
muscular system that enable the perception of subtle
force feedback cues that are pivotal to precise fine
motor movement (Patel, Atashzar, and Tavakoli 2022;
Wu and Li 2024). While current touchscreen devices
lack the capability to exploit the human neuromuscu-
lar system in the way traditional physical controls can,
they offer a more integrated and compact cockpit lay-
out, which could provide operational efficiencies and
warrant further exploration as an innovative approach
to flight path control.
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Replacing physical control inceptors with touch-
screen technology allows for more dynamic and
context-sensitive displays. For example, touchscreens
provide a versatile and customisable platform that
allows pilots to seamlessly interact with a variety of
controls and displays. The intuitive nature of touch-
screen interfaces has the potential to simplify cockpit
layouts, reduce the need for physical switches, and
enhance the overall experience. While these advan-
tages are well-documented for higher-level input func-
tions, it remains unclear how they will impact the use
of touchscreens as inceptors. Our research also seeks
to explore how these characteristics might influence
the effectiveness of touchscreens when used as incep-
tors (Tao et al. 2021). But the use of touchscreens in
flight control systems also brings up problems with
muscle memory and haptic feedback (Robinson et al.
2012). Physical feedback provided by traditional con-
trols, such as resistance felt by joysticks or sidesticks,
contributes to a pilot’s situation awareness. Ensuring
that touchscreen interfaces maintain a balance
between technological innovation and the retention of
basic haptic cues is critical to their successful integra-
tion into the aviation industry. To understand partici-
pants’ initial impressions towards the touchscreen
inceptor, our previous study used subjective question-
naires and deviations between flight paths and ideal
paths. Previous research found that, even though
touchscreen performance was lower than sidestick
performance, younger people were more accepting of
the touchscreen inceptor than experienced pilot (Wang
et al. 2024). Our study aims to build on previous
research by using more objective evaluation tech-
niques to understand the gap between touchscreens
and sidesticks. Firstly, we expect to analyse whether
there is a difference in flying performance using
different inceptors (sidestick vs. touchscreen) under
different experimental conditions (disturbance vs.
non-disturbance). Based on the reduced neuromuscu-
lar/haptic feedback of touchscreen displays, the first
hypothesis of the current study is ‘H1a: Participant per-
formance scores will be significantly higher when
using a sidestick compared to a touchscreen inceptor..
Furthermore, the current study examines flying perfor-
mance under different ‘turbulence’ conditions. In these
instances, differences in flying performance between
input modes is expected to be amplified. Hence, a
separate interaction hypothesis will be tested: ‘H1b:
There will be a significant interaction between input
mode and the presence of disturbance on participants’
performance, with performance expected to decline
more significantly when using the touchscreen incep-
tor under turbulence compared to the sidestick'

1.3. Evaluation of touchscreen inceptors

The introduction of a completely new type of aircraft
controller requires a thorough evaluation from a
human factors perspective to understand its impact on
HSI. A comprehensive evaluation of a touchscreen
inceptor can be based on objective and subjective
measurement of pilot’s performance, and cognitive
and physiological states during a task. In HSI studies,
researchers commonly utilise subjective scales to eval-
uate users’ perceived ease of use, acceptance and cog-
nitive states (e.g. situation awareness). Subjective
scales are low cost and simple to use (Hamden et al.
2020). Situation awareness rating technique (SART) is
one of the most used rating scales for assessing situa-
tion awareness in HSI research, which contains three
dimensions: supply, demand and understanding (Taylor
2017). However, subjective scales, like the SART, pos-
sess drawbacks in the form of being susceptible to the
subjective feelings of the participants. Resulting in
measurements that can be overly influenced by high
levels of both between- and within-person variability,
making it difficult to find systematic experimental
effects. Our study builds on previous research by using
the SART to assess the impact of the touchscreen
inceptors on situational awareness (SA) in a flight con-
text. Specifically, we aim to analyse whether there are
significant differences in SA across different input
modes (sidestick vs. touchscreen) and operational con-
ditions (disturbance vs. non-disturbance). A second set
of hypotheses was created to test the SA effects of a
touchscreen inceptor. Based on the previous research
(Wang et al. 2024), it was expected that situation
awareness would be lower with a touchscreen incep-
tor. Therefore, ‘H2a: SART scores will be significantly
higher when using the sidestick compared to the
touchscreen inceptor. Likewise to performance, SA
was examined under different ‘turbulence’ conditions
leading to the following hypothesis: ‘H2b: There will be
a significant interaction between input mode and the
presence of disturbances on SART scores, with SART
scores expected to decline more significantly when
using the touchscreen inceptor under disturbance con-
ditions compared to the sidestick.

To address the limitations of subjective metrics, the
use of non-invasive physiological sensors can enable
the real-time, indirect measurement of cognitive and
physiological states, reducing the influence of personal
factors. Eye tracking is currently a highly effective non-
invasive tool for obtaining cognitive/attentional indices
through the capture of fixation count, fixation duration,
saccades, pupil diameter and blink measurements
(Krejtz et al. 2018). Fixation is typically associated with



information processing and depth of cognitive process-
ing (Callaway, Rangel, and Griffiths 2021; Dehais et al.
2017). Changes in fixation location can indicate where
attention is distributed, while the length of fixation
durations to different locations indicate the relative
importance of the information existing within the geo-
graphical space and the number of cognitive resources
needed to process that information. Longer fixation
duration and more fixation counts indicated higher
visual attention was allocated in certain area (Hebbar,
Pashilkar, and Biswas 2022; Schwerd and Schulte 2022).
Pupil diameter and blink rate have been found to cor-
relate with workload levels and fatigue. High workload
and fatigue have been shown to associate with pupil
diameter increase in prior studies (Chen and Epps 2014;
Duchowski et al. 2018; Zhou, Yang, and De Winter
2022). Blink count has been found in previous studies
to show the opposite: it increases with increasing work-
load levels, yet decreases with increasing demands in
tasks with high visual demands (Faure, Lobjois, and
Benguigui 2016; Peif3l, Wickens, and Baruah 2018).

Utilising eye tracking to evaluate interface design
and to understand pilots’ cognitive processes and
attention distribution is an effective way to improve
flight deck design efficiency (Blundell et al. 2023;
Causse et al. 2019; W. C. Li et al. 2020). Combining dif-
ferent objective and subjective approaches for HSI
analysis lowers errors due to the bias of a single
assessment method, increases credibility, and allows
for a more thorough investigation of the system’s
degree of perfection from many angles (Liu et al.
2021). In this study, we aim to use eye tracking to
investigate how gaze behaviours differ between the
touchscreen and sidestick inceptors under varying
operational conditions. Specifically, we hypothesise
that gaze patterns will reflect the distinct interaction
demands of the two input methods. Therefore, we
expect that ‘H3a: Participants using the touchscreen
inceptor will show significant differences in fixation
count and duration on the Primary Flight Display (PFD)
compared to those using the sidestick. Specifically,
more fixations and shorter fixation durations are
expected when using the touchscreen; whilst ‘H3b:
There will be a significant interaction between input
mode and the presence of disturbances on gaze
behaviours. Specifically, more fixations and shorter fix-
ation durations are expected when using the touch-
screen inceptor under disturbance conditions compared
to the sidestick’

For blink count, as a measure of mental workload,
we hypothesise that ‘H4a: Participants will exhibit
higher blink frequencies when using the touchscreen
inceptor compared to the sidestick’ and ‘H4b: There
will be a significant interaction between input mode
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and the presence of disturbances on blink count,
with blink frequencies expected to be highest when
using the touchscreen inceptor under disturbance
conditions.

