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Abstract The research on motion sickness and the work on effective countermeasures has gained addi-
tional attention due to the ongoing development of highly automated driving vehicles. In order to under-
stand the phenomenon of motion sickness better and support the testing, this work sheds lights on motion
sickness and multiple factors connected to it: The relation between the development of carsickness and
testing environment itself is explored as well as their connection to psychological factor. Simultaneously,
carsickness is often stimulated by non-driving-related tasks (NDRTs), while publications have shown dif-
ferent effects on motion sickness by various NDRTs. Therefore, it is also investigated whether the optical
flow influences carsickness. Lastly, it will also be investigated whether there is an effect on performance
caused by carsickness across different testing environments. 47 participants participated in an within-
study in a vehicle either driving on a public road or on a test track. While administering comparable
accelerations and two randomly assigned NDRTs, carsickness, psychological factors and performance
was measured within these environments. The results indicate that it was possible to set-up rides in both
environments which led to comparable motion sickness stimuli based on the vehicle accelerations. The
optical flow did not lead to different carsickness. At the same time, few differences could be found among
psychological factors, although they do not indicate that the transfer of results between testing environ-
ments would not be valid. Lastly, cognitive performance was affected by the two testing environments
with regard to the reaction time. This work elucidates on the one hand that multiple factors influence
motion sickness, though much remains, yet, to be understood. On the other hand, the feasibility of con-
ducting comparable studies in different testing environments is shown. If the transfer of such is fully
realized, motion sickness research can proceed in an effective and intertwined way.

Keywords Motion Sickness, MISC, Optical Flow, Psychological Factors, Performance, Testing
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Highlights

– Average and individual carsickness were comparable across both environments.
– Psychological factors were comparable across environments except trust, which was reduced on test-

track
– Carsickness correlated similarly with pleasure and perceived safety across both environments, but not

with acceptance and trust.
– Video optical flow did not significantly impact carsickness.
– Carsickness effect on cognitive performance was comparable across environments.

1 Introduction

Automated vehicles (AV) are set to be revolutionary, shifting how the average vehicle is utilised and
offering great benefits to the society (Bansal et al., 2016; Fagnant and Kockelman, 2015). The possibility
to comfortably engage in non-driving related tasks (NDRT) is expected to be at the forefront for their wide
acceptance. Yet, major challenges remain to address carsickness in AVs. Extensive research with human
experiments is being carried out in different settings to understand the occurrence of carsickness and
eventually develop countermeasures to mitigate it in the context of AVs (Emond et al., 2024). However,
standardization efforts for carsickness research are scarce (Bos et al., 2022), making it difficult to compare
results between studies. This study therefore focuses on deriving methodological considerations about
different settings (testing environment, psychological factors, engagement in NDRTs and others) and
advancing the comparability between carsickness studies.

Testing environments for carsickness need to balance two requirements: replicability and realism.
The motion stimulus shall be maintained as constant as possible across participants and conditions, espe-
cially when comparing different countermeasures or observing passenger behavior across multiple trips.
At the same time, the findings should be applicable to real-world driving situations. Common testing
environments for carsickness research are driving simulators, test-tracks, or public roads, which achieve
different compromises among these requirements. However, simulators even employed with advanced
motion cueing algorithms (Khusro et al., 2020), have been shown to provoke lower MS levels compared
to on-road driving (Dam et al., 2024; Mühlbacher et al., 2020; Talsma et al., 2023). This indicates that
in-vehicle tests, either on test tracks or public roads, more realistically assess the occurrence of carsick-
ness. Despite securing the most realistic study environment, on-road testing raises the risk of accidents
and requires costly resources, especially when testing AV prototypes. To achieve replicability in manual
car rides, training drivers is important to ensure consistent driving behavior (Bengler et al., 2019). Even
with trained drivers or fully automated vehicles, driving behavior in public road studies is not consistently
reproducible due to unexpected dynamic events (vulnerable road users, other vehicles, traffic lights etc.).
These elements cause a lack of replicability (internal validity), while, interestingly, they are indispensable
components of reality, and therefore increase the external validity. In contrast, studies on test tracks lack
the external validity of varying driving behavior while allowing high replicability. This makes large test
tracks a feasible solution for testing (Jones et al., 2019; Brietzke et al., 2021). However, not all researchers
have access to test tracks, they are relatively cost-intensive and the complexity of on-road driving is miss-
ing. In order to bridge the gap between studies on test tracks and public roads, this study aims to explore
the effects of the testing environment on carsickness occurrence.

Besides the effect of the testing environment on the occurrence of carsickness, the participants’ psy-
chological state is critical. Comfort while being driven by AVs is a highly complex concept (Peng et al.
(2024a)) and is affected by environmental, physical (Papaioannou et al. (2025)) and psychological fac-
tors (privacy, trust (Elbanhawi et al. (2015); Paddeu et al. (2020)), perceived safety (He et al. (2022)),
naturalness (Peng et al. (2024b)), engagement in NDRTs (Metzulat et al. (2024)) and situation aware-
ness, arousal, personality and others). The impact of these factors is well-studied with regards to comfort.
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However, taking part in an experiment that involves automated driving could be associated with some
kind of excitement due to the novelty of the technology and the high expectations that go along with it.
To our knowledge, no study has yet investigated the effect of psychological factors on the occurrence
of carsickness as well as the effect these factors have depending on the testing environment in on-road
experiments. The current study puts a specific emphasis on the latter.

Non-driving related tasks are also of special importance when conducting carsickness studies. Many
researchers use different non-driving related tasks to help induce higher levels of carsickness in exper-
imental studies. Common naturalistic tasks include reading (e.g., Karjanto et al. (2021); Kremer et al.
(2022); Tomzig et al. (2023)), video-watching (e.g., Brietzke et al. (2021); Mühlbacher et al. (2020); Taj-
dari et al. (2025)), gaming (Talsma et al. (2023)) and quizzes (Jain et al., 2023). Although more seldom,
standardized tasks, i.e. static visual or auditory tasks have been implemented, too (Kuiper et al. (2018),
Metzulat et al. (2024)). Research findings focusing on the relationship between carsickness and NDRTs
underline the different influences on motion sickness between the various tasks (Isu et al., 2014; Mo-
rimoto et al., 2008; Metzulat et al., 2024). Nevertheless, to make a further step towards clarifying the
importance of different elements in NDRTs on motion sickness, the current study concentrates on the
effect of visual tasks with varying optical flow.

Carsickness might not only compromise AVs utility, but might also cause safety issues by impairing
cognitive performance ((Diels and Bos, 2016; Emond and Zare, 2024)). In conditional automation, the
driver still needs to be able to take over the car safely, e.g. in an emergency situation. If the driver develops
symptoms of carsickness during the automated ride, e.g. due to NDRT engagement, the ability to react
adequately and quickly might be impaired. Such a reduction in reaction capability could lead to safety-
critical situations. Simulation sickness, sea sickness or cybersickness have shown performance decreases
in visual (Bos, 2004; Bos et al., 2008; Golding and Kerguelen, 1992; Kaplan et al., 2017) and physical
performance (Smyth et al., 2019a) as well as prolonged reaction times (Nalivaiko et al., 2015; Nesbitt
et al., 2017; Bos, 2015; Smyth et al., 2019a). A test-track study, which investigated the effect of two
different driving modes resulting in two carsickness levels on a simple tactile reaction task found higher
reaction times in the mode with higher carsickness compared to the other mode with less carsickness,
however there was no significant correlation of carsickness level and reaction times (Kantusch, 2023). As
the underlying mechanisms and symptoms differ between different types of motion sickness, it should
be investigated whether these effects are also present for carsickness. Metzulat et al. (2025) showed no
significant negative effects of carsickness on performance in a visual search task, but significant negative
effects of carsickness on reaction times in a simple reaction task. The performance data was partly re-
trieved from the here presented study and was pooled with data from another study, which was identical
regarding the performance tasks, to strengthen the robustness. Additionally, hand-eye coordination was
significantly impaired with increasing carsickness, while there was only a tendency for impairment of
mental rotation with carsickness (Metzulat et al., 2025). However, that analysis did not take into account
the study setting, being test-track or on-road testing. Therefore, in this paper, we will examine whether
performance and the effect of carsickness on it differs between on-road and test-track conditions. We as-
sume that differences in performance level could exist regardless of carsickness, as psychological states
such as arousal may differ. However, the effect of carsickness on performance should be consistent in
both environments.

