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Abstract The research on motion sickness and the work on effective countermeasures has gained additional attention 11 

due to the ongoing development of highly automated driving vehicles. In order to understand the phenomenon of motion 12 

sickness better and support the testing, this work sheds lights on motion sickness and multiple factors connected to it: 13 

The relation between the development of carsickness and testing environment itself is explored as well as their 14 

connection to psychological factor. Simultaneously, carsickness is often stimulated by non-driving-related tasks 15 

(NDRTs), while publications have shown different effects on motion sickness by various NDRTs. Therefore, it is also 16 

investigated whether the optical flow influences carsickness. Lastly, it will also be investigated whether there is an effect 17 

on performance caused by carsickness across different testing environments. 47 participants participated in an within- 18 

study in a vehicle either driving on a public road or on a test track. While administering comparable accelerations and 19 

two randomly assigned NDRTs, carsickness, psychological factors and performance was measured within these 20 

environments. The results indicate that it was possible to set-up rides in both environments which led to comparable 21 

motion sickness stimuli based on the vehicle accelerations. The optical flow did not lead to different carsickness. At the 22 

same time, few differences could be found among psychological factors, although they do not indicate that the transfer of 23 

results between testing environments would not be valid. Lastly, cognitive performance was affected by the two testing 24 

environments with regard to the reaction time. This work elucidates on the one hand that multiple factors influence 25 

motion sickness, though much remains, yet, to be understood. On the other hand, the feasibility of conducting 26 

comparable studies in different testing environments is shown. If the transfer of such is fully realized, motion sickness 27 

research can proceed in an effective and intertwined way. 28 

Keywords Motion Sickness, MISC, Optical Flow, Psychological Factors, Performance, Testing Environment 29 
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1 Introduction 31 



Automated vehicles (AV) are set to be revolutionary, shifting how the average vehicle is utilised and offering great 32 

benefits to the society (Bansal et al., 2016; Fagnant and Kockelman, 2015). The possibility to comfortably engage in non-33 

driving related tasks (NDRT) is expected to be at the forefront for their wide acceptance. Yet, major challenges remain to 34 

address carsickness in AVs. Extensive research with human experiments is being carried out in different settings to 35 

understand the occurrence of carsickness and eventually develop countermeasures to mitigate it in the context of AVs 36 

(Emond et al., 2024). However, standardization efforts for carsickness research are scarce (Bos et al., 2022), making it 37 

difficult to compare results between studies. This study therefore focuses on deriving methodological considerations 38 

about different settings (testing environment, psychological factors, engagement in NDRTs and others) and advancing 39 

the comparability between carsickness studies. 40 

Testing environments for carsickness need to balance two requirements: replicability and realism. The motion stimulus 41 

shall be maintained as constant as possible across participants and conditions, especially when comparing different 42 

countermeasures or observing passenger behavior across multiple trips. At the same time, the findings should be 43 

applicable to real-world driving situations. Common testing environments for carsickness research are driving 44 

simulators, test-tracks, or public roads, which achieve different compromises among these requirements. However, 45 

simulators even employed with advanced motion cueing algorithms (Khusro et al., 2020), have been shown to provoke 46 

lower MS levels compared to on-road driving (Dam et al., 2024; Muhlbacher et al., 2020; Talsma et al., 2023). This 47 

indicates that in-vehicle tests, either on test tracks or public roads, more realistically assess the occurrence of carsick- 48 

ness. Despite securing the most realistic study environment, on-road testing raises the risk of accidents and requires 49 

costly resources, especially when testing AV prototypes. To achieve replicability in manual car rides, training drivers is 50 

important to ensure consistent driving behavior (Bengler et al., 2019). Even with trained drivers or fully automated 51 

vehicles, driving behavior in public road studies is not consistently reproducible due to unexpected dynamic events 52 

(vulnerable road users, other vehicles, traffic lights etc.). These elements cause a lack of replicability (internal validity), 53 

while, interestingly, they are indispensable components of reality, and therefore increase the external validity. In contrast, 54 

studies on test tracks lack the external validity of varying driving behavior while allowing high replicability. This makes 55 

large test tracks a feasible solution for testing (Jones et al., 2019; Brietzke et al., 2021). However, not all researchers have 56 

access to test tracks, they are relatively cost-intensive and the complexity of on-road driving is missing. In order to bridge 57 

the gap between studies on test tracks and public roads, this study aims to explore the effects of the testing environment 58 

on carsickness occurrence. 59 

Besides the effect of the testing environment on the occurrence of carsickness, the participants’ psychological state is 60 

critical. Comfort while being driven by AVs is a highly complex concept (Peng et al. (2024a)) and is affected by 61 

environmental, physical (Papaioannou et al. (2025)) and psychological factors (privacy, trust (Elbanhawi et al. (2015); 62 

Paddeu et al. (2020)), perceived safety (He et al. (2022)), naturalness (Peng et al. (2024b)), engagement in NDRTs 63 



(Metzulat et al. (2024)) and situation awareness, arousal, personality and others). The impact of these factors is well-64 

studied with regards to comfort. However, taking part in an experiment that involves automated driving could be 65 

associated with some kind of excitement due to the novelty of the technology and the high expectations that go along 66 

with it. To our knowledge, no study has yet investigated the effect of psychological factors on the occurrence of 67 

carsickness as well as the effect these factors have depending on the testing environment in on-road experiments. The 68 

current study puts a specific emphasis on the latter. 69 

Non-driving related tasks are also of special importance when conducting carsickness studies. Many researchers use 70 

different non-driving related tasks to help induce higher levels of carsickness in experimental studies. Common 71 

naturalistic tasks include reading (e.g., Karjanto et al. (2021); Kremer et al. (2022); Tomzig et al. (2023)), video-72 

watching (e.g., Brietzke et al. (2021); Mu¨hlbacher et al. (2020); Tajdari et al. (2025)), gaming (Talsma et al. (2023)) and 73 

quizzes (Jain et al., 2023). Although more seldom, standardized tasks, i.e. static visual or auditory tasks have been 74 

implemented, too (Kuiper et al. (2018), Metzulat et al. (2024)). Research findings focusing on the relationship between 75 

carsickness and NDRTs underline the different influences on motion sickness between the various tasks (Isu et al., 76 

2014; Morimoto et al., 2008; Metzulat et al., 2024). Nevertheless, to make a further step towards clarifying the 77 

importance of different elements in NDRTs on motion sickness, the current study concentrates on the effect of visual 78 

tasks with varying optical flow. 79 

Carsickness might not only compromise AVs utility, but might also cause safety issues by impairing cognitive 80 

performance ((Diels and Bos, 2016; Emond and Zare, 2024)). In conditional automation, the driver still needs to be able 81 

to take over the car safely, e.g. in an emergency situation. If the driver develops symptoms of carsickness during the 82 

automated ride, e.g. due to NDRT engagement, the ability to react adequately and quickly might be impaired. Such a 83 

reduction in reaction capability could lead to safety-critical situations. Simulation sickness, sea sickness or cybersickness 84 

have shown performance decreases in visual (Bos, 2004; Bos et al., 2008; Golding and Kerguelen, 1992; Kaplan et al., 85 

2017) and physical performance (Smyth et al., 2019a) as well as prolonged reaction times (Nalivaiko et al., 2015; 86 

Nesbitt et al., 2017; Bos, 2015; Smyth et al., 2019a). A test-track study, which investigated the effect of two different 87 

driving modes resulting in two carsickness levels on a simple tactile reaction task found higher reaction times in the 88 

mode with higher carsickness compared to the other mode with less carsickness, however there was no significant 89 

correlation of carsickness level and reaction times (Kantusch, 2023). As the underlying mechanisms and symptoms differ 90 

between different types of motion sickness, it should be investigated whether these effects are also present for 91 

carsickness. Metzulat et al. (2025) showed no significant negative effects of carsickness on performance in a visual 92 

search task, but significant negative effects of carsickness on reaction times in a simple reaction task. The performance 93 

data was partly retrieved from the here presented study and was pooled with data from another study, which was 94 

identical regarding the performance tasks, to strengthen the robustness. Additionally, hand-eye coordination was 95 



significantly impaired with increasing carsickness, while there was only a tendency for impairment of mental rotation 96 

with carsickness (Metzulat et al., 2025). However, that analysis did not take into account the study setting, being test-97 

track or on-road testing. Therefore, in this paper, we will examine whether performance and the effect of carsickness on 98 

it differs between on-road and test-track conditions. We assume that differences in performance level could exist 99 

regardless of carsickness, as psychological states such as arousal may differ. However, the effect of carsickness on 100 

performance should be consistent in both environments. 101 

To sum up, this study aims to explore which methodological aspects affect the assessment of carsickness across different 102 

testing environments (on-road and test-track), when horizontal accelerations as a function of time are replicated and 103 

occupants have internal vision. Driven by this objective, the following research questions (RQ) were defined: 104 

