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ARTICLE INFO ABSTRACT

Keywords: Car passengers experience much more car sickness than car drivers. We assume that this is
Automated driving because drivers can better anticipate the car’s motions. Does helping passengers to anticipate the
Anticipation

car’s motions then mitigate car sickness? Indeed, laboratory studies have shown that anticipatory
cues which announce one-dimensional motions of a linear sled mitigate sickness to a small extent.
Does this mitigation generalize to real car driving? We tested this in a car ride on a test track
along a trajectory involving lane changes, accelerations, and decelerations. We show that
vibrotactile cues mitigated car sickness in passengers. Auditory cues were less effective. The
mitigating effect of the vibrotactile cue was considerable: a 40% decrease in car sickness symp-
toms, a larger effect than we found in the laboratory. Automated vehicles can predict their own
motion very well. They could thus provide vibrotactile cues to mitigate car sickness in their
passengers.

Motion sickness
Self-driving cars
Sensory conflict

1. Introduction

The lifetime incidence of car sickness may be as high as 58% (Reason & Brand, 1975), and predominantly concerns car passengers
rather than drivers (Schmidt et al., 2020). As the majority of car occupants currently are drivers (Armoogum et al., 2014; BTS, 2023;
TSGB, 2022), the number of car travelers susceptible to car sickness will multiply following a human-to-automated driving transition
(reviewed by Iskander et al., 2019). Additionally, this transition will include a phase of conditional or high driving automation during
which the system could require a take-over of vehicle control (SAE, 2021). Motion sickness, an umbrella term for car sickness, sea
sickness and other variants, has been observed to impair human performance (Bos, 2004; Dobie, 2019; Matsangas et al., 2014).
Needing to take over vehicle control whilst feeling car sick could thus potentially compromise road traffic safety (Diels & Bos, 2016).
For these reasons of comfort and safety, it is essential to find a solution to mitigate car sickness in passengers.

Understanding why car drivers experience less car sickness compared to car passengers provides a starting point for finding a
solution. Whereas passengers are passively subjected to the car’s motions, drivers actively control them. Rolnick and Lubow (1991)
demonstrated that participants in active control of self-motion reported less motion sickness compared to yoked participants passively
exposed to the same stimulus. The sensory conflict, or more specifically, neural mismatch theory may provide an explanation for this
observation (Oman, 1982; Reason, 1978; Reason & Brand, 1975). The theory proposes that motion sickness develops following a
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neural mismatch between integrated vestibular, visual, and somatosensory signals on self-motion, and expectations or predictions
thereof as generated by an internal model. During active self-motion, efference copies resulting from motor commands may be used by
this internal model to predict afferent sensory output. This could minimize a possible neural mismatch and consequently mitigate
motion sickness. The decreased susceptibility of car drivers might thus be explained by their advantage to anticipate self-motion.
Finding a way for passengers to better anticipate passive self-motion may accordingly mitigate car sickness.

Automated vehicles can predict their own motion very well, and should be able to respond to unexpected situations quickly. They
could provide cues to alert passengers of upcoming driving manoeuvres such as braking or overtaking. Several studies investigated the
effectiveness of anticipatory cues using visual (de Winkel et al., 2021; Feenstra et al., 2011; Hainich et al., 2021; Karjanto et al., 2018,
2021), auditory (Diels & Bos, 2021; Kuiper et al., 2020; Maculewicz et al., 2021), or tactile (Karjanto et al., 2021; Kremer et al., 2022;
Li & Chen, 2022; Reuten et al., 2023, 2024; Yusof et al., 2020) stimuli. A limitation of visual and auditory cues is that they could
interfere with tasks that passengers of fully automated vehicles may want to perform. Examples include listening to music, reading, and
watching videos — tasks that occupy the auditory and/or visual modality (Detjen et al., 2020; Pfleging et al., 2016; Schmidt et al.,
2020). Passengers could accordingly miss a cue (Meng & Spence, 2015) or feel disturbed by it (Diels & Bos, 2021). Visual cues could
moreover aggravate, rather than mitigate motion sickness (Karjanto et al., 2021; Stauffert et al., 2020). Providing cues via the tactile
modality may therefore be more desirable in automated vehicles. Studies differ regarding their conclusion on the effectiveness of
tactile cues: some report a significant reduction in motion sickness (Karjanto et al., 2021; Li & Chen, 2022) whereas others do not
(Kremer et al., 2022; Reuten et al., 2023, 2024; Yusof et al., 2020). We argued that the statistical power of our studies was too low
(Reuten et al., 2024). An internal meta—analysis of our studies, including a study on auditory cues (Kuiper et al., 2020), showed that
anticipatory cues are overall effective in mitigating motion sickness (Reuten et al., 2024). All of these studies were performed in the
same laboratory, in which we exposed participants to one-dimensional motion in fore-aft direction on a linear sled. The goal of the
current study is to investigate whether the mitigating effect of anticipatory cues generalizes to real car driving.