2. Method
2.1. Participants

There were 21 participants, aged from 22 to 58years
old (M=31.67, SD = 10.66) with fix-wing flight hours
from 0 to 300 (M=70.81, SD = 92.96) and simulator
flight hours from 0 to 1000 (M=63.81, SD = 216.01).
Participants included both pilots and non-pilots to
account for the significant differences in familiarity
with sidestick and touchscreen controls among partic-
ipants. This approach was chosen to minimise the
impact of varying levels of familiarity on the results
and to reduce the potential bias that could arise from
using only experienced pilots. To assess the potential
influence of participants’ prior flight experience on
their performance, we conducted a simple t-test com-
paring the performance scores of participants with
and without fixed-wing flight experience exceeding
100 hours (over 100h: N=7; less 100h: N=14). To check
for the influence of participant experience, a 3-way
ANOVA for performance was conducted between
experience, input mode and scenario. The results
revealed no significant interactions that included expe-
rience as a term (p>0.05). Subsequently, all further
analyses omitted experience as a factor. The research
proposal was approved by the Cranfield research eth-
ics committee before the experiment was conducted.
All participants provided informed consent, which clar-
ified that the objective of the experiment was to
explore performance and visual behaviours when
using a touchscreen inceptor. Participants were assured
of their rights to withdraw themselves and their data
from the trial at any stage. The data collected was
stored in accordance with the British Psychological
Society (BPS) Code of Ethics and Conduct and the
Data Protection Act 2018. This ensured that all data
handling procedures adhered to the ethical principles
of respect, competence, responsibility, and integrity as
outlined by the BPS. Additionally, participants were
informed that their anonymised data was to be used
for research purposes only.

2.2. Apparatus and material

2.2.1. Future systems simulator (FSS):

This research was conducted using the Future Systems
Simulator (FSS), developed by Cranfield University
and Rolls-Royce (Korek et al. 2024). The FSS is a highly
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adaptable, fixed-base flight simulator designed for
rapid prototyping of current and future flight deck
configurations. It features aircraft control and display
systems that present information on up to four large,
customisable touchscreens and two smaller side
screens (Figure 1). The use of touchscreen controls
instead of physical switches and levers allows for
greater flexibility in testing experimental configura-
tions. Although the FSS is not capable of producing
physical vibrations, simulated vibrations were inte-
grated into the study through software-generated
signals.

2.2.2. Touchscreen inceptor
The touchscreen inceptor was integrated into the pri-
mary flight display (PFD) as a ‘virtual stick’ which

Figure 1. Future Systems Simulator layout.

Pitch down

MAG

a

enabled circular movements along vertical and hori-
zontal axes within an operational red-line circle area
(Figure. 2). The interactive operational area’s radius was
86 mm, with the virtual stick occupying a 177 mm diam-
eter. The virtual stick area overlays the centre of the
PFD and does not obscure important information such
as altitude and speed. Participants could engage with
virtual stick by touching and dragging their finger in
any direction within the circular area. The virtual stick
would follow the finger, which produced a linear con-
trol signal to the aircraft’s model (ranging from —1 to
1 in both vertical and horizontal axes). Tapping the
area outside the virtual stick would not produce input.
The stick had to be dragged from the centre first, sim-
ulating the sidestick’s movement from the central posi-
tion, and after releasing the finger, the stick would
come back to the centre, simulating spring movement
of the sidestick. Four transparent green areas, posi-
tioned within the outer axis of the operational red-line
circle area, indicated the current movement status of
the finger; When the finger moves in a certain direc-
tion, the corresponding green area becomes less trans-
parent to provide feedback on the current level of
input. Based on previous studies, experienced pilots
tend to have biases against the design and input logic
of touchscreen inceptors (Wang et al. 2024). To bal-
ance performance differences arising from these biases,
we selected participants with varying experience levels
for this experiment. The control logic of the touch-
screen inceptor was designed to simplify the
gesture-to-response correlation, promoting ‘eyes out’
flight. Commonly in touchscreen technology, upward
motion correlates with upward movement, while

Pitch up

b

Figure 2. Input logic of touchscreen inceptor integrated with primary flight display (2a) and sidestick (2b). The interactive oper-
ational area of the touchscreen inceptor is shown by red dotted line. Dragging the stick to that boundary would stop it there,

providing maximum control input to the model.



maintaining finger contact sustains control input
(Asakawa, Dennerlein, and Jindrich 2017). The control-
ler’s vertical channel (pitch) was reversed based on the
‘Input Equals Output’ principle in Organic User
Interfaces (Vertegaal & Poupyrev, 2008) and prelimi-
nary trials conducted within the authors’ research
group. These trials indicated that, for this prototype
iteration, the inverted Y-axis design was the most intu-
itive option, as participants adapted more quickly and
made fewer errors, despite some initial confusion
among those with prior flying experience.

2.2.3. Performance score

Objective performance was measured using a compos-
ite performance score (PS) (Korek 2023). The perfor-
mance score was based on flight path deviation,
touchdown deviation, and downward gravitational
force (G force). In the current study, focus was on flight
path control so the flight path deviation attributing to
75% of the score and the touchdown deviation and
downward G force sharing the remaining 25%. The
equation of calculating the PS is:

PS Z1OO—PPRM5 _(PPACCTD +PPDesTD)_PPG

Where:

PS - performance score
non-disturbance and disturbance).

PPrus — Penalty points for deviance form baseline
landing flight path, normalised to range 0 to 75.

PP..p — Penalty points for acceptable touchdown
location error form baseline landing, normalised to
range 0 to 5.

(landing with

PPpesto — Penalty points for desirable touchdown
location error from baseline landing, normalised to
range 0 to 5.

PP, - Penalty points for maximum downwards G
compared with baseline landing, normalised to range
0 to 15.

Historically, researchers have utilised either spatial
metrics (such as Root Mean Square Error - RMSE, Mean
Average Error - MAE) or temporal metrics (such as
time) independently. The scoring system introduced in
this study permitted the incorporation of any combi-
nation of measures, with the flexibility to adjust the
weights according to research requirements. This is
analogous to the weighted NASA-TLX scale but for the
measurement of objective performance. Additionally,
defining a performance score with specified bounds
ensured the exclusion of outliers. The participants in
this study were selected (based on eye-tracking data
quality) from a broader trial conducted by one of the
authors, which provided a comprehensive analysis of
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the weighting, bounds, and outlier detection used in
the PS development. Acceptable touchdown location
error was defined as being within 500 feet of the des-
ignated aim point on the runway, representing the
threshold for adequate performance. In contrast, desir-
able touchdown location error was defined as being
within 250 feet of the aim point, indicating superior
performance and closer alignment with the intended
landing zone (Mitchell 2019). Differentiating between
acceptable and desirable locations allowed for a more
granular evaluation of participant performance and
facilitated the calculation of penalties based on prox-
imity to the aim point. For an in-depth discussion on
the methodology and rationale behind the PS calcula-
tion and weighting, please refer to Korek (2023). For
the reproducibility, the recorded experimental data
subset is publicly accessible as an Appendix A.