RQ1. How differently does carsickness occur across different testing environments? 105 

RQ2. What is the variation of various psychological factors (before and after the experimental procedure) across 106 

different testing environments? 107 

RQ3. To what extent is the relation different between various psychological factors (before and after the experimental 108 

procedure) with carsickness across different testing environments? 109 

RQ4. What is the effect of the optical flow of visually engaging non-driving related tasks on carsickness across 110 

different testing environments? 111 

RQ5. What is the variation of the cognitive performance across different testing environments? 112 

RQ6. To what extent is the effect of carsickness on cognitive performance different across different testing 113 

environments? 114 

This paper will focus on RQ2-RQ5. RQ1 is also briefly addressed in (Harmankaya et al., 2024), which developed and 115 

validated the methodology around replicating on-road carsickness exposure. However, the current paper explores the 116 

influence of the testing environment in detail. RQ6 is also partially addressed in Metzulat et al. (2025), where the 117 

correlation between carsickness and cognitive performance is explored, but the effect across testing environments is 118 

presented here. 119 

 120 

2 Methods 121 

The experiment followed a 2x2x2 within-subject design. Testing environment, NDRT and performance tasks were the 122 

independent variables. The sequence of the testing environment, NDRT and performance tasks was randomized to 123 

counteract possible order effects. 124 

 125 

2.1 Ethics statement 126 

The experiment was performed in accordance with the Declaration of Helsinki. The study was approved by the Human 127 



Research Ethics Council of Delft University of Technology (Delft, The Netherlands; application number 3598). All 128 

participants gave their written informed consent prior to participation in the study. Participants received a compensation 129 

of 50 euros. 130 

 131 

2.2 Participants 132 

Participants were selected based on a screening survey1 of more than 300 respondents. The questionnaire aimed at 133 

exploring the users’ background on: motion sickness (demographic characteristics and motion sickness experience), 134 

non-driving activities while being driven, socio-demographics, driving experience and mobility, automation experience, 135 

general attitudes towards technology, personality. The survey results are not part of this work, and were collected in the 136 

scope of the Hi-Drive project. Fourty-seven participants (17 males, 29 females, 1 non-binary) took part in the experiment. 137 

They were preselected from the survey pool based on age, gender and motion sickness susceptibility. The participants’ 138 

age ranged from 17 to 68 years (M = 29.30 years, SD = 13.01). 139 

To assess susceptibility to MS, the Motion sickness susceptibility Questionnaire short-form (MSSQ- Short) was 140 

administered. The overall MSSQ-Short Score as well as the item regarding the experience of carsickness in the past ten 141 

years were weighted equally to assess the current theoretical susceptibility to carsickness. Depending on this score, 142 

participants were assigned to one of five categories, as described in Pham Xuan (2023). In order to prevent high drop-143 

outs due to severe carsickness symptoms and at the same time to have participants that at least experienced carsickness 144 

to a certain extent, participants with very high susceptibility (category E) as well as participants with very low 145 

susceptibility (category A) were not invited to take part. It was aspired to mainly invite participants that met the criteria of 146 

categories C and D but in order to fill the participant pool, six additional participants of category B were invited. Across 147 

all invited participants, the mean MSSQ-Short value was 12.97 (SD = 5.99). This translates to a 55.90% percentile or 148 

rather a range of 44.96% to 65.57%. So, in general, susceptibility was slightly above average and within a limited range. 149 

 150 

2.3 Experimental procedure 151 

Prior to the first experimental session, the participants were informed about the general aim of the study, and gave their 152 

written consent. Then, participants filled out a pre-questionnaire 22 consisting of: Part 1: Anthropometrics, Part 2: Self 153 

Assessment Manikin (SAM) questionnaire (more information in 2.6.2), and Part 3: Motion sickness assessment 154 

questionnaire (MSAQ). Anthropometric data was measured for a few participants who were selected, aiming for gender 155 

balanced measurements to record human body dynamics while being driven by wearing the XSENS Motion Capture 156 

Suit. These participants were introduced to the XSENS system and calibrated it together with the experimenter. Finally, 157 

 
1 https://tudelft.fra1.qualtrics.com/jfe/form/SV_5o7eClwKlADhR7E 
2 https://tudelft.fra1.qualtrics.com/jfe/form/SV_4MBauHACisyBUmG  

https://tudelft.fra1.qualtrics.com/jfe/form/SV_5o7eClwKlADhR7E
https://tudelft.fra1.qualtrics.com/jfe/form/SV_4MBauHACisyBUmG


participants were made familiar with the performance task (see Section 2.6.3). They could practice it for two minutes, 158 

and then their pre-drive performance was collected in four minutes. 159 

Thereafter, the first experimental session commenced. Participants either experienced the on-road or the test-track 160 

condition first. As stated, they gave their carsickness level on the MISC every minute. After reaching the end of the path 161 

in both testing environments or after stating a MISC level of 6 or higher, the carsickness accumulation phase 162 

terminated. Participants were then required to fulfill the post-drive performance task for four minutes directly after their 163 

latest MISC measure to ensure that the performance task was conducted at the highest possible level of carsickness. 164 

Thereafter, participants filled out a post-questionnaire3, which consisted of Part 1: SAM questionnaire, Part 2: Comfort 165 

(2.1 MSAQ, 2.2 Acceptance, 2.3 ARCA), Part 3: Trust and Part 4: Perceived Safety. More details about the questionnaires 166 

are in Section 2.6.2. 167 

Participants were invited to the second session with a gap of four to five days after the first session to avoid habituation 168 

effects. However, due to time limitations, the last five participants were invited with a smaller gap (approx. 1-2 days). 169 

The average gap across all participants was four days. The second session followed the same procedure as the first 170 

session. 171 

 172 

2.4 Testing environment and vehicle 173 

The on-road condition was carried out on a predefined urban and interurban route through and around the city of Delft, 174 

the Netherlands, with medium to high traffic density (see Fig. 1, left). The route contained sections with velocities of up 175 

to 80 km/h, but also slower sections due to school districts and residential areas with ample longitudinal and lateral 176 

acceleration phases due to traffic lights, turns and bends. The route took approximately 25 minutes to complete. Thus, 177 

there was enough time for the accumulation of carsickness. 178 

In the on-road condition, due to regulatory constraints, the vehicle was manually driven by the safety driver. In total, 179 

three safety drivers performed the on-road conditions (∼ 15 participants per driver). Prior to the experiment, the safety 180 

drivers completed an intensive training on the on-road course to assure driving style comparability across the safety 181 

drivers and to reduce variability between participant rides. Moreover, they followed a specific set of driving 182 

instructions, e.g., specifying speed limits for certain sections of the route to further ensure similarity between rides. 183 

To replicate the on-road sickness exposure, the trajectory planning algorithm developed by (Harmankaya et al., 2024) 184 

was used to track the on-road driving dynamics and transfer them to a compact test-track. This was done with Nonlinear 185 

Model Predictive Control, which focused on tracking the longitudinal and lateral accelerations from driving dynamics 186 

data gathered from multiple drives by the three safety drivers. The algorithm also considered various constraints about 187 

the feasibility of the design path and the required dimensions of the compact test-track. 188 

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

https://tudelft.fra1.qualtrics.com/jfe/form/SV_b2RogXUDKppE1xA


The test-track condition took place at a small parking lot (70 by 175 meters) at Hoek van Holland, the Netherlands (see 189 