To sum up, this study aims to explore which methodological aspects affect the assessment of carsick-
ness across different testing environments (on-road and test-track), when horizontal accelerations as a
function of time are replicated and occupants have internal vision. Driven by this objective, the following
research questions (RQ) were defined:

RQ1. How differently does carsickness occur across different testing environments?
RQ2. What is the variation of various psychological factors (before and after the experimental procedure)

across different testing environments?
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RQ3. To what extent is the relation different between various psychological factors (before and after the
experimental procedure) with carsickness across different testing environments?

RQ4. What is the effect of the optical flow of visually engaging non-driving related tasks on carsickness
across different testing environments?

RQ5. What is the variation of the cognitive performance across different testing environments?
RQ6. To what extent is the effect of carsickness on cognitive performance different across different testing

environments?

This paper will focus on RQ2-RQ5. RQ1 is also briefly addressed in (Harmankaya et al., 2024), which
developed and validated the methodology around replicating on-road carsickness exposure. However, the
current paper explores the influence of the testing environment in detail. RQ6 is also partially addressed in
Metzulat et al. (2025), where the correlation between carsickness and cognitive performance is explored,
but the effect across testing environments is presented here.

2 Methods

The experiment followed a 2x2x2 within-subject design. Testing environment, NDRT and performance
tasks were the independent variables. The sequence of the testing environment, NDRT and performance
tasks was randomized to counteract possible order effects.

2.1 Ethics statement

The experiment was performed in accordance with the Declaration of Helsinki. The study was approved
by the Human Research Ethics Council of Delft University of Technology (Delft, The Netherlands; ap-
plication number 3598). All participants gave their written informed consent prior to participation in the
study. Participants received a compensation of 50 euros.

2.2 Participants

Participants were selected based on a screening survey 1 of more than 300 respondents. The questionnaire
aimed at exploring the users’ background on: motion sickness (demographic characteristics and motion
sickness experience), non-driving activities while being driven, socio-demographics, driving experience
and mobility, automation experience, general attitudes towards technology, personality. The survey results
are not part of this work, and were collected in the scope of the Hi-Drive project. Fourty-seven participants
(17 males, 29 females, 1 non-binary) took part in the experiment. They were preselected from the survey
pool based on age, gender and motion sickness susceptibility. The participants’ age ranged from 17 to 68
years (M = 29.30 years, SD = 13.01).

To assess susceptibility to MS, the Motion sickness susceptibility Questionnaire short-form (MSSQ-
Short) was administered. The overall MSSQ-Short Score as well as the item regarding the experience of
carsickness in the past ten years were weighted equally to assess the current theoretical susceptibility to
carsickness. Depending on this score, participants were assigned to one of five categories, as described
in Pham Xuan (2023). In order to prevent high drop-outs due to severe carsickness symptoms and at the
same time to have participants that at least experienced carsickness to a certain extent, participants with
very high susceptibility (category E) as well as participants with very low susceptibility (category A)
were not invited to take part. It was aspired to mainly invite participants that met the criteria of categories
C and D but in order to fill the participant pool, six additional participants of category B were invited.

1 https://tudelft.fra1.qualtrics.com/jfe/form/SV_5o7eClwKlADhR7E

https://tudelft.fra1.qualtrics.com/jfe/form/SV_5o7eClwKlADhR7E
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Across all invited participants, the mean MSSQ-Short value was 12.97 (SD = 5.99). This translates to a
55.90% percentile or rather a range of 44.96% to 65.57%. So, in general, susceptibility was slightly above
average and within a limited range.

2.3 Experimental procedure

Prior to the first experimental session, the participants were informed about the general aim of the study,
and gave their written consent. Then, participants filled out a pre-questionnaire 2 consisting of: Part 1:
Anthropometrics, Part 2: Self Assessment Manikin (SAM) questionnaire (more information in 2.6.2), and
Part 3: Motion sickness assessment questionnaire (MSAQ). Anthropometric data was measured for a few
participants who were selected, aiming for gender balanced measurements to record human body dynam-
ics while being driven by wearing the XSENS Motion Capture Suit. These participants were introduced
to the XSENS system and calibrated it together with the experimenter. Finally, participants were made
familiar with the performance task (see Section 2.6.3). They could practice it for two minutes, and then
their pre-drive performance was collected in four minutes.

Thereafter, the first experimental session commenced. Participants either experienced the on-road or
the test-track condition first. As stated, they gave their carsickness level on the MISC every minute. After
reaching the end of the path in both testing environments or after stating a MISC level of 6 or higher,
the carsickness accumulation phase terminated. Participants were then required to fulfill the post-drive
performance task for four minutes directly after their latest MISC measure to ensure that the perfor-
mance task was conducted at the highest possible level of carsickness. Thereafter, participants filled out
a post-questionnaire 3, which consisted of Part 1: SAM questionnaire, Part 2: Comfort (2.1 MSAQ, 2.2
Acceptance, 2.3 ARCA), Part 3: Trust and Part 4: Perceived Safety. More details about the questionnaires
are in Section 2.6.2.

Participants were invited to the second session with a gap of four to five days after the first session to
avoid habituation effects. However, due to time limitations, the last five participants were invited with a
smaller gap (approx. 1-2 days). The average gap across all participants was four days. The second session
followed the same procedure as the first session.

2.4 Testing environment and vehicle

The on-road condition was carried out on a predefined urban and interurban route through and around the
city of Delft, the Netherlands, with medium to high traffic density (see Fig. 1, left). The route contained
sections with velocities of up to 80 km/h, but also slower sections due to school districts and residential
areas with ample longitudinal and lateral acceleration phases due to traffic lights, turns and bends. The
route took approximately 25 minutes to complete. Thus, there was enough time for the accumulation of
carsickness.

In the on-road condition, due to regulatory constraints, the vehicle was manually driven by the safety
driver. In total, three safety drivers performed the on-road conditions (∼ 15 participants per driver). Prior
to the experiment, the safety drivers completed an intensive training on the on-road course to assure
driving style comparability across the safety drivers and to reduce variability between participant rides.
Moreover, they followed a specific set of driving instructions, e.g., specifying speed limits for certain
sections of the route to further ensure similarity between rides.

To replicate the on-road sickness exposure, the trajectory planning algorithm developed by (Har-
mankaya et al., 2024) was used to track the on-road driving dynamics and transfer them to a compact

2 https://tudelft.fra1.qualtrics.com/jfe/form/SV_4MBauHACisyBUmG
3 https://tudelft.fra1.qualtrics.com/jfe/form/SV_b2RogXUDKppE1xA

https://tudelft.fra1.qualtrics.com/jfe/form/SV_4MBauHACisyBUmG
https://tudelft.fra1.qualtrics.com/jfe/form/SV_b2RogXUDKppE1xA
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Fig. 1: (a) On-road and (b) test-track condition.

test-track. This was done with Nonlinear Model Predictive Control, which focused on tracking the longi-
tudinal and lateral accelerations from driving dynamics data gathered from multiple drives by the three
safety drivers. The algorithm also considered various constraints about the feasibility of the design path
and the required dimensions of the compact test-track.

The test-track condition took place at a small parking lot (70 by 175 meters) at Hoek van Holland, the
Netherlands (see Fig. 1, right). For the period of the experiment, the parking lot was fenced off. Therefore,
there was no other traffic on the parking lot and thus, it represented a test-track surrounding. An E-Golf
equipped with a SAE level 3 automated driving function was used as a test vehicle. The participants were
seated on the front passenger seat, an experimenter was seated at the back to record the participants’
feedback while a safety driver was on the driver’s seat. In the test-track condition, the SAE level 3 system
was activated and the safety drivers only acted as a back-up if the system requested a take-over. Whenever
this occurred, the drivers briefly took over and then immediately transferred the control to the vehicle in
order to ensure a high ratio of automated driving.