2.2.4. Eye tracker

The research utilised the Pupil Labs eye tracker, com-
prised of a plastic frame, worn like glasses, that is fitted
with a participant-facing ‘eye’ camera and forward-facing
‘world’ camera. The sampling rate of the eye tracker
used in the study was 60 frames per second, with a res-
olution of 1280*720 pixels. The eye camera was used to
track the right eye of participants and collect data on
pupil parameters, such as pupil diameter and blink rate.
The data were pre-processed using the software Pupil
Player developed by Pupil Labs. For the purpose of this
research, fixations were defined as consecutive gaze
points that fell within a 1.5° radius and lasted between
150ms and 800ms, which is consistent with previous
research (W.C. Li, Wang, et al. 2022). The lighting situa-
tion during the experiment was a simulated cabin envi-
ronment, with consistent illumination for all participants.
The eye tracker was calibrated for each participant prior
to the trial.

Predefined areas of interest (AOls) were used for the
analysis of eye movement parameters without adjust-
ing the boundary. Gaze parameters selected for partic-
ipant attention analysis were proportion of fixation
count and fixation duration to two AOlIs: Primary Flight
Display (PFD) and out the window (OTW). These two
AOIs were selected as the landing task primarily
requires allocation of attention to the PFD and OTW
(Foyle, Goodman, and Hooey 2003), thus differences in
fixation count between these two areas can reflect
hierarchical SA prioritises. Additionally, fixation dura-
tion was selected because it reflects the time spent on
information acquisition and processing. Longer fixation
durations may be correlated with the difficulty of
obtaining information (Peif3l, Wickens, and Baruah 2018).
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Participant blink rate was recorded to reflect changes
in participant mental workload. Blink frequency was
positively correlated with the theoretical predictive
value of workload. The reason for this being that blink
frequency is related to visual load (Shuang, Xiaoru, and
Damin 2014).

2.2.5. Subjective questionnaire

The situation awareness rating technique (SART) was
used to subjectively assess SA issues related to touch-
screen implementation within future flight decks. The
SART is one of the most widely used subjective assess-
ment for SA (Taylor 2017). SART consists of 10
seven-point questions divided across three dimensions:
SART-D (Demand on Attentional Resources), SART-S
(Supply of Attentional Resources), and SART-U
(Understanding of the Situation). A SART total score
can be calculated using the formula (Bolton, Biltekoff,
and Humphrey 2022):

SART total = (supply —demand)+understanding

Higher supply indicates that the surrounding envi-
ronment has the capacity and information to provide
sufficient SA, whereas higher demand may indicate
complexity and excessive information, and higher
understanding may indicate that the information is
easier to access and utilise. The questionnaire is
attached in the Appendix B.

2.3. Scenarios and procedure

To compare the performance of touchscreen and side-
stick, there were two scenarios used for this study:
landing with disturbance and landing with no distur-
bance. These two scenarios comprised of the same
landing route, however in the disturbance scenario the
participant was required to resist a disturbance during
the landing process. The scenarios incorporated simu-
lated turbulence as a disturbance. For each task, the
disturbance signal was produced using a predefined
sum-of-sines forcing function, and implemented
through Lone’s MATLAB function (Lone 2013; Lone and
Cooke 2013). The code implements ‘mkmsswp’ func-
tion from System IDentification Programs for AirCraft
(SIDPAC), which generates orthogonal multi-sine
sweeps output (Morelli 2002, 2003). The amplitude of
the disturbance was set at 0.4 degrees, with a fre-
quency range between 0.01Hz and 2.5Hz. The sam-
pling interval (dt) was 0.02seconds, and the total
duration of the signal (T) was 135seconds. Only one
signal (m=1) was generated for each scenario. The val-
ues for the power spectrum are normalised such that

the sum of each column equals one, ensuring a bal-
anced distribution of power across the frequencies
(Korek 2023). This signal emulated ‘continuous turbu-
lence’ experienced by an aircraft, rather than screen
vibration or full-motion simulation. It was designed to
stimulate the participant’s controller movements,
enabling the measurement of their performance
against a predefined goal or baseline. Different distur-
bance signals - which still maintained the same overall
amplitude, frequency range, and duration properties -
were utilised for trials with the sidestick and touch-
screen to minimise between trial learning effects.
Signals were consistent across participants to facilitate
the comparative analysis in subsequent evaluations, as
shown in Appendix C.

Simulated vibrations were integrated into the exper-
iment by summing the disturbance signal with the
inceptor input. The resulting values were limited
between the deflection range of the inceptors to
ensure the inputs remained within the operations
range of the control systems. Additionally, the distur-
bance signal was designed to end prior to the aircraft
reaching the runway threshold; This provided partici-
pants sufficient time to stabilise the aircraft, increasing
the likelihood that performance differences observed
during the touchdown phase were due to the charac-
teristics of the inceptors rather than due to residual
effects of the disturbance signal (Lone 2013; Lone and
Cooke 2013).

The participants were asked to perform the two sce-
narios using sidestick and touchscreen respectively, as
shown in Figure 3. To minimise differences in perfor-
mance between using the touchscreen inceptor and
sidestick being caused by differences in familiarity, we
invited participants to take a 20-minute test flight to
get used to the touchscreen inceptor and the sidestick
before the actual experiment. The scenario starting
point was set 5 miles away to the runway in a straight
line at 1400ft (below the glideslope path). The goal
was to intercept and follow the ILS indicator, then
switch to follow the glideslope according to the preci-
sion approach path indicator (PAPI) lights and land the
aircraft. To eliminate the influence of other operations
during the landing process on the comparison of
inceptors, the aircraft began with an initial speed of
150 knots. Just before touchdown, the auto-throttle
disengaged automatically, the spoilers extended, and
the brakes were engaged. The weather was clear with
no wind impacting the flight. To minimise the impact
of the learning effect, the order in which inceptor types
were used was randomised for each participant, and
experiments were carried out with landings without
disturbance followed by landings with disturbance.
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Figure 3. Experiment flow (a) and examples of participants performing landing with non-disturbance (LN) and landing with dis-

turbance (LD) tasks using sidestick (b) or inceptor (c).