Fig. 1, right). For the period of the experiment, the parking lot was fenced off. Therefore, there was no other traffic on the 190 

parking lot and thus, it represented a test-track surrounding. An E-Golf equipped with a SAE level 3 automated driving 191 

function was used as a test vehicle. The participants were seated on the front passenger seat, an experimenter was seated 192 

at the back to record the participants’ feedback while a safety driver was on the driver’s seat. In the test-track condition, 193 

the SAE level 3 system was activated and the safety drivers only acted as a back-up if the system requested a take-over. 194 

Whenever this occurred, the drivers briefly took over and then immediately transferred the control to the vehicle in order 195 

to ensure a high ratio of automated driving. 196 

The general driving situation of the experimental conditions resulted in 94 (47 on-track, 47 on-road) sessions, lasting 197 

between 4 and 33 minutes. The driven distance in the on-road condition was up to 14.5 km. The planned trajectory on 198 

the test-track had a maximum distance of only 4.5 km (Figure 2), since it was designed to generate a stimulus of the 199 

same duration (about 26 minutes) but with lower velocities. The average speed in the on-road condition was 45 km/h 200 

(SD = 17) with a maximum of 86 km/h. In comparison, in the test-track condition, the average speed was 16 km/h (SD = 201 

8), and the maximum was about 40 km/h. Additional characteristics are given in Appendix A.1. 202 

 203 

Fig. 1: (a) On-road and (b) test-track condition. 204 

Figure 2 shows a minor speed variability between runs (see the grey shaded area), indicating good replicability within 205 

conditions. As expected, replicability was best on the test-track using automation, whereas replicability was also quite 206 

good on-road where test drivers realised a rather consistent driving style. 207 

The equivalence of the two conditions in terms of vehicle dynamics was evaluated using the motion sickness dosage 208 

value (MSDV) as described in ISO-2631:1997 Organization (1997). More specifically, we present the MSDV of vehicle 209 

accelerations for longitudinal (MSDVun,X ) and lateral (MSDVun,Y ) motion without the motion sickness frequency 210 

weighting (unweighted). This is selected to emphasize the vehicle dynamics, without assuming the validity of the 211 

common approaches in MS filter selection (Papaioannou et al., 2025; Harmankaya et al., 2024). On-road the 212 

accumulated MSDVun,X was 30.2 (SD = 7.4) and MSDVun,Y was 31.8 (SD = 8.5). On the contrary, for test-track, 213 



MSDVun,X was 16.8 (SD = 4.6) and MSDVun,Y was 28.0 (SD = 8.6). In order to present a generalizable base for the 214 

dynamic stimulus, we calculated the average MSDV increase per second (Figure 3). This allows comparing any given 215 

natural or artificial ride regarding the given accelerations. However, this approach cannot capture the temporal motion 216 

sickness symptom development especially for longer stimulations (larger than 5 minutes) that are characterized by 217 

varying phases within a stimulation. 218 

 219 

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. 220 

Horizontal axis limits are scaled to the maximum distance per condition to improve visibility. 221 

 222 

Fig. 3: Trip wise relative MSDV per second, clustered per axis of measurement and condition. Note: Maximum unweighted MSDV 223 

per session is divided by the total duration per session resulting in a representation of a comparable dynamic stimulus. Outliers occur 224 

due to large MSDV increase in the first half of the trajectory and occasionally early termination, which results in a higher relative 225 

MSDV per second. 226 

2.5 Non-driving related task 227 

We explored two video watching NDRTs, where participants watched Two videos from the same genre on a tablet held 228 

with the hands on the lap. Both videos depicted sporting events (a tennis and an ice-hockey game) to arouse similar 229 

emotional levels. To validate the differences in the visual dynamics (see Figure 4), the videos were analyzed regarding 230 

their respective optical flow using the Computer Vision Toolbox (MathWorks 2022) prior to the experiment based on 231 

the Farneback method (Farneback (2003)). The difference in optical flow between the more dynamic ice hockey video (M = 232 

2.5 ∗ 106, SD = 2.12 ∗ 106) and the more static tennis video (M = 1.04 ∗ 106 , SD = 2.54 ∗ 106) was statistically significant 233 

when calculating a one-sided t-test with a medium to large effect size, t(104400) = 110.39, p < .001, d = 234 

−0.63. 235 



To ensure and assess the participants’ engagement on the NDRTs, the videos were edited and included unexpected events. 236 

More specifically, a ball overlapped the tennis ball or hockey puck at random moments. The participants were required 237 

to count these events to verify their engagement in the NDRT. In total, sixteen events took place in both videos until the 238 

25th minute. Their focus level during the ride was similar in both conditions and relatively high. More specifically, the 239 

participants counted on average 15.81 and 14.70 out of 20 events in total during the on-road and test-track condition. 240 

The differences between the counts could also have been caused by shorter driving times due to an early reaching of the 241 

termination criterion. 242 

 243 

Fig. 4: Optical flow of the ice hockey and the tennis video 244 

2.6 Dependent variables 245 

 246 

2.6.1 Carsickness 247 

To measure carsickness during the actual experimental rides, the misery scale (MISC; (Wertheim et al., 2001; Bos et 248 

al., 2005)) was used. Here, ratings from 0 - no problems to 10 - vomiting can be given. 249 

Participants were asked to verbally give their subjective motion sickness rating on the MISC scale once every minute. 250 

Additionally, participants were motivated in the general briefing to report changes in MISC at any time in between the one 251 

minute intervals. If participants reached a value equal to 6 (little nausea) or higher, the experimental session was 252 

terminated immediately. This was done due to ethical concerns. To analyze the MISC ratings between the conditions, the 253 

following procedure was implemented: If multiple ratings were recorded within a minute, only the first rating was 254 

evaluated. If no measurement was recorded in a given minute, the last MISC rating prior to that minute was used. As 255 

stated, if participants reached a MISC rating of 6, the experimental session was terminated. In such cases, the rating of 6 256 

was sustained and continued until the 25th minute, corresponding to the average ride duration. Furthermore, motion 257 

sickness prior to and after each session were assessed with the motion sickness assessment questionnaire (MSAQ), which 258 

includes sixteen items regarding motion sickness symptoms that are rated on a 9-point scale ranging from “not at all” to 259 

“severely” (Gianaros et al., 2001). Due to a mistake, one item was excluded (I felt queasy (G)) hence we calculated 260 



MSAQ as a percentage from the fifteen items. 261 

 262 

2.6.2 Psychological factors 263 

To investigate the psychological factors between the two testing environments, we focused on aspects of emotion 264 

(pleasure, arousal and sense of control) (Part 1), acceptance (Part 2.2), comfort (Part 2.3), trust (Part 3) and perceived 265 

safety (Part 4). In Part 1, the self-assessment manikin (SAM) was completed by the participants prior to and after each 266 

experimental session (Bradley and Lang, 1994). The SAM is a non-verbal questionnaire that uses pictograms to 267 

measure affect and feelings to an exposure. There are three dimensions: Pleasure, Arousal and Sense of control. Each 268 

dimension was measured in nine stages. Acceptance, comfort, trust and perceived safety were measured after each 269 

session. In Part 2.2, acceptance was conceptualized as attitude towards the systems. The questionnaire clarified to the 270 

participants that as system they should consider either the SAE Level 3 automated system or the human driver. Hence, the 271 

van-der-Laan questionnaire was implemented (Van Der Laan et al., 1997). The scales are split into two subscales: 272 

usefulness and satisfaction. Thereby, scores, differing from the original publication, ranged on a 7-point Likert scale from 273 

−3 (low) to +3 (high). In Part 2.3, comfort was examined with selected questions from the automated comfort assessment 274 

questionnaire (ARCA, (Marberger et al., 2022)). The items were selected to fit the remaining questionnaire and both 275 

environments, the automated ride as well as the manual ride. Altogether twelve items regarding psychological and 276 

physical aspects were used from the ARCA. These are rated on a 7-point Likert scale. In Part 3 and 4, trust and perceived 277 

safety were assessed using five and seven respective items ranging from strongly disagree (1) to strongly agree (5) on a 278 