Here we expose participants sitting in the back seat of a car to trajectories resembling those of everyday car driving, including
variations in speed and direction of motion at irregular intervals. It is more difficult to anticipate upcoming motion when it consists of
multiple degrees of freedom. Anticipatory cues may therefore be of greater benefit to participants in the current study: their predictions
of upcoming motions are prone to larger errors compared to those of participants in the laboratory subjected to one-dimensional
motion. To increase the predictive value of the anticipatory cues, we will use directional cues that indicate the (initial) direction of
upcoming accelerations. Despite the possible added value of receiving anticipatory cues for more variable motion, variability in
driving behaviour may result in some part of the motion being unannounced by the cues, which could lessen their effectiveness. We
investigate three research questions in our study. Our first question is whether anticipatory auditory and vibrotactile cues mitigate car
sickness in passengers during real car driving. Our second question is whether one of the cues is more effective. Our third question is
how users experience anticipatory cues during a real car drive. Car passengers might consider the cues helpful but too intrusive, which
could limit their effectiveness as a solution.
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Fig. 1. a. Participants sat in the back seat of a car without outside view. We instructed them to keep their head upright, to keep looking straight
ahead, and to keep their eyes open. b. Example of two driving sequences, connected by low velocity U-turns. Driving manoeuvres (coloured bars)
were separated by intervals of 5 or 10 s driving at constant speed (black lines). Long bars correspond to a manoeuvre performed at 40 km/h, short
bars to ones at 20 km/h. c. The setup used to trigger the cues and to coordinate initiation of the corresponding driving manoeuvre. d. Schematic
representation of the presentation of vibrotactile cues (top view). The upper half represents the spatial and temporal representation of the vibro-
tactile cue indicating an accelerating manoeuvre. The row of motors positioned near the knees vibrated for 225 ms. After 100 ms without vibration,
there was a second vibration burst of 225 ms of the same row of motors. The bottom half illustrates the row or column of motors activated for each
driving manoeuvre. Each cue followed the same temporal pattern as in the top panel. All cues thus lasted 550 ms in total.
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2. Methods

We asked participants to take part in three sessions in which they were sitting in the back seat of a car without outside view. A
trained driver performed scripted driving manoeuvres that were unpredictable in onset, speed, and direction. In one session, there
were no anticipatory cues (control session). In the other two sessions, either an auditory or vibrotactile cue announced the upcoming
manoeuvre (anticipatory sessions). To determine if the cues mitigated car sickness, we compared the development of self-reported car
sickness symptoms in each anticipatory session to that in the control session. We quantified the reduction in car sickness using the same
analysis approach as in our prior studies performed on a linear sled (Reuten et al., 2023, 2024).

2.1. Participants

We intended to recruit a sample larger than in our prior cueing studies to increase statistical power. Because of limited resources,
we could however only recruit 15 participants. One participant could not be included in the results because he dropped out after the
first session, resulting in a sample size of 14 participants (M = 34 years old, 7 females). All participants were Volvo Cars employees who
had not participated in studies on anticipatory cueing before. Participants could participate if they had experienced symptoms of
motion sickness in the last five years and were in overall good health according to self-report, which included to not suffer from
vestibular disorders. We asked participants to fill in the Motion Sickness Susceptibility Questionnaire (MSSQ-short; Golding, 2006)
from which we observed that the susceptibility of our sample fell within the 59th percentile, which is within one standard deviation of
the general population mean. The study received ethical approval from the Swedish Ethical Review Authority (reference number:
2022-07311-01).

2.2. Motion apparatus and stimulus

We performed the study at a test track (the Hallered Proving Ground in Sandhult, Sweden) to prevent interference from other
traffic. We used a left-hand drive Volvo XC90 in which participants sat in the back seat diagonal to the driver. Because vision on the
road ahead is known to modulate car sickness (Griffin & Newman, 2004), we used opaque materials to block outside view (see Fig. 1a).
Natural daylight entered the car via the rear window, leaving the sitting area moderately lit. Participants could hear engine noises as
we did not manipulate auditory information. We set the air conditioning to 20°C with nonzero but minimal airflow.

All sessions consisted of 16 sequences of driving manoeuvres performed at a straight 630 m long track (Fig. 1b). We included the
following manoeuvres: accelerations, decelerations, left lane changes, and right lane changes. Drivers practiced performing the ma-
noeuvres with verbal instructions from two experimenters driving along in the test sessions. Moreover, drivers trained to reach a peak
acceleration of 2 m/s? as guided by direct feedback from an accelerometer. This value corresponded for accelerations and decelerations
to a change in speed of 20 km/h in 3 s. Accelerations corresponded to speed increases from 0 to 20 km/h or 20 to 40 km/h; de-
celerations corresponded to speed decreases from 40 to 20 km/h or 20 to 0 km/h. As our test track was 630 m, we limited maximum
speed to 40 km/h because driving at higher speeds would take up a substantial portion of the available track distance. Lane changes
consisted of a lateral acceleration immediately followed by a slightly lower deceleration lasting about 3 s in total, resulting in a 3 m
lateral displacement. Both left and right lane changes were performed at 20 and 40 km/h. Given that each type of manoeuvre was
performed at two speeds, the number of driving manoeuvres totalled to eight. We separated the manoeuvres by pseudorandom in-
tervals of 5 or 10 s driving at constant speed (20 or 40 km/h) to reduce the predictability of motion onset.