The general driving situation of the experimental conditions resulted in 94 (47 on-track, 47 on-road)
sessions, lasting between 4 and 33 minutes. The driven distance in the on-road condition was up to 14.5
km. The planned trajectory on the test-track had a maximum distance of only 4.5 km (Figure 2), since it
was designed to generate a stimulus of the same duration (about 26 minutes) but with lower velocities.
The average speed in the on-road condition was 45 km/h (SD = 17) with a maximum of 86 km/h. In
comparison, in the test-track condition, the average speed was 16 km/h (SD = 8), and the maximum was
about 40 km/h. Additional characteristics are given in Appendix A.1.

Figure 2 shows a minor speed variability between runs (see the grey shaded area), indicating good
replicability within conditions. As expected, replicability was best on the test-track using automation,
whereas replicability was also quite good on-road where test drivers realised a rather consistent driving
style.

The equivalence of the two conditions in terms of vehicle dynamics was evaluated using the motion
sickness dosage value (MSDV) as described in ISO-2631:1997 Organization (1997). More specifically,
we present the MSDV of vehicle accelerations for longitudinal (MSDVun,X ) and lateral (MSDVun,Y ) mo-
tion without the motion sickness frequency weighting (unweighted). This is selected to emphasize the
vehicle dynamics, without assuming the validity of the common approaches in MS filter selection (Pa-
paioannou et al., 2025; Harmankaya et al., 2024). On-road the accumulated MSDVun,X was 30.2 (SD =
7.4) and MSDVun,Y was 31.8 (SD = 8.5). On the contrary, for test-track, MSDVun,X was 16.8 (SD = 4.6)
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Fig. 2: Velocity as a function of distance for (a) on-road and (b) test-track. The grey shaded area represents
the SD per distance interval. Horizontal axis limits are scaled to the maximum distance per condition to
improve visibility.

and MSDVun,Y was 28.0 (SD = 8.6). In order to present a generalizable base for the dynamic stimulus, we
calculated the average MSDV increase per second (Figure 3). This allows comparing any given natural
or artificial ride regarding the given accelerations. However, this approach cannot capture the temporal
motion sickness symptom development especially for longer stimulation’s (larger than 5 minutes) that are
characterized by varying phases within a stimulation.

Fig. 3: Trip wise relative MSDV per second, clustered per axis of measurement and condition. Note:
Maximum unweighted MSDV per session is divided by the total duration per session resulting in a repre-
sentation of a comparable dynamic stimulus. Outliers occur due to large MSDV increase in the first half
of the trajectory and occasionally early termination, which results in a higher relative MSDV per second.

2.5 Non-driving related task

We explored two video watching NDRTs, where participants watched Two videos from the same genre on
a tablet held with the hands on the lap. Both videos depicted sporting events (a tennis and an ice-hockey
game) to arouse similar emotional levels. To validate the differences in the visual dynamics (see Figure 4),
the videos were analyzed regarding their respective optical flow using the Computer Vision Toolbox
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(MathWorks 2022) prior to the experiment based on the Farnebäck method (Farnebäck (2003)). The
difference in optical flow between the more dynamic ice hockey video (M = 2.5∗106, SD = 2.12∗106)
and the more static tennis video (M = 1.04 ∗ 106 , SD = 2.54 ∗ 106) was statistically significant when
calculating a one-sided t-test with a medium to large effect size, t(104400) = 110.39, p < .001, d =
−0.63.

To ensure and assess the participants engagement on the NDRTs, the videos were edited and included
unexpected events. More specifically, a ball overlapped the tennis ball or hockey puck at random mo-
ments. The participants were required to count these events to verify their engagement in the NDRT. In
total, sixteen events took place in both videos until the 25th minute. Their focus level during the ride
was similar in both conditions and relatively high. More specifically, the participants counted on average
15.81 and 14.70 out of 20 events in total during the on-road and test-track condition. The differences
between the counts could also have been caused by shorter driving times due to an early reaching of the
termination criterion.

Fig. 4: Optical flow of the ice hockey and the tennis video

2.6 Dependent variables

2.6.1 Carsickness

To measure carsickness during the actual experimental rides, the misery scale (MISC; (Wertheim et al.,
2001; Bos et al., 2005)) was used. Here, ratings from 0 - no problems to 10 - vomiting can be given.
Participants were asked to verbally give their subjective motion sickness rating on the MISC scale once
every minute. Additionally, participants were motivated in the general briefing to report changes in MISC
at any time in between the one minute intervals. If participants reached a value equal to 6 (little nausea) or
higher, the experimental session was terminated immediately. This was done due to ethical concerns. To
analyze the MISC ratings between the conditions, the following procedure was implemented: If multiple
ratings were recorded within a minute, only the first rating was evaluated. If no measurement was recorded
in a given minute, the last MISC rating prior to that minute was used. As stated, if participants reached a
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MISC rating of 6, the experimental session was terminated. In such cases, the rating of 6 was sustained
and continued until the 25th minute, corresponding to the average ride duration. Furthermore, motion
sickness prior to and after each session were assessed with the motion sickness assessment questionnaire
(MSAQ), which includes sixteen items regarding motion sickness symptoms that are rated on a 9-point
scale ranging from “not at all” to “severely” (Gianaros et al., 2001). Due to a mistake, one item was
excluded (I felt queasy (G)) hence we calculated MSAQ as a percentage from the fifteen items.

2.6.2 Psychological factors

To investigate the psychological factors between the two testing environments, we focused on aspects of
emotion (pleasure, arousal and sense of control) (Part 1), acceptance (Part 2.2), comfort (Part 2.3), trust
(Part 3) and perceived safety (Part 4). In Part 1, the self-assessment manikin (SAM) was completed by
the participants prior to and after each experimental session (Bradley and Lang, 1994). The SAM is a
non-verbal questionnaire that uses pictograms to measure affect and feelings to an exposure. There are
three dimensions: Pleasure, Arousal and Sense of control. Each dimension was measured in nine stages.

Acceptance, comfort, trust and perceived safety were measured after each session. In Part 2.2, accep-
tance was conceptualized as attitude towards the systems. The questionnaire clarified to the participants
that as system they should consider either the SAE Level 3 automated system or the human driver. Hence,
the van-der-Laan questionnaire was implemented (Van Der Laan et al., 1997). The scales are split into two
subscales: usefulness and satisfaction. Thereby, scores, differing from the original publication, ranged on
a 7-point Likert scale from −3 (low) to +3 (high). In Part 2.3, comfort was examined with selected ques-
tions from the automated comfort assessment questionnaire (ARCA, (Marberger et al., 2022)). The items
were selected to fit the remaining questionnaire and both environments, the automated ride as well as the
manual ride. Altogether twelve items regarding psychological and physical aspects were used from the
ARCA. These are rated on a 7-point Likert scale. In Part 3 and 4, trust and perceived safety were assessed
using five and seven respective items ranging from strongly disagree (1) to strongly agree (5) on a Likert
scale. The items were partly derived from a survey by Nordhoff et al. (2021) developed for passengers of
partly automated cars. In the analysis of these items, if necessary, scales were reversed so that an increase
of any metric would indicate an improvement. Part 3 and 4 were aligned with the post-questionnaire
generated to assess trust and perceived safety in the scope of the Hi-Drive project (Madigan et al., 2023).

2.6.3 Cognitive Performance

To measure cognitive performance, a visual search task and a simple reaction task were performed pre-
and post-motion exposure. The Surrogate Reference Task (SuRT; (Mattes and Hallén, 2009)) was used
to assess visual performance. The simple reaction task, based on a go/no-go paradigm (Donders (1969)),
measured reaction times to sudden events. For both tasks, mean reaction times as well as the accuracy
rate per block were analyzed. There were four blocks for each task of 1 minute, two for each difficulty. In
each session, only one of the two tasks was completed pre-drive without carsickness and post-drive with
carsickness. The task per test condition was randomized and balanced across all participants. The tasks
were used according to Metzulat et al. (2025).
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3 Results

3.1 Carsickness occurrence (RQ1)

The paper explored the variation of carsickness across different testing environments (RQ1). The overall
MISC over both environments was 1.44 (SD = 1.52). The descriptive results of the MISC ratings over the
duration of the rides are presented in Figure 5a.