Likert scale. The items were partly derived from a survey by Nordhoff et al. (2021) developed for passengers of partly 279 

automated cars. In the analysis of these items, if necessary, scales were reversed so that an increase of any metric would 280 

indicate an improvement. Part 3 and 4 were aligned with the post-questionnaire generated to assess trust and perceived 281 

safety in the scope of the Hi-Drive project (Madigan et al., 2023). 282 

 283 

2.6.3 Cognitive Performance 284 

To measure cognitive performance, a visual search task and a simple reaction task were performed pre- and post-motion 285 

exposure. The Surrogate Reference Task (SuRT; (Mattes and Hallen, 2009)) was used to assess visual performance. The 286 

simple reaction task, based on a go/no-go paradigm (Donders (1969)), measured reaction times to sudden events. For 287 

both tasks, mean reaction times as well as the accuracy rate per block were analyzed. There were four blocks for each 288 

task of 1 minute, two for each difficulty. In each session, only one of the two tasks was completed pre-drive without 289 

carsickness and post-drive with carsickness. The task per test condition was randomized and balanced across all 290 

participants. The tasks were used according to Metzulat et al. (2025). 291 

 292 



3 Results 293 

 294 

3.1 Carsickness occurrence (RQ1) 295 

The paper explored the variation of carsickness across different testing environments (RQ1). The overall MISC over both 296 

environments was 1.44 (SD = 1.52). The descriptive results of the MISC ratings over the duration of the rides are 297 

presented in Figure 5a. 298 

  

(a) (b) 

Fig. 5: (a) Subjective Motion Sickness Rating and Dropouts over Time for the different environments and (b) Correlation of 299 

individual MISCmax between the two conditions. The numbers of duplicates per coordinate are illustrated in the figure, while the size of 300 

the points changes accordingly. The data are fitted in first order polynomial functions (y = a * x). This figure was extracted from 301 

Harmankaya et al. (2024) for completeness in the analysis. 302 

With regard to the environmental conditions the average MISC in the on-road condition (M = 1.43, (SD = 1.47) was 303 

similar to the test-track condition (M = 1.45, SD = 1.58). In both conditions, on average, an increase of the MISC ratings 304 

could be observed throughout the respective sessions. Additionally, the number of drop-outs was almost evenly 305 

distributed between the on-road (N = 8) and the test-track (N = 6) condition and the number of participants reporting no 306 

carsickness during the whole ride in the on-road condition (N = 4) was similar to the test-track condition (N = 3). To 307 

confirm the descriptive analysis of the MISC data, a rmANOVA with session duration and condition as main factors was 308 

completed: No significant difference between the environments was revealed (F(2, 47) = 0.79, p = .75). Furthermore, the 309 

MSAQ analysis (post-questionnaire, Part 2.1) also illustrated no significant difference between the two conditions 310 

(Figure 6). Among the four domains, the sopite-related (S) symptoms have higher percentages (irritation/annoyance, 311 

drowsiness, fatigue, uneasiness). The lack of significant difference was also captured in three out of four symptom 312 

domains in MSAQ. Significant differences were only captured on the peripheral symptoms (W (2, 47) = 78, p = .013). 313 

Considering the duration of rides, those which were not aborted due to sickness, took an average of 27 minutes (SD = 314 

1.77, 39 rides) on the road and 26 minutes (SD = 0, 41 rides) on the test-track. Here, a significant effect of session 315 

duration on the accumulation of carsickness could be found when calculating the rmANOVA (F(2, 47) = 70.0, p < .001). 316 



The replication of the individual motion sickness occurrence was also explored through Figure 5b, showing strong 317 

agreement at both the extreme ends and lower levels of MISC. The figure depicts the correlation between individual 318 

MISCmax values across two conditions. The data was fitted using a first-order polynomial model of the form (y = a * x). 319 

The best fit was obtained with a slope of a = 1.028, yielding an adjusted R2 = 0.45 and a statistically significant result (p < 320 

.001 ). 321 

 322 

Fig. 6: Comparison of the four domains of MSAQ Gastrointestinal (G), Central (C), Peripheral (P), Sopite (S) and total MSAQ. Thin 323 

gray lines indicate individual changes between the on-road and test-track condition. Paired non-parametric Mann-Whitney test 324 

significance is presented by ∗ p ≤ .05, ∗∗ p ≤ .01, and ∗∗∗ p ≤ .001. 325 

 326 

The analysis of the maximum MISC and the corresponding MSDV (Figure 7), for example in longitudinal direction, 327 

underlines limitations regarding the interpretability of the MSDV in the given experiment. Sessions with a maximum 328 

MISC of zero lead to the highest MSDV. In comparison the MISC Level of six was in some cases already reached after 329 

a stimulation of about 14 ms−1.5. Further trend analysis were not considered as the goal of the motion stimulation was 330 

rather to achieve a high reproducibility, which cannot be used to analyze the effect of MSDV on motion sickness 331 

symptoms. 332 

 333 



 334 

Fig. 7: Maximum MISC per trip vs. corresponding MSDV at the time of first occurrence. At the maximum MISC of 6 the ride was 335 

aborted and the maximum MSDV represents the end of the stimulation. In cases below MISC 6, the overall MSDV per trip can be 336 

higher than the displayed maximum MSDV as the first occurrence of maximum MISC is presented. Points are slightly jittered around 337 

the ordinate to improve visibility. 338 

 339 

3.2 Psychological factors (RQ2) 340 

The paper addresses the variation of various participants’ psychological factors before and after the experiment across 341 

different testing environments (RQ2). As psychological factors, we explore pleasure, arousal, sense of control, 342 

acceptance (defined by usefulness and satisfaction), Automated Ride Comfort Assessment (ARCA), trust and perceived 343 

safety. 344 

The results of the three dimensions of the SAM (Pre- and Post-Questionnaire, Part 1) for both conditions are given in 345 

Figure 8. On average, participants experienced high levels of Pleasure in both conditions. Regarding, their Arousal, 346 

participants felt rather calm in both conditions, yet with slightly higher excitement in the test-track condition, albeit with 347 

a large variance in the responses. Finally, with respect to their Sense of control, participants reported a medium sense of 348 

control with slightly higher control- lability in the on-road condition and again with a large spread in the answers. No 349 

significant difference was identified between the testing environments during pre- and post-experiment. The ensuing 350 

statistical analysis, only revealed a significant effect on arousal (F(1, 45) = 7.09, p = .011). 351 

The results of the acceptance measures (Post-Questionnaire, Part 2.2) on the van-der-Laan-scales were adjusted to a 7-352 

point Likert scale ranging from -3 to 3. Usefulness ratings were slightly positive and above the scale average in both 353 

the on-road (M = 0.73, SD = 0.93) and test-track (M = 0.77, SD = 0.83) condition, with no significant difference 354 

between them. Satisfaction ratings also did not differ significantly between the conditions [t(45) = −0.05, p = .957], with 355 

on-road (M = 0.53, SD = 1.34) and test-track (M = 0.54, SD = 1.22) ratings both being positive and above the scale 356 

average. Overall, both rides were assessed positively. 357 

The ratings on the automated ride and comfort assessment items (Post-Questionnaire, Part 2.3) are shown in Figure 9. 358 



Most items were rated positively in both conditions with only the Predictability (Item 6) on-road and the Fatigue (Item 359 

12) in both conditions being below the neutral rating (4). The Feeling of control in both conditions and the Predictability 360 

on-road were (close to) neutral (4). Significant differences between conditions were only identified for the Sense of 361 

Safety (Item 1, W (2, 47) = 290.0, p = .039), the Naturalness (Item 2, W (2, 47) = 351.0, p = .041), the Predictability (Item 362 

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 363 

Acceleration (Item 10, W (2, 47) = 225.5, p = .030). 364 

 365 

Fig. 8: Comparison of Pleasure, Arousal and Sense of control (SAM questionnaire) across testing environments of pre- (a) and post-366 

ride (b). Thin gray lines indicate individual changes between the on-road and test-track condition. Paired non-parametric Mann-367 

Whitney test significance is presented by ∗ p ≤ .05,∗∗ p ≤ .01, and ∗∗∗ p ≤ .001. 368 