The experiment procedure was as follows: (1) par-
ticipants provided their demographical information
(5 minutes); (2) viewed a briefing video that elucidated
the objective of the study and FSS layouts (10min-
utes); (3) adjusted the seat and familiarised themselves
with the touchscreen and sidestick in FSS (5 minutes);
(4) wore and calibrated the eye tracker (10minutes);
(5) performed the test flight (15-20 minutes); (6) per-
formed the ILS landing with disturbance and non-
disturbance using two inceptors randomly and filled in
the SART questionnaires (20minutes); (6) debriefed
and provided feedback about touchscreen design in
flight deck (5-10minutes). It took about 70 minutes to
complete the trial for each participant.

2.4. Data analysis

The data for this experiment was analysed with
Generalised Estimating Equations (GEE) using SPSS ver-
sion 29.0.1 as the data exhibited graphical and statical
signs of non-normality (high positive skew) and het-
erospherecity, which would undermine the robustness
of traditional repeated measures ANOVA approaches.
In comparison, GEE, and other longitudinal modelling
methods such as linear mixed effects models, can
accommodate various types of response distributions
(e.g. symmetrical (normal) or asymmetrical (gamma)),
and are equipped to efficiently deal with missing data.
Making them particularly well-suited for data which

possess problematic parametric properties whilst pre-
serving the flexibility of the analysis to accommodate
complex interaction interpretations (de Melo et al.
2022) - unlike common non-parametric options. For
this reason, GEE has been shown to provide more reli-
able results compared to ANOVA when small sample
sizes are involved (Muth et al. 2016), a common attri-
bute of human factors research involving costly simu-
lation and subject matter experts (Blundell et al. 2023).

A total of 11 GEE models were estimated in this
study - one per DV. Main effects and interactions were
tested using the following IVs: Inceptor (2 levels: touch-
screen/sidestick) and Disturbance (2 levels: present/
absent). Based on the a priori power analysis for 2x2
repeated measures using G*power, the expected sam-
ple size for detecting effects with a medium effect size
of f=0.25 at a power of 0.80 is N=26. However, the
current study’s sample size (N=21) is below this expec-
tation, which may limit the detection of smaller effects.
Since our data is continuous, identify link was consid-
ered. The identity link expected value of the response
variable (u) is directly modelled as a linear combina-
tion of the predictors. To select the best fitting model,
we tested the Gamma distribution and normal distri-
bution with identity link. As a result, we chose normal
distributions with identity link for proportion of fixa-
tion count on PFD and on OTW, and Gamma distribu-
tions with identity link for the rest of the models.
These specifications were chosen because they
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produced the lowest Corrected Quasi-likelihood under
the Independence model Criterion (QICC), which
means that they are the most suitable models (Zhao
and Liang 2022). For QICC detail, see Appendix D.
Robust variance estimation was chosen to improve the
sensitivity of the analysis and provide robust standard
errors. The Bonferroni method was applied to post-hoc
analysis.

3. Result
3.1. Sample characteristic

Descriptive results, means and standard deviations, for
the different experimental conditions of each DV are
presented in Table 1 below. Overall, a trend where the
sidestick was superior to the touchscreen was observed
across variables. Flying with the touchscreen, com-
pared to the sidestick, led to worse manual flying per-
formance, fewer and shorter fixations to the outside
screen, higher task demand (measured via blinks and
the SART-demand scale), and worse situation aware-
ness (lower SART composite and SART-understanding
scores), but slightly higher situation awareness supply.

A significant interaction effect of fixation duration
on OTW, SART, and SART-D was identified. Therefore, a
simple main effect analysis was conducted. The results,
detailed in Table 2, include the B value, which indi-
cates the strength and direction of the relationship,
the 95% confidence interval (Cl), showing the range
within which the true effect likely falls, and the Wald
Chi-Square, which tests the overall significance of the
effect, along with the corresponding p-value.

3.2. Interaction between inceptors and scenarios

3.2.1. Pilot performance
As shown in the Figure 4, there was no significant
interaction between inceptors and scenarios on pilot

performance score (B=7.17, Wald = 1.94, p = .16) so a
main effect analysis for Inceptor was performed. Results
showed that touchscreen inceptor significantly led to
reduced performance scores (B=-14.17, Wald = 19.37,
p < .001).

The G-forces recorded represent maximum down-
ward forces upon touchdown and not during manoeu-
vring. The trial design ensured the disturbance signal
ceased before participants approached the runway,
allowing time to stabilise the aircraft. Notably, the
maximum G-forces observed for touchscreen-controlled
landings were significantly higher than those for side-
stick landings. These high G-forces may stem from par-
ticipants’ inexperience and the reversed control logic
of the touchscreen, leading to steeper descents or
harder touchdowns. Automation features, such as
auto-throttle disengagement and spoiler activation,
also contributed to abrupt landings (Korek 2023).
Interestingly, lower G-forces during touchscreen land-
ings with disturbance may indicate a quick learning
effect among participants.

3.2.2. Eye tracking parameters

The GEE was conducted to analyse the gaze behaviours
whilst using the two inceptors across landing scenar-
ios based on the proportion of fixation count on the
PFD. Figure 5 shows the proportion of fixation counts
towards the PFD (5a) and OTW (5b). There was no sig-
nificant interaction between inceptors and scenarios
on proportion of fixation count on PFD (B = .06, Wald
= .54, p = .46) or to OTW (B=-.07, Wald = 0.95, p =
.33). However, a main effect of Inceptor for the PFD
analysis was significant, which reflected a larger pro-
portion of fixations allocated to the PFD when flying
with the touchscreen (B = .13, Wald = 6.35, p = .01).
Similarly, a significant main effect of Inceptor for the
OTW analysis revealed that fixations towards the OTW
were lower with the touchscreen (B=-.14, Wald =
9.91, p < .01).

Table 1. Mean and standard deviations (in parentheses) of data metrics for disturbance vs non-disturbances and sidestick vs

touchscreen conditions.

Non-Disturbance

Disturbance

Metrics Sidestick Touchscreen Sidestick Touchscreen

Performance 81.94 (16.94) 63.90 (17.90) 67.69 (21.19) 60.21 (12.52)
Proportion of Fixation Count

PFD 0.79 (0.31) 0.90 (0.19) 0.63 (0.33) 0.79 (0.25)

oTW 0.18 (0.30) 0.07 (0.16) 0.33 (0.33) 0.15 (0.19)

Fixation Duration (ms)

PFD 430.65 (123.94) 396.66 (65.46) 438.70 (149.20) 394.07 (69.12)
oTW 508.96 (107.28) 369.59 (78.69) 450.01 (109.86) 397.26 (87.69)
Blink 26.48 (23.45) 36.33 (27.83) 28.10 (28.09) 39.38 (25.77)
SART 24.38 (6.34) 20.52 (9.86) 18.52 (7.57) 17.33 (11.01)
SART-D 10.43 (4.03) 13.33 (4.32) 15.57 (4.40) 16.29 (5.12)

SART-S 19.00 (3.77) 19.76 (4.21) 19.95 (3.87) 20.52 (5.33)