With regard to the environmental conditions the average MISC in the on-road condition (M = 1.43,
(SD = 1.47) was similar to the test-track condition (M = 1.45, SD = 1.58). In both conditions, on average,
an increase of the MISC ratings could be observed throughout the respective sessions. Additionally, the
number of drop-outs was almost evenly distributed between the on-road (N = 8) and the test-track (N =
6) condition and the number of participants reporting no carsickness during the whole ride in the on-road
condition (N = 4) was similar to the test-track condition (N = 3). To confirm the descriptive analysis of
the MISC data, a rmANOVA with session duration and condition as main factors was completed: No sig-
nificant difference between the environments was revealed (F(2,47) = 0.79, p = .75). Furthermore, the
MSAQ analysis (post-questionnaire, Part 2.1) also illustrated no significant difference between the two
conditions (Figure 6). Among the four domains, the sopite-related (S) symptoms have higher percentages
(irritation/annoyance, drowsiness, fatigue, uneasiness). The lack of significant difference was also cap-
tured in three out of four symptom domains in MSAQ. Significant differences were only captured on the
peripheral symptoms (W (2,47) = 78, p = .013).

Considering the duration of rides, those which were not aborted due to sickness, took an average of
27 minutes (SD = 1.77, 39 rides) on the road and 26 minutes (SD = 0, 41 rides) on the test-track. Here, a
significant effect of session duration on the accumulation of carsickness could be found when calculating
the rmANOVA (F(2,47) = 70.0, p < .001). The replication of the individual motion sickness occurrence
was also explored through Figure 5b, showing strong agreement at both the extreme ends and lower levels
of MISC. The figure depicts the correlation between individual MISCmax values across two conditions.
The data was fitted using a first-order polynomial model of the form (y = a * x). The best fit was obtained
with a slope of a = 1.028, yielding an adjusted R2 = 0.45 and a statistically significant result (p < .001 ).

The analysis of the maximum MISC and the corresponding MSDV (Figure 7), for example in longitu-
dinal direction, underlines limitations regarding the interpretability of the MSDV in the given experiment.
Sessions with a maximum MISC of zero lead to the highest MSDV. In comparison the MISC Level of
six was in some cases already reached after a stimulation of about 14 ms−1.5. Further trend analysis were
not considered as the goal of the motion stimulation was rather to achieve a high reproducibility, which
cannot be used to analyze the effect of MSDV on motion sickness symptoms.

3.2 Psychological factors (RQ2)

The paper addresses the variation of various participants’ psychological factors before and after the ex-
periment across different testing environments (RQ2). As psychological factors, we explore pleasure,
arousal, sense of control, acceptance (defined by usefulness and satisfaction), Automated Ride Comfort
Assessment (ARCA), trust and perceived safety.

The results of the three dimensions of the SAM (Pre- and Post-Questionnaire, Part 1) for both condi-
tions are given in Figure 8. On average, participants experienced high levels of Pleasure in both condi-
tions. Regarding, their Arousal, participants felt rather calm in both conditions, yet with slightly higher
excitement in the test-track condition, albeit with a large variance in the responses. Finally, with respect
to their Sense of control, participants reported a medium sense of control with slightly higher control-
lability in the on-road condition and again with a large spread in the answers. No significant difference
was identified between the testing environments during pre- and post-experiment. The ensuing statistical
analysis, only revealed a significant effect on arousal (F(1,45) = 7.09, p = .011).
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Fig. 5: (a) Subjective Motion Sickness Rating and Dropouts over Time for the different environments
and (b) Correlation of individual MISCmax between the two conditions. The numbers of duplicates per
coordinate are illustrated in the figure, while the size of the points changes accordingly. The data are fitted
in first order polynomial functions (y = a * x). This figure was extracted from Harmankaya et al. (2024)
for completeness in the analysis.

Fig. 6: Comparison of the four domains of MSAQ Gastrointestinal (G), Central (C), Peripheral (P), Sopite
(S) and total MSAQ. Thin gray lines indicate individual changes between the on-road and test-track
condition. Paired non-parametric Mann-Whitney test significance is presented by ∗p ≤ .05,∗∗p ≤ .01, and
∗∗∗p ≤ .001.

The results of the acceptance measures (Post-Questionnaire, Part 2.2) on the van-der-Laan-scales
were adjusted to a 7-point Likert scale ranging from -3 to 3. Usefulness ratings were slightly positive
and above the scale average in both the on-road (M = 0.73, SD = 0.93) and test-track (M = 0.77, SD
= 0.83) condition, with no significant difference between them. Satisfaction ratings also did not differ
significantly between the conditions [t(45) =−0.05, p = .957], with on-road (M = 0.53, SD = 1.34) and



12 Pham Xuan et al.

Fig. 7: Maximum MISC per trip vs. corresponding MSDV at the time of first occurrence. At the maximum
MISC of 6 the ride was aborted and the maximum MSDV represents the end of the stimulation. In cases
below MISC 6, the overall MSDV per trip can be higher than the displayed maximum MSDV as the first
occurrence of maximum MISC is presented. Points are slightly jittered around the ordinate to improve
visibility.

(a) Pre-condition (b) Post-condition

Fig. 8: Comparison of Pleasure, Arousal and Sense of control (SAM questionnaire) across testing envi-
ronments of pre- (a) and post-ride (b). Thin gray lines indicate individual changes between the on-road
and test-track condition. Paired non-parametric Mann-Whitney test significance is presented by ∗p≤ 0.05
and ∗∗p ≤ 0.01
.

test-track (M = 0.54, SD = 1.22) ratings both being positive and above the scale average. Overall, both
rides were assessed positively.

The ratings on the automated ride and comfort assessment items (Post-Questionnaire, Part 2.3) are
shown in Figure 9. Most items were rated positively in both conditions with only the Predictability (Item
6) on-road and the Fatigue (Item 12) in both conditions being below the neutral rating (4). The Feeling
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Fig. 9: Comparison of the specific comfort assessment items through the ARCA questionnaire across
testing environments. The items refer to: 1: Sense of Safety; 2: Naturalness; 3: Feeling of control, 4:
Travel progress; 5: Workload, 6: Predictability; 7: System Trust; 8: Interference with NDRT; 9: G-Forces
Braking; 10: G-Forces Acceleration; 11: G-Forces Curves; 12: Fatigue. Values are from 1 - Negative to 7 -
positive. Thin gray lines indicate individual changes between the on-road and test-track condition. Paired
non-parametric Mann-Whitney test significance is presented by ∗p ≤ .05,∗∗p ≤ .01, and ∗∗∗p ≤ .001.

of control in both conditions and the Predictability on-road were (close to) neutral (4). Significant differ-
ences between conditions were only identified for the Sense of Safety (Item 1, W (2,47) = 290.0, p =
.039), the Naturalness (Item 2, W (2,47) = 351.0, p = .041), the Predictability (Item 6, W (2,47) =
444.5, p = .003), the Interference with the NDRT (Item 8, W (2,47) = 432.0, p = .047), and G-Forces
Acceleration (Item 10, W (2,47) = 225.5, p = .030).

In order to get a general idea of the relationship between Trust and Perceived Safety, a mean value
per dimension per participant and testing environment was calculated. This approach does not aim to
introduce a new metric, but allows for a general estimation of the influence of the two dimensions
on carsickness across different testing environments. Trust was higher in the on-road condition (M =
4.34, SD = 0.54) compared to the test-track condition (M = 3.87, SD = 0.64), although not signifi-
cantly (z = 1534.5, p < .001). Additionally, Perceived Safety (Part 4) did not differ between conditions
(z = 1132.5, p = 0.694; on-road: M = 4.07, SD = 0.44; test track: M = 4.02, SD = 0.46).

3.3 Psychological factors & carsickness (RQ3)

Following the analysis of the psychological factors by RQ2, the following sections presents the effect of
carsickness on those psychological factors pre- and post-experiment (RQ3).

Regarding the SAM questionnaire (Part 1), it has been measured how the rating in the SAM di-
mensions changed between pre- and post-experiment with the subjective motion sickness (Figure 10).
Therein, the change in Pleasure had a strong significant negative correlation with the maximum ratings
on the MISC scale in both, the on-road (r(186) = 0.40, p < .001, 95% CI [.27, .51]) as well as the test-
track condition (r(171) = 0.34, p < .001, 95% CI [.20, .47]). Hence, participants that reached higher
maximum MISC ratings rated their mood as sadder compared to participants with lower maximum sick-
ness ratings.
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Additionally, the Feeling of being in control was significantly related to motion sickness on the test-
track (r(171) = 0.32, p < .001, 95%CI [.18, .45]).