In order to get a general idea of the relationship between Trust and Perceived Safety, a mean value per dimension per 369 

participant and testing environment was calculated. This approach does not aim to introduce a new metric, but allows 370 

for a general estimation of the influence of the two dimensions on carsickness across different testing environments. 371 

Trust was higher in the on-road condition (M = 4.34, SD = 0.54) compared to the test-track condition (M = 3.87, SD = 372 

0.64), although not significantly (z = 1534.5, p < .001). Additionally, Perceived Safety (Part 4) did not differ between 373 

conditions (z = 1132.5, p = 0.694; on-road: M = 4.07, SD = 0.44; test track: M = 4.02, SD = 0.46). 374 

 375 

Fig. 9: Comparison of the specific comfort assessment items through the ARCA questionnaire across testing environments. The items 376 

refer to: 1: Sense of Safety; 2: Naturalness; 3: Feeling of control, 4: Travel progress; 5: Workload, 6: Predictability; 7: System Trust; 8: 377 



Interference with NDRT; 9: G-Forces Braking; 10: G-Forces Acceleration; 11: G-Forces Curves; 12: Fatigue. Values are from 1 - 378 

Negative to 7 - positive. Thin gray lines indicate individual changes between the on-road and test-track condition. Paired non-379 

parametric Mann-Whitney test significance is presented by ∗ p ≤ .05,∗∗ p ≤ .01, and ∗∗∗ p ≤ .001. 380 

 381 

3.3 Psychological factors & carsickness (RQ3) 382 

Following the analysis of the psychological factors by RQ2, the following sections presents the effect of carsickness on 383 

those psychological factors pre- and post-experiment (RQ3). 384 

Regarding the SAM questionnaire (Part 1), it has been measured how the rating in the SAM dimensions changed 385 

between pre- and post-experiment with the subjective motion sickness (Figure 10). Therein, the change in Pleasure had 386 

a strong significant negative correlation with the maximum ratings on the MISC scale in both, the on-road (r(186) = 387 

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]). 388 

Hence, participants that reached higher maximum MISC ratings rated their mood as sadder compared to participants 389 

with lower maximum sickness ratings. Additionally, the Feeling of being in control was significantly related to motion 390 

sickness on the test-track (r(171) = 0.32, p < .001, 95%CI [.18, .45]). 391 

 392 

 393 

Fig. 10: The changes of SAM Dimensions over the maximum MISC 394 

In order to estimate the relationship between Usefulness and Satisfaction (Part 2), Trust (Part 3) and Safety (Part 4) the 395 

correlations of the given answers after the ride with the maximum carsickness values per person were calculated. With 396 

regard to the van-der-Laan dimensions Usefulness and Satisfaction, only Satisfaction in the on-road condition yielded 397 

significant correlations. Trust and Perceived Safety were collected with several items, reflecting the multi-398 

dimensionality and complexity of these quantities. Next to a question about general trust in the system, Trust was also 399 

measured by asking for trust in the system’s ability to control the car well (keeping it lane centered, maintaining speed 400 

and distance to the car ahead), hesitation to use the system as well as general comfort to use the system. Perceived 401 



Safety estimated by asking for the feeling of safety, comfort, and anxiety over the ride. Additionally, items about 402 

specific situations were asked: whether the respondent felt at risk and whether one felt in danger at the worst moment. 403 

Lastly, it was asked whether the ride felt safer than expected and whether one would recommend the experience because 404 

of its safety. The calculated correlations of all of the described items regarding Trust and Perceived Safety with the 405 

maximum motion sickness can be found in the appendix A.3. Although the direction of the correlations is mostly 406 

negatively related to the experienced maximum motion sickness, the environments in which these relationships become 407 

significant are not consistent. This inconsistency could indicate that the different aspects of Trust and Perceived Safety 408 

conflict with regard to carsickness. 409 

For the analysis of Trust and Perceived Safety with regard to motion sickness, the mean values of the grouped answers 410 

were used (as in Section 3.2). In terms of Perceived Safety, the Kendall-Tau-correlation between the subjective maximum 411 

Motion Sickness and a mean of all the items, showed a significant negative relationship in both environments (on-road: τ = 412 

−0.37, p = .008; test track: τ = −0.36, p = .001). The same relationship was observed with regard to Trust, although only 413 

significant in the test-track condition (on-road: τ = −0.12, p = .439; test track: τ = −0.44, p = .002). In both aspects, 414 

Perceived Safety and Trust, higher levels of motion sickness were, mostly significantly, associated with lower Perceived 415 

Safety and Trust. The results of the correlations for all items in both aspects can be found in the Appendix (A.4, A.3). 416 

Twelve items of the ARCA were used to assess the passengers’ comfort. Across all items, it could be observed that a 417 

higher maximum subjective motion sickness leads to a worse rating of the system. How- ever, across the two testing 418 

environments, only five items were significantly influenced (see Section 3.2). Within these values, Perceived Safety and 419 

Interference with NDRT showed a significant negative relationship in the test-track condition (τ = −0.29, p = .020 and τ = 420 

−0.29, p = .014, respectively). The remaining seven items, which did not become significant in 3.2, are assumed to be 421 

disconnected from the testing environment, although they partly showed a significant relationship to the maximum 422 

motion sickness value. The full table of the calculated correlations is given in the appendix A.2. 423 

 424 

3.4 Optical flow of non-driving related tasks (RQ4) 425 

In this section, the effect of the optical flow of visually engaging non-driving related tasks on the occurrence of 426 

carsickness across different testing environments is explored (RQ4). 427 

The subjective motion sickness ratings for the ice hockey condition averaged 1.43 (SD = 1.54), while it was 1.44 (SD = 428 

1.51) for the tennis condition. Dropouts almost doubled (from 5 to 9) when participants watched the ice hockey video 429 

with the higher optical flow. The results for the development of the MISC over time with respect to the experienced 430 

NDRT is depicted in Fig. 11a. From a descriptive point of view, the development over time is comparable up until the 431 

11th minute mark. Thereafter, the tennis condition had slightly higher MISC values until the end of the experiment. To 432 

further analyze the data, a rmANOVA was conducted. In both NDRT conditions, carsickness accumulated over time at 433 



the same rate, with a highly significant effect of time on the response (F(2, 25) = 71.8, p < .001). NDRT as factor, showed 434 

no significant effect of NDRT on the MISC response (F(2, 25) = 0.98, p = .47). 435 

 436 

  

(a) (b) 

Fig. 11: (a) Subjective motion sickness rating and dropouts over time for the different environments and (b) Correlation of 437 

individual MISCmax between the two non-driving related tasks. The numbers of duplicates per coordinate are illustrated in the figure, 438 

while the size of the points changes accordingly. The data are fitted in first order polynomial functions (y = a ∗ x). 439 

 440 

Additionally, the motion sickness occurrence between the different NDRTs needs to be observed on an individual level. 441 

Hence, we opt to explore this through Figure 11b, where we see a good correspondence at the maximum and at low 442 

levels of MISC. More specifically, four participants reported no sickness and five other participants reached the 443 

termination criterion (MISC = 6), on both the ice hockey and tennis video. The figure presents the correlation of the 444 

individual MISCmax between the two conditions, fitting the data to a first order polynomial (y = a ∗ x). The optimal fit is 445 

achieved with a = 0.746, with an adjusted R2 = 0.40, p < .001). Considering the decent R2 and the significance of the 446 

result (p < .001), this implies that the individual MS occurrence (MISCmax) was by around 25% less in the condition 447 

with the ice hockey compared to the one with the tennis video. This results contradict with the non-significant differences 448 

between the average MS occurrence. 449 

 450 

3.5 Cognitive Performance (RQ5 & RQ6) 451 

This paper explored the variation of cognitive performance before and after the experiment in relation to motion sickness 452 