SART-U 15.81 (3.12) 14.10 (4.85) 14.14 (4.45) 12.95 (5.35)
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Table 2. GEE analysis B value and its 95% Wald Confidence Interval (Cl), Wald Chi-Square, p value and Cohen’s f 2 of each data

metric.
Metrics model B(95%Cl) Wald p f2
Performance Gamma (identity) Interaction effect 7.17 (=2.93, 17.28) 1.94 0.16 0.09
inceptor —14.17 (-20.85, —7.86) 19.37%** <0.001 0.92
scenario —6.51 (-11.54, —1.49) 6.45% 0.01 0.31
Proportion of Fixation Count
PFD Normal (identity) Interaction effect 0.06 (—0.10, 0.21) 0.54 0.46 0.03
inceptor 0.13 (0.05, 0.24) 6.35% 0.01 0.30
scenario —0.13 (-0.21, —0.03) 7.56** <0.01 0.36
oTW Normal (identity) Interaction effect —0.07(-0.20, 0.07) 0.95 0.33 0.05
inceptor —0.14 (-0.23, —0.05) 9.91** <0.01 0.47
scenario 0.11 (0.002, 0.22) 3.95% 0.05 0.19
Fixation Duration
PFD Gamma (identity) Interaction effect —22.96 (—66.72, 20.79) 1.06 0.30 0.05
inceptor —56.19 (—87.29, —25.09) 12.54%** <0.001 0.60
scenario 4.82 (-14.77, 24.41) 0.23 0.63 0.01
oTW Gamma (identity) Interaction effect 86.61 (15.69, 157.54) 5.73% 0.02 0.27
Simple main effect of inceptors within
Non-Disturbance —139.37 (-214.19, —64.54) 13.33%** <0.001 0.64
Disturbance —-52.75 (-110.82, 5.32) 3.17 0.08 0.15
Simple main effect of scenarios within
Sidestick —58.94 (—116.42, —1.47) 4.04* 0.04 0.19
Touchscreen 27.67 (—21.22, 76.56) 1.23 0.27 0.06
Blink Gamma (identity) Interaction effect 1.43 (-5.00, 7.86) 0.19 0.66 0.01
inceptor 10.53 (2.08, 18.97) 5.97* 0.01 0.28
scenario 2.11 (-1.20, 5.41) 1.56 0.21 0.07
SART Gamma (identity) Interaction effect 2.67 (0.61,4.72) 6.47* 0.01 0.31
Simple main effect of inceptors within
Non-Disturbance —3.86 (-=7.54, —-0.17) 4.20% 0.04 0.20
Disturbance —1.19 (-4.99, 2.60) 0.38 0.54 0.02
Simple main effect of scenarios within
Sidestick —5.86 (—8.85, —2.86) 14.71%%* <0.001 0.70
Touchscreen —3.19 (-5.52, —0.86) 7.18** <0.01 0.34
SART-D Gamma (identity) Interaction effect —2.19 (-3.48, —0.90) 11.06%** <0.001 0.53
Simple main effect of inceptors within
Non-Disturbance 2.90 (0.72, 5.09) 6.82%* <0.01 0.33
Disturbance 0.71 (-1.72, 3.15) 0.33 0.57 0.02
Simple main effect of scenarios within
Sidestick 5.14 (3.65, 6.64) 45.46%** <0.001 2.16
Touchscreen 2.95 (1.47, 4.43) 15.32%** <0.001 0.73
SART-S Gamma (identity) Interaction effect —0.19 (-1.06, 0.68) 0.18 0.67 0.01
inceptor 0.67 (—-1.12, 2.46) 0.54 0.46 0.03
scenario 0.86 (—0.27, 1.99) 224 0.13 0.11
SART-U Gamma (identity) Interaction effect 0.52 (-0.38, 1.43) 1.30 0.25 0.06
inceptor —1.43 (-3.37, 0.52) 2.06 0.15 0.10
scenario —1.38 (-2.53, —-0.23) 5.55% 0.02 0.26

a. The sidestick and Non-disturbance were set as the baseline for the GEE analysis, respectively.

b. *p<0.05 **p<0.01 ***p <0.001.

Figure 6 shows the average fixation durations
towards the PFD (6a) and OTW (6b). No significant
interaction between inceptors and scenarios on fixa-
tion duration on the PFD was found (B=-22.96, Wald
= 1.06, p = .30), though the main effect of Inceptor
was significant - representing lower average fixation
durations on the PFD with the touchscreen (B=-56.19,
Wald = 12.54, p < .001). For fixation durations to
OTW there was a significant interaction between
inceptors and scenarios (B=86.61, Wald = 5.73, p =
.02). The simple main effect analysis showed that
whilst fixation durations to OTW were longer with
the sidestick compared to the touchscreen, the differ-
ence was only significant during the landings without
the disturbance (B=-139.37, Wald = 13.33, p < .001)
and not for landings with the disturbance (B=-52.75,

Wald = 3.17, p = .08). Though this difference was
close to significance (< .01).

Figure 7 presents participant blink count results. As a
measure of mental workload, there was no significant
interaction between inceptors and scenarios on blink
count (B=1.43, Wald = .19, p = .66). However, a main
effect of Inceptor was observed whereby a higher fre-
quency of blinks was found for trials with the touch-
screen across landing conditions (B=10.53, Wald = 5.97,
p = .01).

3.2.3. SART

Several GEE analyses were conducted to analyse the
interactions between inceptors and scenarios on SART
total score and its three dimensions: SART-D, SART-S,
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SART-U. Figure 8 shows participants SART scores.
There was a significant interaction between inceptors
and scenarios on SART total score (B=2.67, Wald =
6.47, p = .01). Simple main effect analysis showed that
SART total scores were significantly lower with the
touchscreen  during  non-disturbance  scenario
(B=-3.86, Wald = 4.20, p = .04) but not in disturbance
scenario (B=-1.19, Wald = .38, p = .54). Similarly, for
SART-D there was a significant interaction between
inceptors and scenarios (B=-2.19, Wald = 11.06, p <

.001). The simple main effect analysis showed that
SART-D scores were higher with the touchscreen on
non-disturbance scenario (B=2.90, Wald = 6.82, p <
.01), but not within disturbance scenario (B = .71,
Wald = .33, p = .57). In contrast, there was no signifi-
cant interaction between inceptors and scenarios on
SART-S (B=-.19, Wald = .18, p = .67) and SART-U (B =
.52, Wald = 1.30, p = .25). Nor were there main effects
of Inceptor for SART-S (B = .67, Wald = .54, p = .46) or
SART-U (B=-1.43, Wald = 2.06, p = .15). Overall, SART
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total scores were lower for touchscreens which was
due to their higher SA demand requirement.