Fig. 10: The changes of SAM Dimensions over the maximum MISC

In order to estimate the relationship between Usefulness and Satisfaction (Part 2), Trust (Part 3) and
Safety (Part 4) the correlations of the given answers after the ride with the maximum carsickness values
per person were calculated. With regard to the van-der-Laan dimensions Usefulness and Satisfaction,
only Satisfaction in the on-road condition yielded significant correlations. Trust and Perceived Safety
were collected with several items, reflecting the multi-dimensionality and complexity of these quantities.
Next to a question about general trust in the system, Trust was also measured by asking for trust in the
system’s ability to control the car well (keeping it lane centered, maintaining speed and distance to the
car ahead), hesitation to use the system as well as general comfort to use the system. Perceived Safety
estimated by asking for the feeling of safety, comfort, anxiety over the ride. Additionally, items about
specific situations were asked: whether the respondent felt at risk and whether one felt being in danger at
the worst moment. Lastly, it was asked whether the ride felt safer than expected and whether one would
recommend the experience because of its safety. The calculated correlations of all of the described items
regarding Trust and Perceived Safety with the maximum motion sickness can be found in the appendix
A.3. Although the direction of the correlations is mostly negatively related to the experienced maximum
motion sickness, the environments in which these relationships become significant are not consistent.
This inconsistency could indicate that the different aspects of Trust and Perceived Safety are conflicted
with regard to carsickness.

For the analysis of Trust and Perceived Safety with regard to motion sickness, the mean values of the
grouped answers were used (as in Section 3.2). In terms of Perceived Safety, the Kendall-Tau-correlation
between the subjective maximum Motion Sickness and a mean of all the items, showed a significant neg-
ative relationship in both environments (on-road: τ =−0.37, p = .008; test track: τ =−0.36, p = .001).
The same relationship was observed with regard to Trust, although only significant in the test-track con-
dition (on-road: τ =−0.12, p = .439; test track: τ =−0.44, p = .002). In both aspects, Perceived Safety



Test-track and On-road studies: Methodological Insights on the Assessment of Carsickness and its Modulating Factors 15

(a)

0 1 2 3 4 5 6

MISC
max

 [Ice-hockey]

0

1

2

3

4

5

6

M
IS

C
m

a
x
 [

T
e

n
n

is
]

5

3 1

2

1

1

1 2

3

5

1

2

3

31

4

1

2

3

1

1

1

Data points

R
2
=0.45,(y=ax),p<0.001

(b)

Fig. 11: (a) Subjective motion sickness rating and dropouts over time for the different environments
and (b) Correlation of individual MISCmax between the two non-driving related tasks. The numbers of
duplicates per coordinate are illustrated in the figure, while the size of the points changes accordingly.
The data are fitted in first order polynomial functions (y = a∗ x).

and Trust, higher levels of motion sickness were, mostly significantly, associated with lower Perceived
Safety and Trust. The results of the correlations for all items in both aspects can be found in the Appendix
(A.4, A.3).

Twelve items of the ARCA were used to assess the passengers’ comfort. Across all items, it could be
observed that a higher maximum subjective motion sickness leads to a worse rating of the system. How-
ever, across the two testing environments, only five items were significantly influenced (see Section 3.2).
Within these values, Perceived Safety and Interference with NDRT showed a significant negative rela-
tionship in the test-track condition (τ = −0.29, p = .020 and τ = −0.29, p = .014, respectively). The
remaining seven items, which did not become significant in 3.2, are assumed to be disconnected from
the testing environment, although they partly showed a significant relationship to the maximum motion
sickness value. The full table of the calculated correlations is given in the appendix A.2.

3.4 Optical flow of non-driving related tasks (RQ4)

In this section, the effect of the optical flow of visually engaging non-driving related tasks on the occur-
rence of carsickness across different testing environments is explored (RQ4).

The subjective motion sickness ratings for the ice hockey condition averaged 1.43 (SD = 1.54), while
it was 1.44 (SD = 1.51) for the tennis condition. Dropouts almost doubled (from 5 to 9) when participants
watched the ice hockey video with the higher optical flow. The results for the development of the MISC
over time with respect to the experienced NDRT is depicted in Fig. 11a. From a descriptive point of
view, the development over time is comparable up until the 11th minute mark. Thereafter, the tennis
condition had slightly higher MISC values until the end of the experiment. To further analyze the data,
a rmANOVA was conducted. In both NDRT conditions, carsickness accumulated over time at the same
rate, with a highly significant effect of time on the response (F(2,25) = 71.8, p < .001). NDRT as factor,
showed no significant effect of NDRT on the MISC response (F(2,25) = 0.98, p = .47).

Additionally, the motion sickness occurrence between the different NDRTs needs to be observed on an
individual level. Hence, we opt to explore this through Figure 11b, where we see a good correspondence
at the maximum and at low levels of MISC. More specifically, four participants reported no sickness
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and five other participants reached the termination criterion (MISC = 6), on both the ice hockey and
tennis video. The figure presents the correlation of the individual MISCmax between the two conditions,
fitting the data to a first order polynomial (y = a∗ x). The optimal fit is achieved with a = 0.746, with an
adjusted R2 = 0.40, p < .001). Considering the decent R2 and the significance of the result (p < .001),
this implies that the individual MS occurrence (MISCmax) was by around 25% less in the condition with
the ice hockey compared to the one with the tennis video. This results contradict with the non-significant
differences between the average MS occurrence.

3.5 Cognitive Performance (RQ5 & RQ6)

This paper explored the variation of cognitive performance before and after the experiment in relation to
motion sickness (RQ5) and across testing environments (RQ6) is being explored.

For this multilevel analyses, also known as hierarchical, linear models (Hox et al., 2017), were used
due to the repeated measures nested within individuals. As outcome variable, the performance measure
per block for pre- and post-drive was used. The predictor of interest for RQ6 is the interaction of carsick-
ness (MISC level) with the condition (on-road vs. test-track) to check for differences between conditions
regarding the carsickness effect. The condition is also included in the model separately to see the unique
effect on performance (RQ5), as was the factor carsickness. For condition, the on-road condition is labeled
as the reference category. Task performance is most likely also affected by other possible confounding
factors and factors that were intentionally manipulated like the difficulty level of blocks. Therefore, the
time point (pre- vs. post-drive) with pre-drive being the reference category is included as predictor to
control for the confounding effect of time as well as the difficulty level with the easy condition as ref-
erence category. One model for each task and dependent measure was calculated. As the significance of
carsickness and its interaction with the study condition as a predictor of task performance is of interest,
we choose not to report model fit tests. For further details on the used method see Metzulat et al. (2025)
who applied the same analysis on the same tasks. Table 1 shows the models for each task and criteria.
Each model includes N = 376 observations. Fig.12 and 13 show the predicted values (simple slopes) of
the interaction effect of carsickness and condition with 95% CI for reaction times (a) and accuracy rates
(b).

Table 1: Regression results of visual search task and reaction task

Visual search task Reaction task
b 95% CI β p b 95% CI β p

Criterion Predictor LL UL LL UL
Reaction (Intercept) 3068 2741 3396 -0.54 < .001 516 492 540 0.3 <.001
time [ms] Carsickness -42 -140 57 -0.05 0.405 14 5 23 0.25 0.002

Condition 383 -74 840 0.23 0.1 -35 -67 -3 -0.56 0.03
Carsickness -78 -208 52 -0.09 0.237 -10 -20 1 -0.17 0.076
*Condition
Time Point -213 -425 1 -0.17 0.049 -17 -34 -1 -0.21 0.039
Difficulty 1308 1143 1473 1.03 < .001 19 6 32 0.23 0.004

Accuracy (Intercept) 98.54 96.42 100.66 0.32 < .001 98.26 96.72 99.8 -0.06 <.001
rate [%] Carsickness 0.47 -0.21 1.15 0.1 0.176 -0.53 -1.28 0.21 -0.13 0.16

Condition -1.58 -4.51 1.35 -0.25 0.198 0.99 -0.93 2.91 0.25 0.31
Carsickness -0.21 -1.11 0.69 -0.04 0.644 0.5 -0.39 1.4 0.12 0.269
*Condition
Time Point -0.2 -1.67 1.28 -0.03 0.794 0.93 -0.51 2.37 0.15 0.207
Difficulty -2.79 -3.94 -1.64 -0.38 < .001 -1.99 -3.18 -0.8 -0.32 0.001

Notes:b represents unstandardized regression weights; 95% CI: 95% confidence interval of b; β represents the standardized
regression weights; Significant effects between predictors of interest and the respective criteria are printed in bold; respec-
tively; LL and UL indicate the lower and upper limits of a confidence interval
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(a) (b)

Fig. 12: Visual search task: Simple slopes with 95 CI marked for interaction effect of carsickness and
condition on reaction time (a) and on accuracy rate (b).