(RQ5) and across testing environments (RQ6) is being explored. 453 

For this multilevel analyses, also known as hierarchical, linear models (Hox et al., 2017), were used due to the repeated 454 

measures nested within individuals. As outcome variable, the performance measure per block for pre- and post-drive 455 

was used. The predictor of interest for RQ6 is the interaction of carsick- ness (MISC level) with the condition (on-road 456 

vs. test-track) to check for differences between conditions regarding the carsickness effect. The condition is also 457 



included in the model separately to see the unique effect on performance (RQ5), as was the factor carsickness. For 458 

condition, the on-road condition is labeled as the reference category. Task performance is most likely also affected by 459 

other possible confounding factors and factors that were intentionally manipulated like the difficulty level of blocks. 460 

Therefore, the time point (pre- vs. post-drive) with pre-drive being the reference category is included as predictor to 461 

control for the confounding effect of time as well as the difficulty level with the easy condition as reference category. 462 

One model for each task and dependent measure was calculated. As the significance of carsickness and its interaction 463 

with the study condition as a predictor of task performance is of interest, we choose not to report model fit tests. For 464 

further details on the used method see Metzulat et al. (2025) who applied the same analysis on the same tasks. Table 1 465 

shows the models for each task and criteria. Each model includes N = 376 observations. Fig.12 and 13 show the 466 

predicted values (simple slopes) of the interaction effect of carsickness and condition with 95% CI for reaction times (a) 467 

and accuracy rates (b). 468 

   

(a) (b) 

Fig. 12: Visual search task: Simple slopes with 95 CI marked for interaction effect of carsickness and condition on reaction time (a) 469 

and on accuracy rate (b). 470 

The difficulty level predicted the performance of all criteria significantly, showing that the manipulation was successful. 471 

The effect of difficulty and time point are not interpreted further as they were only included in the model to control for 472 

their confounding effect. When controlled for the other predictors, carsickness did not significantly predict the accuracy 473 

rate in either task. The same applies for the condition and interaction of both factors. Neither carsickness, condition nor 474 

their interaction significantly predicted reaction time in the visual search task. Thus, performance did not differ 475 

significantly between on-road and test-track in visual search. However, in the reaction task carsickness and condition 476 

predicted the reaction time significantly. The model predicts that the reaction time increases by approximately 14 ms for 477 

each point increase on the MISC scale. This means that reaction times are increasing with increasing carsickness level 478 

when reacting to sudden events. The model further predicts the reaction time to decrease by 35 ms in the test-track 479 

condition compared to on-road. The interaction of interest (carsickness*condition) is slightly not significant. So, the 480 



effect of carsickness on performance was not significantly different be- tween the two study conditions in either task. 481 

However, looking at the simple slopes in Fig. 13a there is a tendency (p = .076) that reaction times in the simple 482 

reaction task are predicted to increase stronger in the on-road condition compared to the test-track condition. 483 

Table 1: Regression results of visual search task and reaction task 484 

 Visual search task   Reaction task  485 

 

Criterion 

 

Predictor 

b 95% CI 

LL UL 

β p b  95% CI  β 

LL UL 

p 

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; 486 

Significant effects between predictors of interest and the respective criteria are printed in bold; respectively; LL and UL indicate the lower and upper 487 

limits of a confidence interval 488 

 489 

   490 

(a) (b) 491 

Fig. 13: Reaction task: Simple slopes with 95% CI marked for interaction effect of carsickness and condition on reaction time (a) and 492 

on accuracy rate (b). 493 



4 Discussion 494 

 495 

4.1 Carsickness (RQ1) 496 

The experimental set-up generally led to motion sickness, measured on the MISC, comparable to other working groups 497 

(Bos et al. (2005): motion simulator, Irmak et al. (2025): vehicle on public roads). The high standard deviation of the 498 

average subjective carsickness is caused by the inclusion of susceptible and non-susceptible participants in this 499 

calculation. At the same time, the duration of the provocation had a significant effect on carsickness. This result 500 

underlines the time-dependence development of motion sickness (Irmak et al. (2022); Pham Xuan (2023)). Neither the 501 

development of the subjective carsick- ness (considering means, dropouts or participants without any carsickness) nor 502 

the statistical analysis showed a significant difference between the two testing environments. Additionally, the analysis 503 

of the detailed relationship between the two environments by means of fitting a linear regression between both 504 

conditions for individual maximum carsickness led to a slope of 1.028, with an adjusted R2 = 0.45. This indicates that 505 

the maximum carsickness on the test track and on road were similar within individuals. The medium R2 and the 506 

significance of the result (p<.001) implies that the total individual MS occurrence (MISCmax) was highly replicated by 507 

the method. The only motion sickness element, which did show a significant difference between the environments, were 508 

the peripheral symptoms recorded by the MSAQ. This component, in contrast to the remaining three dimensions, could 509 

have been more sensitive to environmental differences. In the test track, the peripheral surroundings in the environment 510 

were different due to the location, and more dynamically varying due to the optimized trajectory. As Harmankaya et al. 511 

(2024) pointed out, their applied approach increased the yaw motion of the vehicle, provoking excessive vehicle re-512 

directional cornering to allow the replication of the on-road exposure in the compact test- track. Therefore, the 513 

significant different peripheral symptoms were expected given that the yaw motion is provocative for the visually 514 

induced motion sickness (Nooij et al. (2017)). Furthermore, there was a negligible tendency towards higher carsickness 515 

in the on-road ride, which could be caused by individual changes of psychological states. However, these weren’t 516 

recorded. In contrast, the importance of driving dynamics on carsickness is strongly indicated, raising the question of a 517 

ranking between these different influencing factors. While Lukacova et al. (2023) investigated the influence of relevant 518 

trait characteristics (such as migraine or personality traits) using a survey, future work should shed further light on the 519 

impact factor of trait factors in comparison to the dynamics of the environment. Hence, enabling a more holistic view on 520 

influential factors of motion sickness. To sum up, these results demonstrate that the applied approach by Harmankaya et 521 

al. (2024) successfully provoked comparable levels of motion sickness in both environments: on road and on the test 522 

track. 523 

Despite the need of this method for complex technical equipment (i.e., higher level AVs), these results mark an 524 

important milestone towards the efficient replication of motion sickness in safer and more accessible environments and 525 



the comparability of motion sickness studies in different environments. The great importance of these results is also 526 

evident when exploring the efficiency of other methods to replicate on-road exposure to MS, e.g. driving simulators. As 527 

simulators are a beneficial environment when it comes to replicability of driving conditions, few studies have also 528 

examined simulators’ absolute and relative validity in terms of motion sickness. When applying a realistic driving 529 

behaviour in the simulator significant differences were found between the two conditions (on-road and driving 530 

simulator) with regards to motion sickness levels (Talsma et al. (2023), illustrating simulator disadvantages about their 531 

absolute validity. Even different driving simulators, ranging from simplified to more advanced setups, had significant 532 

difference on motion sickness exposure (Himmels et al., 2024). 533 

Simulator and on-road studies differ in several factors such as weather, passenger and driver distraction or other road 534 

users which affect the overall user experience. Meanwhile, simulators are also capable of provoking symptoms of 535 

simulator sickness due to the visual environments and the artificial motions. The gap between artificial and real-world 536 

conditions is further narrowed to factors such as traffic and road conditions in the comparison between on-road and test 537 

track environment. This is an additional step towards absolute validity in testing environments. 538 

 539 

4.2 Psychological factors (RQ2) 540 

The comfort derived through the ARCA questionnaire (Figure 9) was rather positive (i.e., item mean values were higher 541 

than four which is the scale median) regardless of the testing environment (except for Feeling of control, Predictability 542 

and Fatigue). Interestingly, the question regarding Sense of Safety (Item 3) from the ARCA questionnaire (“While being 543 

driven, I felt [unsafe ... safe]) evaluated the on-road condition as more positively while the question within Part 4 for 544 

Perceived Safety (“I was feeling safe most of time”) led to no significant differences between two driving conditions. This 545 

discrepancy could be caused by the higher resolution of the ARCA scale (7-steps vs. 5-steps), which leads to a higher 546 

sensitivity of the questionnaire. Alternatively, the different phrasing of the questions could have led to an answer 547 

reflecting either the whole ride (perceived safety) or rather just an especially memorable and emotional situation 548 

(ARCA). In addition to the significant differences in the Sense of Safety and Interference with NDRT (ARCA), Trust 549 