4, Discussions
4.1. Touchscreen’s impact on pilot performance

Although using touchscreen aids can increase the inte-
gration of cockpit information (Kaminani 2011), it also
presents difficulties for novel human-machine interac-
tions. Since research on using touchscreens as an

inceptor is still in its early stages, it is crucial to compre-
hend how their use will affect pilot performance and
situation awareness (SA). In the current study, partici-
pants’ manual flying performance scores during an
approach and landing task were significantly worse
when using a touchscreen inceptor compared to a side-
stick across different disturbance conditions, leading to
the first hypothesis to be accepted. The performance
score is derived from the interpolation calculation of
the test pilot’s flight trajectory and the standard trajec-
tory. The lower performance observed when using a
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touchscreen compared to a traditional sidestick can be
attributed to several factors beyond simple familiarity as
mentioned in previous work (Wang et al. 2024).
Traditional sidesticks, having been refined over years of
use, offering critical force feedback cues that are com-
municated through the human neuromuscular system
which, in turn, aid precise fine motor control; A feature
that is currently relatively lacking with touchscreen
interaction. The absence of physical feedback on the
touchscreen likely contributes to the decreased accu-
racy in pilot fine motor operations, a concern high-
lighted in previous studies (Wynne et al. 2021).
Moreover, the lack of arm or elbow support during
touchscreen operation likely exacerbates fatigue, which
can further impair performance (Khoshnewiszadeh and
Pool 2021). In previous studies, participants have also
reported that prolonged use of the touchscreen fatigued
their arms, thus affecting precision (Wang et al. 2024).
This suggests that fatigue, and the inherent design

limitations of touchscreens, are significant factors influ-
encing their effectiveness as inceptors. In addition to
the fatigue issues raised in previous studies regarding
the use of touchscreens in the flight deck, this experi-
ment goes a step further and uses eye tracking to
uncover the reasons why a touchscreen inceptor per-
forms poorly (discussed further in Section 4.2).
Furthermore, whilst turbulence signals without simu-
lated physical vibration were used in this experiment,
similar results to previous experiments utilising physical
vibration and turbulence were obtained: both turbu-
lence signal and vibration had a significant negative
effect on the quality of the aircraft manoeuvres
(Alapetite et al. 2018; Dodd et al. 2014). To enhance the
usability of touchscreens in the unstable vibrational
flight deck environment, it is necessary to add supports
to assist in stabilising the wrist and incorporate active
built-in programs to mitigate turbulence (Cantu et al.
2021; K. Kim et al. 2021; Mobertz et al. 2018).



4.1.1. G-force findings

Whilst not specifically examined within the hypothe-
sis testing, the substantially higher G-forces observed
during touchscreen-controlled landings suggest that
participants had more difficulty achieving smooth
touchdowns with the touchscreen inceptor compared
to the traditional sidestick. This could partly be due
to the touchscreen inceptor’s control logic requiring
upward finger movements to pitch the aircraft down,
which is opposite to conventional aircraft controls.
This reversed input may have caused confusion, lead-
ing to control errors such as overcorrection or delayed
responses during the critical landing phase. However,
it was observed that the inverted mapping usually
caused more errors among participants with more
flight experience compared to those who had never
flown any aircraft, suggesting a familiarity bias.
Furthermore, the novelty of the touchscreen interface,
combined with limited tactile feedback, which can
provide pilots with situation awareness information to
maintain aircraft control without visual cues, could
have impaired the necessary fine motor control
during flare and touchdown (Cappello et al. 2020;
McGrath, 1999). Participants unfamiliar with the
touchscreen’s sensitivity might have presented a chal-
lenge to modulating a precise descent rate, resulting
in harder landings and higher G-forces. Additionally,
the participant pool included non-pilots and indi-
viduals with varying levels of flight experience.
Inexperience may have exacerbated difficulties in exe-
cuting smooth landings with an unfamiliar control
interface. The inclusion of automation features, such
as auto-throttle disengagement and spoiler activa-
tion, could have introduced additional complexity,
potentially contributing to abrupt touchdowns when
using the touchscreen.

The weighting of G-force in the performance score
was relatively low (15%) because the primary focus of
the study was on flight path correction rather than
landing finesse. However, the significant discrepancies
in G-forces highlight the need to re-evaluate the
weightings in future studies or to analyse G-force as a
separate performance metric to fully capture the
impact of touchscreen inceptors on landing quality
and passenger comfort.

Interestingly, the lower G-forces recorded for
touchscreen landings under disturbance conditions
might suggest a quick learning curve or increased
caution exercised by participants when handling dis-
turbances. This could indicate that, with practice,
operators might adapt to the touchscreen interface
more effectively, mitigating some of the initial chal-
lenges observed.
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4.2. Visual behaviours different from using
sidestick and touchscreen

4.2.1. Gaze behaviours
The research findings supported H3, that participants
using the touchscreen inceptor fixated less often
out-the-window (OTW) compared to the sidestick
(H3a). Furthermore, during disturbance conditions fixa-
tion durations to OTW were shorter for the touch-
screen inceptor (H3b). Visual behaviour is highly
correlated with attention distribution and pilot situa-
tion awareness (Yu et al. 2014). Monitoring partici-
pants’ fixation locations using an eye tracker during
the flight process can effectively analyse their atten-
tion distribution and compare it with their perfor-
mance. In this study, our main interest about fixation
counts and fixation duration is on the PFD and OTW
because these two variables encompass most of the
important information during an ILS landing (W. C. Li,
Wang, et al. 2022). The data reveals that when using
the touchscreen, pilots exhibited a significantly higher
proportion of fixation on the PFD compared to when
using the sidestick. This suggests that the touchscreen
requires pilots to concentrate more on the PFD, poten-
tially due to the need for more frequent monitoring
and interaction with the digital interface. This increased
focus on the PFD may indicate that pilots are compen-
sating for the touchscreen’s lack of tactile feedback by
visually confirming their actions more often, which
could lead to cognitive overload and reduced situation
awareness. As shown in Figure 9 below, the heatmap
example reveals that the participant’s visual focus is
primarily concentrated on two main areas: the Primary
Flight Display (PFD) and the Out-the-Window (OTW).
Additionally, the results also indicated that the propor-
tion of fixation count on OTW was significantly higher
in landing with disturbance than in landing with
non-disturbance, suggesting that pilots tend to allo-
cate more attention resources to OTW during more
complex landing scenarios (Lounis, Peysakhovich, and
Causse 2021; Rainieri et al. 2021). This shift is likely an
adaptive strategy to ensure accurate alignment and
descent by gathering critical visual information from
outside the cockpit, especially when internal displays
alone may not provide sufficient data for safe landing.
In summary, the fixation count results allow for the
drawing of two conclusions: 1) pilots need to spend
more time on the PFD when using touchscreen, and 2)
pilots need to get more information from the OTW
when there is a higher disturbance.

Fixation duration indicates how focused an observer
is in a certain region and how deeply the participants
are processing information there (Einhauser, Atzert,
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Figure 9. Example of participant visual heatmap during landing while using touchscreen inceptor across different AOIs.

and Nuthmann 2020; Mahanama et al. 2022). In gen-
eral, the total average fixation duration when using
touchscreen as inceptor was significantly lower than
using sidestick. Fixation durations whilst using the
touchscreen were significantly lower towards the PFD
(56.19ms) and OTW (139.37 ms during non-disturbance
landings), suggesting that participants tended to scan
more frequently rather than fixating on specific areas
for extended periods when using the touchscreen.
Although 50ms may seem brief, it is sufficient for a
saccade to shift the pilot's gaze by approximately
0.25m on a 1-meter-distant display, based on estab-
lished saccade velocity-amplitude relationships (Gibaldi
and Sabatini 2021). This time period is adequate for
transferring attention between different displays or key
information areas. This increased scanning behaviour
could be due to participants needing to be in con-
stant contact with the PFD. During landing with distur-
bance scenario, the fixation durations to OTW were
significantly higher than landing with non-disturbance,
indicating that during less stable landings, participants
need more time to process the information from
outside.