(a) (b)

Fig. 13: Reaction task: Simple slopes with 95% CI marked for interaction effect of carsickness and con-
dition on reaction time (a) and on accuracy rate (b).

The difficulty level predicted the performance of all criteria significantly, showing that the manipula-
tion was successful. The effect of difficulty and time point are not interpreted further as they were only
included in the model to control for their confounding effect. When controlled for the other predictors,
carsickness did not significantly predict the accuracy rate in either task. The same applies for the condition
and interaction of both factors. Neither carsickness, condition nor their interaction significantly predicted
reaction time in the visual search task. Thus, performance did not differ significantly between on-road and
test-track in visual search. However, in the reaction task carsickness and condition predicted the reaction
time significantly. The model predicts that the reaction time increases by approximately 14 ms for each
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point increase on the MISC scale. This means that reaction times are increasing with increasing carsick-
ness level when reacting to sudden events. The model further predicts the reaction time to decrease by 35
ms in the test-track condition compared to on-road. The interaction of interest (carsickness*condition) is
slightly not significant. So, the effect of carsickness on performance was not significantly different be-
tween the two study conditions in either task. However, looking at the simple slopes in Fig. 13a there is
a tendency (p = .076) that reaction times in the simple reaction task are predicted to increase stronger in
the on-road condition compared to the test-track condition.

4 Discussion

4.1 Carsickness (RQ1)

The experimental set-up generally led to motion sickness, measured on the MISC, comparable to other
working groups (Bos et al. (2005): motion simulator, Irmak et al. (2025): vehicle on public roads). The
high standard deviation of the average subjective carsickness is caused by the inclusion of susceptible
and non-susceptible participants in this calculation. At the same time, the duration of the provocation had
a significant effect on carsickness. This result underlines the time-dependence development of motion
sickness (Irmak et al. (2022); Pham Xuan (2023)). Neither the development of the subjective carsick-
ness (considering means, dropouts or participants without any carsickness) nor the statistical analysis
showed a significant difference between the two testing environments. Additionally, the analysis of the
detailed relationship between the two environments by means of fitting a linear regression between both
conditions for individual maximum carsickness led to a slope of 1.028, with an adjusted R2 = 0.45. This
indicates that the maximum carsickness on the test track and on road were similar within individuals. The
medium R2 and the significance of the result (p<.001) implies that the total individual MS occurrence
(MISCmax) was highly replicated by the method. The only motion sickness element, which did show a
significant difference between the environments, were the peripheral symptoms recorded by the MSAQ.
This component, in contrast to the remaining three dimensions, could have been more sensitive to en-
vironmental differences. In the test track, the peripheral surroundings in the environment were different
due to the location, and more dynamically varying due to the optimized trajectory. As Harmankaya et al.
(2024) pointed out, their applied approach increased the yaw motion of the vehicle, provoking excessive
vehicle re-directional cornering to allow the replication of the on-road exposure in the compact test-
track. Therefore, the significant different peripheral symptoms were expected given that the yaw motion
is provocative for the visually induced motion sickness (Nooij et al. (2017)). Furthermore, there was a
negligible tendency towards higher carsickness in the on-road ride, which could be caused by individual
changes of psychological states. However, these weren’t recorded. In contrast, the importance of driving
dynamics on carsickness is strongly indicated, raising the question of a ranking between these different
influencing factors. While Lukacova et al. (2023) investigated the influence of relevant trait characteris-
tics (such as migraine or personality traits) using a survey, future work should shed further light on the
impact factor of trait factors in comparison to the dynamics of the environment. Hence, enabling a more
holistic view on influential factors of motion sickness. To sum up, these results demonstrate that the ap-
plied approach by Harmankaya et al. (2024) successfully provoked comparable levels of motion sickness
in both environments: on road and on the test track.

Despite the need of this method for complex technical equipment (i.e., higher level AVs), these re-
sults mark an important milestone towards the efficient replication of motion sickness in safer and more
accessible environments and the comparability of motion sickness studies in different environments. The
great importance of these results is also evident when exploring the efficiency of other methods to repli-
cate on-road exposure to MS, e.g. driving simulators. As simulators are a beneficial environment when
it comes to replicability of driving conditions, few studies have also examined simulators’ absolute and
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relative validity in terms of motion sickness. When applying a realistic driving behaviour in the simula-
tor significant differences were found between the two conditions (on-road and driving simulator) with
regards to motion sickness levels (Talsma et al. (2023), illustrating simulator disadvantages about their
absolute validity. Even different driving simulators, ranging from simplified to more advanced setups, had
significant difference on motion sickness exposure (Himmels et al., 2024).

Simulator and on-road studies differ in several factors such as weather, passenger and driver distrac-
tion or other road users which affect the overall user experience. Meanwhile, simulators are also capable
of provoking symptoms of simulator sickness due to the visual environments and the artificial motions.
The gap between artificial and real-world conditions is further narrowed to factors such as traffic and
road conditions in the comparison between on-road and test track environment. This is an additional step
towards absolute validity in testing environments.

4.2 Psychological factors (RQ2)

The comfort derived through the ARCA questionnaire (Figure 9) was rather positive (i.e., item mean val-
ues were higher than four which is the scale median) regardless of the testing environment (except for
Feeling of control, Predictability and Fatigue). Interestingly, the question regarding Sense of Safety (Item
3) from the ARCA questionnaire (”While being driven, I felt [unsafe ... safe]) evaluated the on-road con-
dition as more positively while the question within Part 4 for Perceived Safety (”I was feeling safe most of
time”) led to no significant differences between two driving conditions. This discrepancy could be caused
by the higher resolution of the ARCA scale (7-steps vs. 5-steps), which leads to a higher sensitivity of the
questionnaire. Alternatively, the different phrasing of the questions could have led to an answer reflecting
either the whole ride (perceived safety) or rather just an especially memorable and emotional situation
(ARCA). In addition to the significant differences in the Sense of Safety and Interference with NDRT
(ARCA), Trust (Part 3) was also evaluated significantly more positively in the on-road condition. This
suggests that both real-world driving scenarios may foster greater confidence in the system (automated
system or driver as explained in the questionnaires), possibly due to perceived realism or familiarity. This,
in turn, allowed to fully immerge into the NDRT. A study evaluating trust in automated driving found that
trust did not increase with repeated usage in an on-road condition, while it did increase in a simulator
setting, which is also more controlled and artificial Metz et al. (2025). However, in our on-road condition,
participants did not experience an automated driving system, but instead a manually driven ride, which
most likely increased trust due to higher familiarity. Peng et al. (2025) identified in a questionnaire that
multiple prerequisites influence the willingness to immerge into NDRTs. Although trust is mostly men-
tioned there - it is only one factor. In parallel, the driving environment or the desire to remain vigilant in
an (unfamiliar) AV, seems to play a role regarding NDRT engagement. It is important to further identify
the influencing factors on NDRT engagement as it is one of the passengers’ greatest benefits in AVs.
Besides NDRT engagement, G-Forces Acceleration, Naturalness and Predictability were rated worse in
the test-track condition indicating that participants sensed that the applied trajectory differed from natural
rides and therefore felt artificial and unfamiliar. However, these did not eventually affect the occurrence
of motion sickness.