(Part 3) was also evaluated significantly more positively in the on-road condition. This suggests that both real-world 550 

driving scenarios may foster greater confidence in the system (automated system or driver as explained in the 551 

questionnaires), possibly due to perceived realism or familiarity. This, in turn, allowed to fully immerge into the NDRT. A 552 

study evaluating trust in automated driving found that trust did not increase with repeated usage in an on-road condition, 553 

while it did increase in a simulator setting, which is also more controlled and artificial Metz et al. (2025). However, in our 554 

on-road condition, participants did not experience an automated driving system, but instead a manually driven ride, 555 

which most likely increased trust due to higher familiarity. Peng et al. (2025) identified in a questionnaire that multiple 556 

prerequisites influence the willingness to immerge into NDRTs. Although trust is mostly mentioned there - it is only 557 



one factor. In parallel, the driving environment or the desire to remain vigilant in an (unfamiliar) AV, seems to play a 558 

role regarding NDRT engagement. It is important to further identify the influencing factors on NDRT engagement as it 559 

is one of the passengers’ greatest benefits in AVs. Besides NDRT engagement, G-Forces Acceleration, Naturalness and 560 

Predictability were rated worse in the test-track condition indicating that participants sensed that the applied trajectory 561 

differed from natural rides and therefore felt artificial and unfamiliar. However, these did not eventually affect the 562 

occurrence of motion sickness. 563 

Contrary to expectations, Anxiety did not significantly differ between the two driving conditions. This indicates a 564 

relatively stable emotional response across contexts, despite the differing nature of the environments. The Self-565 

Assessment Manikin (SAM) results further support this interpretation. Participants reported high levels of Pleasure in 566 

both conditions, indicating a generally positive emotional experience. Arousal levels were generally neutral, with 567 

significantly higher in the test track condition before the ride. This may reflect heightened alertness or excitement due to 568 

the controlled yet unfamiliar setting with the automated vehicle. The Sense of control was moderate across both 569 

conditions, with slightly higher ratings in the on-road scenario, again pointing to the potential influence of 570 

environmental familiarity. 571 

Acceptance measures revealed no significant differences in perceived Usefulness or Satisfaction between the two 572 

conditions: Both were rated positively, suggesting a generally favorable reception - even of the unfamiliar automated 573 

driving system. Nevertheless the lower trust ratings recorded for the test track condition align with the findings by 574 

Czaban and Himmels (2025), who found higher stress levels in the more artificial environment (simulators) when 575 

comparing them with on-road rides. These reduced trust ratings may indicate that artificial or staged environments evoke 576 

more caution or skepticism among users. When developing and testing new autonomous driving functions, the possibly 577 

lowered trust in artificial environments need to be considered, as trust is an important factor in the acceptance of AVs 578 

(Kenesei et al. (2025)). 579 

 580 

4.3 Psychological factors & Carsickness (RQ3) 581 

Besides focusing on the general effect of differences between the two study conditions, the present study aimed to 582 

investigate the relationship between subjective experience measures and carsickness. Again, this was done by 583 

comparing user perceptions between on-road and test-track conditions. The findings offer several insights into how 584 

emotional response, acceptance, trust and perceived safety relate to motion sickness and overall user experience. To the 585 

knowledge of the authors, the items of Acceptance, Perceived Safety, and Trust have not been investigated regarding 586 

motion sickness in a vehicle with SAE automation Level 3 or higher. 587 

The analysis of the emotional responses regarding Arousal, The feeling of being in control and Pleasure from the SAM 588 

questionnaire showed a significant negative relationship between Pleasure and motion sickness. Greater levels of 589 



subjective motion sickness are connected with a stronger reduction in the reported Pleasure compared to the pre-ride 590 

condition. This aligns with the findings by Chouke`r et al. (2010); Stelling et al. (2021), who found a significant connection 591 

between motion sickness and stress in parabolic flights. In terms of user workload, this finding underlines the necessity 592 

of working on motion sickness reliefs in environments which are more likely to provoke motion sickness, especially for 593 

passengers who need to work or otherwise have cognitive workload. In addition, Kaufeld et al. (2022) found a connection 594 

between stress and visually induced motion sickness. However, a discrepancy to that paper can be found regarding 595 

Arousal, which seems to be unaffected by the reported motion sickness. This difference could be caused by the 596 

additional influence of the environment. While Kaufeld et al. (2022) stayed in the same environment, but actively elicited 597 

certain emotions, the change of the external environment along with the used automation level to drive the participants 598 

could have additionally influenced the arousal and thereby confounded the relationship between arousal and motion 599 

sickness in our experiment. This thought also applies to The feeling of being in control, which has a significant 600 

relationship with motion sickness on the test-track. While being driven in an L3-automation level in a separated area is 601 

an uncommon experience to most people, this unfamiliarity connected with the feeling of being unwell due to motion 602 

sickness could have confounded the relationship between the two latter. 603 

A key finding was the significant negative correlation between maximum carsickness ratings and participants’ Trust (on 604 

test-track) and Perceived Safety (on both, test track and road). This suggests that higher levels of carsickness may 605 

undermine users’ confidence in the driving system, potentially influencing their overall endorsement of both, an 606 

automated driving system as well as a human driver, especially on a test track. A negative relationship between motion 607 

sickness and Trust did not become significant in the Road-condition. This may reflect differences in expectations with 608 

regard to Trust. 609 

Importantly, under the test-track condition the item Interference with NDRT was strongly negatively correlated with 610 

maximium motion sickness ratings. This is consistent with the findings of Irmak et al. (2021a), who found a significant 611 

negative correlation between motion sickness and subjective workload. Following this finding Irmak et al. (2021a) 612 

hypothesize that motion sickness may lead to task avoidance. This assumption is further corroborated in the test track 613 

condition based on the presented study. This result reinforces the notion that physical discomfort can significantly detract 614 

from the overall user experience, even when other aspects of the system are positively evaluated. 615 

 616 

4.4 Optical flow of non-driving related tasks (RQ4) 617 

On an individual level a difference between the influence of the two tasks could be found, with a slight tendency 618 

towards higher subjective motion sickness in the tennis condition. However, the analysis of significant differences did 619 

not reveal significant differences in the averaged MISC between the ice hockey and tennis videos. This indicates that, 620 

when generalized to a broader population, the higher optical flow in the ice hockey scenes does not lead to an increase 621 



in motion sickness. Although the difference in optical flow between the two video types was statistically significant (see 622 

2.5), it may not have been substantial enough to meaningfully affect symptom development. The observation that 623 

participants in both conditions still experienced similar levels of motion sickness could be attributed to the fact that 624 

individual susceptibility and driving dynamics likely exerted a stronger influence on the outcome than the differences in 625 

visual motion. However, several studies indicate that the dynamic visual input does have an effect on motion sickness. 626 

Thereby, it can be distinguished between the passengers’ NDRTs and the optical flow of the environment. Regarding 627 

NDRTs, Metzulat et al. (2024) reported that engaging in a dynamic visual task provokes more motion sickness than 628 

performing a static task, supporting the idea that dynamic visual stimulation of NDRTs can exacerbate motion sickness 629 

symptoms. On the other hand, studies indicate that an alignment of optical flow with the driving dynamics can, however, 630 

have a positive influence on motion sickness. In vehicles, having no external vision (Irmak et al. (2021b)) as well having 631 

a restricted view due to lower viewing angles into the vehicle interior (Brietzke et al. (2021)) increases carsickness in 632 

comparison to having external vision. Finally, Tamura et al. (2023) have investigated the relationship between visual 633 

and vestibular inputs and concluded that this relationship can be considered when mitigating motion sickness. 634 

Generally, it is hypothesized that while unsynchronized visual motion can increase symptoms, an aligned optical flow of 635 

visual input with the sensed movement can alleviate motion sickness symptoms. 636 

Another factor that could have an influence on the interaction of the optical flow and the provoked carsickness is the 637 

eye movement. Brietzke (2023) found that different tasks in a vehicle lead to different eye movements while several 638 

papers showed that eye movement is connected to visually induced motion sickness (VIMS): Wibirama and Hamamoto 639 