There are several explanations for participants exe-
cuting more frequent, shorter duration fixations to the
PFD whilst using a touchscreen inceptor,: 1) Visual
search requirements: Given the lack of tactile feed-
back, touchscreen interaction may require more fre-
quent visual searches need to find the correct control
locations (W. C. Li et al. 2019); 2) Feedback and

mastery difficulty: Participants may find it challenging
to ascertain the success of touchscreen operation
compared to the operation of traditional sidesticks
which provide immediate haptic feedback (Causse
et al. 2019). This may have led to more frequent fixa-
tions to confirm their operations. 3) Cognitive work-
load: Participants’ shorter fixation durations may reflect
higher cognitive workload, and lower available spare
attentional capacity, imposed by task requirements
demanding visual attention be ‘stretched’ over a phys-
ical area, which in turn compromise participant situa-
tion awareness and task performance in general
(Bednarik, Eivazi, and Vrzakova 2013). Differences in
visual behaviour stem from the nature of interaction
with each inceptor. The touchscreen required more fre-
quent adjustments, leading to shorter fixations on the
PFD, while the sidestick allowed for more intuitive con-
trol with fewer but longer fixations. However, regard-
less of the inceptor used during landing, participants
needed to pay attention to the runway information in
OTW. Due to the need for precise control during land-
ing, the use of touchscreen increased task demands by
requiring constant visual feedback from the PFD, which
resulting in less frequent and shorter duration fixations
to OTW. Overall, the touchscreen inceptor appears to
have a negative impact on situational awareness (SA)
in this context. Contrary to our expectations, direct air-
craft control using a touchscreen may lead to subopti-
mal SA distribution, as increased focus on the PFD
reduces critical attention to the OTW (Peif3l, Wickens,



and Baruah 2018; Ziv 2016). This finding highlights the
need for caution in touchscreen use and design for
aviation applications.

4.2.2. Blink count

The blink count was only significantly impacted by
input mode, indicating that H4 was accepted. Blink
frequency has long been recognised as correlating
with cognitive workload, whereby high workload may
lead to a higher blink frequency (Pfleging et al. 2016),
as our findings reaffirm. The results showed that
participants produced more blinks when using touch-
screen inceptor compared with using sidestick, indi-
cating that participants experienced higher workload
when using touchscreen inceptor (Chen and Epps
2014). This workload finding is in keeping with the
current OTW fixation duration findings, as well as the
SART demand scale results. However, blink frequency
was not significantly different between the landing
with non-disturbance scenario. This implies that the
increased disturbance may not have a significant
effect on workload since the blink count could reflect
the workload level (Chen and Epps 2014; Pfleging
et al. 2016; Shuang, Xiaoru, and Damin 2014). However,
there is some conflict with the performance results:
participants’ performance was significantly lower in
the disturbance case than in the non-disturbance
case. A possible reason for the decrease in perfor-
mance may be the lack of situation awareness: com-
bined with the distribution of fixation, the increased
importance of external information in the disturbance
situation further squeezed participants’ attentional
resources, resulting in a decrease in the participants’
level of situation awareness.

4.3. Situation awareness affected by touchscreen
and disturbance

The Situation Awareness Rating Technique (SART), a
reliable subjective measure of situation awareness,
was employed in this study to assess participants’
awareness during landings using different control
interfaces. The results of SART total score revealed the
hypothesis H2 was accepted: SART scores were signifi-
cantly higher when participants used the sidestick
compared to the touchscreen inceptor, but this effect
was specific to non-disturbance landings (H2b). The
reason why the touchscreen inceptor resulted in worse
subjective SA stemmed from its higher attentional
demand cost associated with its operation, confirmed
by both the SART-demand results and by participant
gaze behaviours. Consequentially, participants likely
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experienced ‘attention tunnelling, as the participants
needed to obtain not only general flight information
from the PFD, but also feedback after they had per-
formed the flight controls (Choi, Ahn, and Seo 2020;
Endsley, Bolte, and Jones 2003).

Although the performance of the touchscreen as an
inceptor are currently unsatisfactory, the results of the
SART’s component show that the touchscreen inceptor
has advantages in providing a good SA environment for
pilots. Considering the three dimensions of SART, we
can further analyse where the advantages and disad-
vantages of the touchscreen inceptor lie. Firstly, the
interaction effects from the SART GEE results indicate
that the increase in attentional demand, and the corre-
sponding decrease in SA, driven by the presence of the
disturbance was less severe when using the touchscreen
compared to the side stick. In addition, a slight, yet not
significant, improvement between trials was observed
in SA supply for the touchscreen over the sidestick. The
results indicate that whilst using the touchscreen incep-
tor SA supply levels were maintained between trials.
These observations align with the aim of our research
to explore the potential of touchscreen inceptors for
efficient information integration. While previous studies
have suggested that the highly integrated nature of
touchscreens can positively influence both SA and pilot
performance when used as advanced input devices
(Dodd et al. 2014; van Zon et al. 2020), our findings
suggest that touchscreen inceptors possess a degree of
comparability, and even superiority, compared to tradi-
tional controls. The potential advantages in information
integration require further experiments to validate and
explore. However, based on the overall SART total and
demand scores, the touchscreen inceptor is still in an
immature stage. This new type of control is very unfa-
miliar to the participants and due to the lack of physical
feedback (Watkins et al. 2018), the participants needed
to spend more effort confirming discrepancy between
their inputs and the actual outputs, which leads to
higher demand scores and lower total SART scores
compared to sidestick. Additionally, the reversed pitch
control logic implemented in this study likely increased
cognitive workload and contributed to control errors
such as overcorrection or delayed responses, resulting
the high demand scores observed for the touchscreen
inceptor. This study could not isolate the specific impact
of the reversed pitch control logic from other factors,
such as interface familiarity or tactile feedback, on pilot
performance and situational awareness. However, future
research could investigate the influence of input logic
on pilots with varying levels of experience to better
understand how conventional and reversed control
schemes affect operational efficiency and cognitive
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workload. In further optimising the touchscreen incep-
tor, greater consideration for providing feedback to
enhance the pilot’s perception of input-output feedback
is required. An emerging research area addressing the
lack of haptic feedback been studying the benefit of
integrating electrovibration response signals within the
touchscreen surface itself (K. Kim et al. 2021; Sadia et al.
2022; Vardar et al., 2017; Vuik, Pool, and Vardar 2024).
Indeed, future research has already been proposed to
examine of electrovibrational feedback on flightdeck
touchscreen devices can be perceived under different
turbulence conditions (Vuik, Pool, and Vardar 2024).