Contrary to expectations, Anxiety did not significantly differ between the two driving conditions. This
indicates a relatively stable emotional response across contexts, despite the differing nature of the envi-
ronments. The Self-Assessment Manikin (SAM) results further support this interpretation. Participants
reported high levels of Pleasure in both conditions, indicating a generally positive emotional experience.
Arousal levels were generally neutral, with significantly higher in the test track condition before the ride.
This may reflect heightened alertness or excitement due to the controlled yet unfamiliar setting with the
automated vehicle. The Sense of control was moderate across both conditions, with slightly higher ratings
in the on-road scenario, again pointing to the potential influence of environmental familiarity.
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Acceptance measures revealed no significant differences in perceived Usefulness or Satisfaction be-
tween the two conditions: Both were rated positively, suggesting a generally favorable reception - even of
the unfamiliar automated driving system. Nevertheless the lower trust ratings recorded for the test track
condition align with the findings by Czaban and Himmels (2025), who found higher stress levels in the
more artificial environment (simulators) when comparing them with on-road rides. These reduced trust
ratings may indicate that artificial or staged environments evoke more caution or skepticism among users.
When developing and testing new autonomous driving functions, the possibly lowered trust in artificial
environments need to be considered, as trust is an important factor in the acceptance of AVs (Kenesei
et al. (2025)).

4.3 Psychological factors & Carsickness (RQ3)

Besides focusing on the general effect of differences between the two study conditions, the present study
aimed to investigate the relationship between subjective experience measures and carsickness. Again,
this was done by comparing user perceptions between on-road and test-track conditions. The findings
offer several insights into how emotional response, acceptance, trust and perceived safety relate to motion
sickness and overall user experience. To the knowledge of the authors, the items of Acceptance, Perceived
Safety, and Trust have not been investigated regarding motion sickness in a vehicle with SAE automation
Level 3 or higher.

The analysis of the emotional responses regarding Arousal, The feeling of being in control and Plea-
sure from the SAM questionnaire showed a significant negative relationship between Pleasure and motion
sickness. Greater levels of subjective motion sickness are connected with a stronger reduction in the re-
ported Pleasure compared to the pre-ride condition. This aligns with the findings by Choukèr et al. (2010);
Stelling et al. (2021), who found a significant connection between motion sickness and stress in parabolic
flights. In terms of user workload, this finding underlines the necessity of working on motion sickness
reliefs in environments which are more likely to provoke motion sickness, especially for passengers who
need to work or otherwise have cognitive workload. In addition, Kaufeld et al. (2022) found a connection
between stress and visually induced motion sickness. However, a discrepancy to that paper can be found
regarding Arousal, which seems to be unaffected by the reported motion sickness. This difference could
be caused by the additional influence of the environment. While Kaufeld et al. (2022) stayed in the same
environment, but actively elicited certain emotions, the change of the external environment along with the
used automation level to drive the participants could have additionally influenced the arousal and thereby
confounded the relationship between arousal and motion sickness in our experiment. This thought also
applies to The feeling of being in control, which has a significant relationship with motion sickness on the
test-track. While being driven in an L3-automation level in a separated area is an uncommon experience
to most people, this unfamiliarity connected with the feeling of being unwell due to motion sickness could
have confounded the relationship between the two latter.

A key finding was the significant negative correlation between maximum carsickness ratings and par-
ticipants’ Trust (on test-track) and Perceived Safety (on both, test track and road). This suggests that
higher levels of carsickness may undermine users’ confidence in the driving system, potentially influenc-
ing their overall endorsement of both, an automated driving system as well as a human driver, especially
on a test track. A negative relationship between motion sickness and Trust did not become significant in
the Road-condition. This may reflects differences in expectations with regard to Trust.

Importantly, under the test-track condition the item Interference with NDRT was strongly negatively
correlated with maximium motion sickness ratings. This is consistent with the findings of Irmak et al.
(2021a), who found a significant negative correlation between motion sickness and subjective workload.
Following this finding Irmak et al. (2021a) hypothesize that motion sickness may lead to task avoidance.
This assumption is further corroborated in the test track condition based on the presented study. This result
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reinforces the notion that physical discomfort can significantly detract from the overall user experience,
even when other aspects of the system are positively evaluated.

4.4 Optical flow of non-driving related tasks (RQ4)

On an individual level a difference between the influence of the two tasks could be found, with a slight
tendency towards higher subjective motion sickness in the tennis condition. However, the analysis of
significant differences did not reveal significant differences in the averaged MISC between the ice hockey
and tennis videos. This indicates that, when generalized to a broader population, the higher optical flow
in the ice hockey scenes does not lead to an increase in motion sickness. Although the difference in
optical flow between the two video types was statistically significant (see 2.5), it may not have been
substantial enough to meaningfully affect symptom development. The observation that participants in
both conditions still experienced similar levels of motion sickness could be attributed to the fact that
individual susceptibility and driving dynamics likely exerted a stronger influence on the outcome than the
differences in visual motion. However, several studies indicate that the dynamic visual input does have
an effect on motion sickness. Thereby, it can be distinguished between the passengers’ NDRTs and the
optical flow of the environment. Regarding NDRTs, Metzulat et al. (2024) reported that engaging in a
dynamic visual task provokes more motion sickness than performing a static task, supporting the idea
that dynamic visual stimulation of NDRTs can exacerbate motion sickness symptoms. On the other hand,
studies indicate that an alignment of optical flow with the driving dynamics can, however, have a positive
influence on motion sickness. In vehicles, having no external vision (Irmak et al. (2021b)) as well having
a restricted view due to lower viewing angles into the vehicle interior (Brietzke et al. (2021)) increases
carsickness in comparison to having external vision. Finally, Tamura et al. (2023) have investigated the
relationship between visual and vestibular inputs and concluded that this relationship can be considered
when mitigating motion sickness. Generally, it is hypothesized that while unsynchronized visual motion
can increase symptoms, an aligned optical flow of visual input with the sensed movement can alleviate
motion sickness symptoms.

Another factor that could have an influence on the interaction of the optical flow and the provoked
carsickness is the eye movement. Brietzke (2023) found that different tasks in a vehicle lead to different
eye movements while several papers showed that eye movement is connected to visually induced mo-
tion sickness (VIMS): Wibirama and Hamamoto (2014) found that an unstable depth gaze was related
to experienced VIMS, while Diels et al. (2007) found an interaction between optic flow and the gaze
angle on VIMS. In the present study design, the counting task may have influenced participants’ eye
movements. Although the search target always appeared in the center of attention, their eye movements
due to the search likely differed from natural viewing behavior when watching a film (Castelhano and
Rayner (2023)). As the visual input plays an important role in the genesis of motion sickness (Flanagan
et al. (2004)), the task might have eventually triggered similar carsickness developments even though the
optical flow of the videos were significantly different.

4.5 Cognitive Performance (RQ5+RQ6)

The three performance metrics (accuracy rate of visual search, reaction times in visual search, accuracy
rate of simple reaction task), illustrated no difference across testing environments. However, a significant
difference in reaction times was found across testing environments in the simple reaction task, with faster
times in the test-track condition. This could be due to differences in the testing environment; for example,
there is a higher potential for distraction due to noise, other road users, etc. on the road, or, as reported
above, the higher level of arousal on the test track could have had an activating effect on the subjects.
However, this was a between-subjects comparison of on-road versus test-track. Hence, this difference is
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confounded with individual differences in performance, leading potentially to this result. Therefore, this
effect might not be robust.

For both tasks, the effect of carsickness on performance did not differ significantly between the testing
environment. This result shows that the effect of carsickness on performance is comparable between
environments, regardless of potential differences due to variations in the test environment. However, a
non-significant difference was identified in the reaction times in the simple reaction task, which show
a tendency to increase more substantially in the on-road condition (larger slope at the curve, Figure
13) compared to the increase observed in the test-track condition. This could also be due to the above
mentioned differences of environment (noise, arousal, etc.). Nevertheless, as the effects are in the same
direction and the interaction was not significant, the effects of carsickness on performance do not differ
across testing environments.

Carsickness had no significant effect on accuracy rates in either the visual or the reaction task. Re-
action times in the visual search task were not affected by carsickness, whereas in the reaction task
the reaction times increased significantly with increasing carsickness. Although previous studies have re-
ported a negative impact on visual performance (Bos et al. (2008); Golding and Kerguelen (1992); Kaplan
et al. (2017)), the results of the present study are more consistent with those of Smyth et al. (2019b), in
which no adverse effects of simulator sickness on visual acuity were observed. The finding of prolonged
reaction times with increasing carsickness in simple reaction tasks is consistent with studies on cyber-
sickness (Nesbitt et al., 2017; Nalivaiko et al., 2015) but only partly with the study regarding carsickness
(Kantusch (2023)).