(2014) found that an unstable depth gaze was related to experienced VIMS, while Diels et al. (2007) found an 640 

interaction between optic flow and the gaze angle on VIMS. In the present study design, the counting task may have 641 

influenced participants’ eye movements. Although the search target always appeared in the center of attention, their eye 642 

movements due to the search likely differed from natural viewing behavior when watching a film (Castelhano and 643 

Rayner (2023)). As the visual input plays an important role in the genesis of motion sickness (Flanagan et al. (2004)), 644 

the task might have eventually triggered similar carsickness developments even though the optical flow of the videos 645 

were significantly different. 646 

 647 

4.5 Cognitive Performance (RQ5+RQ6) 648 

The three performance metrics (accuracy rate of visual search, reaction times in visual search, accuracy rate of simple 649 

reaction task), illustrated no difference across testing environments. However, a significant difference in reaction times 650 

was found across testing environments in the simple reaction task, with faster times in the test-track condition. This could 651 

be due to differences in the testing environment; for example, there is a higher potential for distraction due to noise, other 652 

road users, etc. on the road, or, as reported above, the higher level of arousal on the test track could have had an 653 



activating effect on the subjects. However, this was a between-subjects comparison of on-road versus test-track. Hence, 654 

this difference is confounded with individual differences in performance, leading potentially to this result. Therefore, 655 

this effect might not be robust. 656 

For both tasks, the effect of carsickness on performance did not differ significantly between the testing environment. This 657 

result shows that the effect of carsickness on performance is comparable between environments, regardless of potential 658 

differences due to variations in the test environment. However, a non-significant difference was identified in the 659 

reaction times in the simple reaction task, which show a tendency to increase more substantially in the on-road 660 

condition (larger slope at the curve, Figure 13) compared to the increase observed in the test-track condition. This 661 

could also be due to the above mentioned differences of environment (noise, arousal, etc.). Nevertheless, as the effects 662 

are in the same direction and the interaction was not significant, the effects of carsickness on performance do not differ 663 

across testing environments. 664 

Carsickness had no significant effect on accuracy rates in either the visual or the reaction task. Reaction times in the 665 

visual search task were not affected by carsickness, whereas in the reaction task the reaction times increased 666 

significantly with increasing carsickness. Although previous studies have reported a negative impact on visual 667 

performance (Bos et al. (2008); Golding and Kerguelen (1992); Kaplan et al. (2017)), the results of the present study are 668 

more consistent with those of Smyth et al. (2019b), in which no adverse effects of simulator sickness on visual acuity 669 

were observed. The finding of prolonged reaction times with increasing carsickness in simple reaction tasks is consistent 670 

with studies on cybersickness (Nesbitt et al., 2017; Nalivaiko et al., 2015) but only partly with the study regarding 671 

carsickness (Kantusch (2023)). 672 

 673 

4.6 Limitations 674 

In order to interpret the findings of this study correctly, certain limitations need to be noted. Methodologically, it should 675 

be considered, that the recruitment of the sample was primarily through a university network, which resulted in a young 676 

age range (M = 29.30 years, SD = 13.01). Literature indicates that susceptibility to motion sickness decreases with 677 

increasing age Bos et al. (2007). Therefore, the pre- dominantly young sample has potentially increased susceptibility 678 

compared to a possible sample with a broader or older age range, but probably did not bias the qualitative findings. 679 

Meanwhile, the dataset was not gender-balanced, which might also raise certain limitations since females are more 680 

susceptible to motion sickness Flanagan et al. (2005); Lentz and Collins (1977). With regard to the psychological 681 

factors, one aspect should be noted: The scale to assess the subjective acceptance (Van-der-Laan questionnaire) was 682 

adapted from an original 5-point scale to a 7-point scale. This change may have affected the validity of the results, as 683 

participants could have interpreted the more granular scale differently. Additionally, the comparability of the results to 684 

other publications using the 5-point scale is restricted. All rides were done while participants watched a sports videos, 685 



representing a non-driving related task. Although using NDRTs to increase the risk of motion sickness in such studies is 686 

a often used method, it limits all of our findings to passengers engaged in a NDRT. Extending the results towards a ride 687 

without NDRT can only be done with reservations, due to the lack of rides without NDRTs in this study. Finally, the on-688 

road condition was always driven manually, while the test track condition was driven using autonomous driving 689 

functions. Even if the vehicle dynamics were highly replicable according to our extended analysis, this might have 690 

affected the psychological factors across the two conditions. 691 

 692 

5 Conclusion & outlook 693 

The presented manuscript summarizes a human subject study on carsickness in two highly dissimilar environments. The 694 

work advances research in the area of carsickness by an improvement in testing methodologies. In detail, insights on the 695 

following key aspects were addressed: the testing environment, psychological factors, optical flow, and cognitive 696 

performance. The investigation of these factors was administered by a within-study with 47 participants. In the study, 697 

we realized the highest possible reproduction of a dynamic stimulus in on-road driving by implementing a trajectory 698 

controlled self-driving vehicle. During the rides, we collected the subjective motion sickness experience, in combination 699 

with a post drive symptom assessment. Participants were watching different sports videos, varying in visual optical 700 

flow. Cognitive performance, as measured by a simple reaction task and a visual search task, and various psychological 701 

factors were recorded before and after the rides. 702 

Our findings 703 

• The dynamics stimulus in combination with the “eyes off the road” task of video watching led to the expected 704 

development of motion sickness. No significant differences in motion sickness symptom reaction occurred, despite 705 

the different testing environment and the variations in dynamic stimulation due to traffic in the on-road 706 

environment. This is a first step towards making future studies, conducted either in an on-road or a test track 707 

environment, comparable. 708 

• The consideration of psychological factors leads to the conclusion of comparability across the two testing 709 

environments for most aspects such as general ride comfort, anxiety, acceptance and satisfaction. However, it 710 

became also apparent that participants have reduced trust on the test track. This is especially important when 711 

considering that multiple psychological factors, i.e., arousal, pleasure, trust and perceived safety correlate with 712 

carsickness. 713 

• The observed correlations between sickness with pleasure, safety perceptions were correlated across testing 714 

environments. The repeatability of these results proves that methodologically the interconnected nature of 715 

physical and psychological responses can be captured across/in testing environments and allows the assessment of 716 

perceived safety. However, this was not captured for the others psychological factors, such as acceptance and 717 



trusts. 718 

• The two different optical flow stimuli, represented by means of a tennis and ice hockey video did not alter the 719 

motion sickness symptom reaction in the tested scenario. As passenger activities have been shown to lead to 720 

different provocations of motion sickness, it is essential to further investigate which cognitive 721 

processes contribute to motion sickness. 722 

• Cognitive performance differed by one metric out of four between the test environments. Participants reacted 723 

faster on the test track in the simple reaction task, which could have been influenced by differences in arousal 724 

and distraction between conditions. However, in terms of carsickness, its effect on cognitive performance was 725 

comparable in both test environments. This suggests that both settings can be equally used for research on this 726 

topic. 727 

Further work on influencing factors of motion sickness is needed to test and to develop effective countermeasures and 728 

metrics to assess it. In order to be successful, different research needs to be able to derive and transfer results from 729 

different testing environments and stimuli. The presented work is further contribution towards establishing a 730 

methodology to achieve such standards. 731 
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A Appendix 904 

 905 

A.1 Vehicle dynamics 906 

 907 

Table 2: Driving Dynamics Metrics for Road and Track Conditions 908 

 909 

 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  

 910 

A.2 ARCA 911 

 912 

Kendall-Tau-Correlation between the single ARCA items and subjective maximum Motion Sickness (MISC). 913 

 914 

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 

 915 

A.3 Trust 916 

 917 

Kendall-Tau-Correlation between the single Trust items and subjective maximum Motion Sickness (MISC). 918 

 919 

Item EstimateRoad p.valueRoad EstimateTest−track p.valueTest−track 

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 

 920 

A.4 Perceived Safety 921 

Kendall-Tau-Correlation between the single Perceived Safety items and subjective maximum Motion Sickness (MISC). 922 

 923 

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 924 

correlation is undefined. 925 