4.4. Limitations and future directions

This research aimed to explore pilot manual flying
performance, attention and situation awareness
during an approach and landing task whilst using a
touchscreen inceptor. However, there are several lim-
itations in this study. First, due to the small sample
size of participants, the generalisability of the experi-
mental results to individuals with different levels of
experience (such as highly experienced pilots, flight
trainees, or non-pilots) is limited. While the prelimi-
nary results indicated no significant differences
between experienced and non-experienced pilots,
the study did not fully account for nuanced differ-
ences that may arise from familiarity biases or chal-
lenges related to the inverted mapping design. Future
studies should incorporate flight experience as a fac-
tor in more comprehensive statistical models to
explore its potential interaction with other variables.
Second, the touchscreen inceptor setup is experimen-
tal in this study. While we chose to combine the
touchscreen inceptor with the PFD, alternative display
configurations (such as providing a unique touch-
screen display panel), varying the touchscreen’s
responsiveness, or providing haptic feedback, could
also influence performance. Additionally, the lack of
physical support for the elbow or fingers, as explored
in earlier studies (Asakawa, Dennerlein, and lJindrich
2017), may affect usability and performance and
cause fatigue, suggesting the need for further ergo-
nomic optimizations.

Another critical limitation of this study is the poten-
tial confounding between participants’ unfamiliarity
with the touchscreen inceptor and the reversed control
logic implemented for pitch control. This design choice,
while intentional, may have influenced performance
outcomes, making it difficult to disentangle the specific
contributions of these two factors (Wang et al. 2024).
Future studies should aim to separate these effects, for
example, by providing more extensive training to

participants on the touchscreen inceptor or by testing a
control logic closer to conventional designs.

Additionally, the use of a non-moving simulator
presents another limitation. While the experimental
setup employed a pure interference signal to simulate
disturbance, it does not account for performance
under mixed vibration and disturbance conditions, or
under pure vibration alone. The use of a touchscreen
inceptor could be significantly hampered in the pres-
ence of turbulence or other vibrations, which would
affect usability and control accuracy (Vuik, Pool, and
Vardar 2024; Wynne et al. 2021). Future research should
address this limitation by utilising motion-enabled
simulators to more closely approximate real-world con-
ditions and evaluate the touchscreen inceptor’s perfor-
mance in dynamic environments.

Future studies should explore various configurations
and integration methods for touchscreen inceptors,
potentially incorporating additional ergonomic features
such as elbow or finger support to enhance performance.
In particular, methods to minimise discrepancies between
touchscreen controls and traditional sidesticks, such as
electrovibrational feedback to simulate resistance forces,
could be investigated to improve tactile response and
control fidelity. Furthermore, the experimental setup may
not fully reflect real-world applications, so experimenting
with different integration approaches for touchscreen
inceptors and evaluating their impact on usability will
provide more insights into optimising these controls.
Finally, incorporating more extensive eye tracking data
could improve our understanding of gaze patterns and
their effects on performance. Utilising machine learning
and deep learning techniques for data analysis and pre-
diction could offer deeper insights and more accurate
assessments of pilot behaviour and performance. These
methods have the potential to uncover more subtle pat-
terns and relationships in the data that may not be appar-
ent through traditional analyses. For example, using deep
learning it is possible to combine eye tracking data with
other data to achieve multimodal analyses, which can be
used to predict pilot performance under different condi-
tions, or to identify specific gaze patterns associated with
higher cognitive load. Addressing these limitations in
future research will contribute to a more thorough under-
standing of touchscreen inceptors and their effectiveness
in aviation settings.

5. Conclusions

The findings of this research highlighted the potential dif-
ficulties of using touchscreen inceptors, whilst also
demonstrating the benefit of using objective measure-
ments - such as eye tracking - in experiments and its



potential for explaining the performance and situation
awareness. As touchscreen technology matures and
becomes more widely used in flight decks, exploring its
scope of application, and analysing its advantages and
disadvantages is an indispensable part of future flight
deck design. The results support some of the research
hypotheses, of particular interest is the significant effect
of input mode on participants’ overall manual flying per-
formance, visual behaviours and situation awareness. The
touchscreen inceptor in this research showed that cur-
rently the use of touchscreen as an inceptor is still very
immature that is limited by: insufficiency of haptic feed-
back, current pilot training modes and familiarity with
touchscreen, its potential for manual performance to be
significantly more impaired by challenging flying environ-
ments (i.e. during a disturbance) and through fatigue
which is more likely to occur when manoeuvring for long
periods of time. Therefore, the use of touchscreen as the
main inceptor is still far away. However, the potential
information integration advantage of touchscreens,
reflected by the resistance of subjective SA to environ-
mental changes imposed by disturbance flying conditions,
beckons the need for further research to understand the
full scope of advantages the application of touchscreens
can deliver within the flight deck environment. By analys-
ing the different dimensions, it can be found that there is
a significant relationship between visual behaviours and
pilot performance, pilot situation awareness, and the use
of eye tracking can be effective in analysing human sys-
tem interaction efficiency. The multi-dimensional analysis
approach used in this paper provides an effective analyti-
cal approach for future touchscreen application and eval-
uation studies in the flight deck.
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Appendix

Appendix A. The Mean and standard deviation of participants’ RMS, touchdown location error and max G-force when using sidestick and
touchscreen in both landing with disturbance and landing with non-disturbance scenarios.

sidestick touchscreen
RMS Location Error G-force RMS Location Error G-force
landing with non-disturbance 142.30(138.76) 253.43(226.04) 3.49(3.64) 261.89(192.95) 217.26(199.53) 22.86(48.98)
landing with disturbance 255.91(289.16) 287.18(298.52) 5.39(4.89) 300.61(138.04) 342.76(340.36) 10.96(7.55)

Appendix B. Situation awareness rating technique

Situation Awareness Rating Technique

Demand

instability of situation

low high
©) ©) O @) ©) ©) ©)
Variability of situation

low high
O O o O O O O
Complexity of situation

low high
©) O O @) @) ©) @)
Supply

Arousal

low high
©) ©) O ©) ©) ©) ©)
Spare mental Capacity

low high
O O o O O O O
Concentration

low high
©) O O @) @) ©) @)
Division of Attention

low high
O O o O O O O

Understanding

Information Quantity

low high
O O O O O O O
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Appendix C. The disturbance signal over time when using sidestick (a) and touchscreen (b)
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Appendix D. Corrected quasi-likelihood under the independence model criterion for all models

Metric Corrected Quasi-likelihood under the Independence model Criterion
model normal (identity) Gamma (identity)

Performance 2427537 13.63
Proportion of Fixation Count

PFD 14.03 14.03
oTW 13.21 13.21
FD 499598.01 10.43
PFD 5512774.75 10.58
oTW 458668.66 10.47
Blink 55556.67 61.30
SART 6436.67 74.36
SART-D 1617.24 18.37
SART-S 1512.00 11.97

SART-U 1642.57 19.32
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