4.6 Limitations

In order to interpret the findings of this study correctly, certain limitations need to be noted. Method-
ologically, it should be considered, that the recruitment of the sample was primarily through a university
network, which resulted in a young age range (M = 29.30 years, SD = 13.01). Literature indicates that
susceptibility to motion sickness decreases with increasing age Bos et al. (2007). Therefore, the pre-
dominantly young sample has potentially increased susceptibility compared to a possible sample with a
broader or older age range, but probably did not bias the qualitative findings. Meanwhile, the dataset was
not gender-balanced, which might also raise certain limitations since females are more susceptible to mo-
tion sickness Flanagan et al. (2005); Lentz and Collins (1977). With regard to the psychological factors,
one aspect should be noted: The scale to assess the subjective acceptance (Van-der-Laan questionnaire)
was adapted from an original 5-point scale to a 7-point scale. This change may have affected the valid-
ity of the results, as participants could have interpreted the more granular scale differently. Additionally,
the comparability of the results to other publications using the 5-point scale is restricted. All rides were
done while participants watched a sports videos, representing a non-driving related task. Although using
NDRTs to increase the risk of motion sickness in such studies is a often used method, it limits all of our
findings to passengers engaged in a NDRT. Extending the results towards a ride without NDRT can only
be done with reservations, due to the lack of rides without NDRTs in this study. Finally, the on-road con-
dition was always driven manually, while the test track condition was driven using autonomous driving
functions. Even if the vehicle dynamics were highly replicable according to our extended analysis, this
might have affected the psychological factors across the two conditions.

5 Conclusion & outlook

The presented manuscript summarizes a human subject study on carsickness in two highly dissimilar
environments. The work advances research in the area of carsickness by an improvement in testing
methodologies. In detail, insights on the following key aspects were addressed: the testing environment,
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psychological factors, optical flow, and cognitive performance. The investigation of these factors was
administered by a within-study with 47 participants. In the study, we realized the highest possible repro-
duction of a dynamic stimulus in on-road driving by implementing a trajectory controlled self-driving
vehicle. During the rides, we collected the subjective motion sickness experience, in combination with
a post drive symptom assessment. Participants were watching different sports videos, varying in visual
optical flow. Cognitive performance, as measured by a simple reaction task and a visual search task, and
various psychological factors were recorded before and after the rides.

Our findings

– The dynamics stimulus in combination with the “eyes off the road” task of video watching led to
the expected development of motion sickness. No significant differences in motion sickness symptom
reaction occurred, despite the different testing environment and the variations in dynamic stimulation
due to traffic in the on-road environment. This is a first step towards making future studies, conducted
either in an on-road or a test track environment, comparable.

– The consideration of psychological factors leads to the conclusion of comparability across the two
testing environments for most aspects such as general ride comfort, anxiety, acceptance and satisfac-
tion. However, it became also apparent that participants have reduced trust on the test track. This is
especially important when considering that multiple psychological factors, i.e., arousal, pleasure, trust
and perceived safety correlate with carsickness.

– The observed correlations between sickness with pleasure, safety perceptions were correlated across
testing environments. The repeatability of these results proves that methodologically the intercon-
nected nature of physical and psychological responses can be captured across/in testing environments
and allows the assessment of perceived safety. However, this was not captured for the others psycho-
logical factors, such as acceptance and trusts.

– The two different optical flow stimuli, represented by means of a tennis and ice hockey video did not
alter the motion sickness symptom reaction in the tested scenario. As passenger activities have been
shown to lead to different provocations of motion sickness, it is essential to further investigate which
cognitive processes contribute to motion sickness.

– Cognitive performance differed by one metric out of four between the test environments. Participants
reacted faster on the test track in the simple reaction task, which could have been influenced by
differences in arousal and distraction between conditions. However, in terms of carsickness, its effect
on cognitive performance was comparable in both test environments. This suggests that both settings
can be equally used for research on this topic.

Further work on influencing factors of motion sickness is needed to test and to develop effective
countermeasures and metrics to assess it. In order to be successful, different research needs to be able to
derive and transfer results from different testing environments and stimuli. The presented work is further
contribution towards establishing a methodology to achieve such standards.
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A Appendix

A.1 Vehicle dynamics

Table 2: Driving Dynamics Metrics for Road and Track Conditions

On-road Test-track

Variable n mean sd n mean sd

Velocity Mean 47 25.26 2.06 47 8.33 0.62
Velocity Max 47 79.85 7.17 47 38.37 2.14
Acceleration Max 47 2.64 0.32 47 1.63 0.07
Deceleration Mean 47 -0.43 0.04 47 -0.36 0.03
Deceleration Min 47 -3.03 0.63 47 -1.94 0.30
Lat Accel Left Mean 47 0.05 0.01 47 0.07 0.01
Lat Accel Left Max 47 0.38 0.03 47 0.44 0.04
Lat Accel Right Mean 47 -0.04 0.00 47 -0.03 0.00
Lat Accel Right Max 47 -0.36 0.03 47 -0.34 0.02
Yaw counter Mean 47 3.09 0.17 47 6.79 0.13
Yaw counter Max 47 30.85 1.83 47 34.42 1.54
Yaw counterclock Mean 47 -1.96 0.18 47 -4.44 0.50
Yaw counterclock Max 47 -30.71 3.28 47 -40.21 2.23
MSDV X Max 47 27.53 2.14 47 26.26 3.31
MSDV Y Max 47 0.31 0.03 47 1.74 0.17

A.2 ARCA

Kendall-Tau-Correlation between the single ARCA items and subjective maximum Motion Sickness (MISC).

Item EstimateRoad p.valueRoad EstimateTest−Track p.valueTest−Track
1 Safety -0.18 0.14 -0.29 0.02
2 VehicleNaturalAppearance -0.14 0.24 -0.21 0.12
3 SenseOfControl -0.15 0.22 -0.37 0.01
4 EfficientTravel -0.19 0.09 -0.35 0.00
5 Stress -0.29 0.01 -0.31 0.01
6 PredictVehicleBehaviour 0.06 0.60 -0.10 0.38
7 TrustSystem -0.22 0.08 -0.26 0.04
8 NDRT -0.13 0.25 -0.29 0.01
9 GForcesBrakingAppropriate -0.24 0.04 -0.21 0.08

10 GForcesAccelAppropriate -0.21 0.07 -0.16 0.20
11 GForcesTurnAppropriate -0.26 0.02 -0.30 0.01
12 BodyRecovery -0.52 0.00 -0.44 0.00

A.3 Trust

Kendall-Tau-Correlation between the single Trust items and subjective maximum Motion Sickness (MISC).
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Item EstimateRoad p.valueRoad EstimateTestTrack p.valueTestTrack
1 LaneKeeping -0.10 0.50 -0.47 0.00
2 Hesistant2UseSystem 0.12 0.43 -0.24 0.11
3 MaintainSpeedAndDistance -0.09 0.54 -0.42 0.00
4 NotComfortableUsing -0.25 0.08 -0.40 0.01
5 WouldTrust -0.01 0.97 -0.27 0.07

A.4 Perceived Safety

Kendall-Tau-Correlation between the single Perceived Safety items and subjective maximum Motion Sickness (MISC).

Item EstimateRoad p.valueRoad EstimateTestTrack p.valueTestTrack
1 FeelingSafe -0.24 0.05 -0.25 0.05
2 FeelingComfortable -0.42 0.00 -0.44 0.00
3 FeelingAnxious -0.17 0.17 -0.25 0.05
4 FeelingAtRisk -0.19 0.14 -0.12 0.37
5 FeelingInDanger - - -0.09 0.49
6 FeelingRideSaferThanExpected -0.00 0.98 -0.18 0.15
7 RecommendBecauseOfSafety -0.08 0.60 -0.34 0.01

Note: After removal of outliers, all values of the variable FeelingInDanger in the condition Road equaled to 5 with no
variance. Therefore, the correlation is undefined.
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