To prevent participants from anticipating the next manoeuvre from memory, we predefined four sequences with a different order of
the driving manoeuvres (see Supplementary Table S1). Three of the sequences contained all eight manoeuvres, implying that the
deceleration to 0 km/h occurred at the end. We created one sequence in which the car also decelerated to 0 km/h halfway the
sequence, instead of accelerating to 40 km/h. The lower average speed in this sequence would result in a shorter distance travelled,
implying that the car would stop before the starting position of the next sequence. Because the other sequences covered the maximum
track distance available, we used longer intervals of driving at constant speed in this sequence. This resulted in a longer sequence
duration (~109 s) in comparison to the other three sequences (~74 s). We repeated the four sequences four times, totalling to 16
sequences per session. We created three variations of the order of the 16 sequences and exposed all participants to each variation once —
distributing the variations approximately equally across the anticipatory and control sessions. Sequences were connected by verbally
announced left U-turns that were performed at minimal driving speed (<5 km/h). We used three drivers throughout the experiment.
All participants performed at least two sessions with the same driver. Throughout the experiment, drivers received feedback about the
uniformity of their driving behaviour based on the recordings from an accelerometer.

2.3. Anticipatory cues

In the two anticipatory sessions, participants received either auditory or vibrotactile cues which announced upcoming driving
manoeuvres. We based the design of our cues on the results of an office pilot study in which we asked colleagues’ opinions about the
clarity and comfort of various auditory and vibrotactile cues. For the auditory cues, we selected voice recordings of a female voice in a
British accent. We used short words (550 ms) to alert the participants: “fast” to indicate accelerations, “slow” to indicate decelerations,
“left” to indicate left lane changes, and “right” to indicate right lane changes. To present the vibrotactile cues, we used a seat cushion in
which six small (approximately 5 x 20 mm) eccentric rotatory mass vibration motors were embedded across two columns aligned with
the upper legs and three lateral rows. Each cue consisted of two 225 ms vibrations bursts of one row or column of motors, with 100 ms
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between the two bursts (Fig. 1d). We used the row positioned close to the knees and that close to the hips to indicate accelerations and
decelerations respectively. Vibrations of the column of motors beneath the left and right upper leg indicated left and right lane changes
respectively.

Following the predefined manoeuvre sequence, the experimenter in the front seat (same person throughout all sessions) activated
the cues manually by clicking the corresponding button in a custom-made software program. About half a second after the cue had
ended, the experimenter tapped a card of the corresponding manoeuvre on a clipboard mounted on top of the centre console to prompt
the driver to initiate the manoeuvre (Fig. 1c). In conclusion, the onset of each cue was approximately 1 s prior to the start of the
manoeuvre. This anticipatory interval was preferred in our previous study (Reuten et al., 2023) and has been shown effective in other
cueing studies (e.g., Hainich et al., 2021; Kuiper et al., 2020; Li & Chen, 2022).

2.4. Procedure

Participants performed the three sessions in a random order, with each possible order performed by at least one participant.
Sessions were separated with a minimum of 1 and maximum of 9 days, except for two participants for whom the duration between two
sessions was limited to several hours due to time constraints in their schedule. Prior to starting the first session, we provided par-
ticipants the opportunity to read an information letter about the experiment. After answering any questions, we asked them to sign an
informed consent sheet and to fill out the MSSQ-short. For each session, we drove participants to a test track located five minutes away
from the office. During this short journey, participants sat in the front passenger seat with outside view to minimize the risk of
developing car sickness.

After arriving at the test track, participants moved to the back seat diagonal to the driver where they received additional in-
structions. We explained participants how to use the Motion Illness Symptoms Classification scale we used throughout the experiment
(MISC; Bos et al., 2005; Reuten et al., 2021). We also described the four types of driving manoeuvres the car would perform. Prior to
starting an anticipatory session, we let participants hear or feel all four cues two times. The first time, we explained which manoeuvre
the cue announced. The second time, we asked participants to indicate which manoeuvre they thought the cue announced. All par-
ticipants performed this task without errors. Lastly, we instructed participants to keep their head upright, to keep looking straight
ahead, and to keep their eyes open. After the instructions, we asked participants to rate a pre-test MISC score. All ratings were MISC < 1
with a single exception of MISC = 2 for one participant in one session. We aborted a session when a participant rated MISC > 7. After
each session and at the end of the experiment, we asked participants to fill out a user experience questionnaire at the office.

2.5. Data collection

Our main focus was on the development of car sickness symptomatology during the sessions. The MISC is a single value self-report
rating scale that is based on the progression of motion sickness symptoms, with a severity grading within each symptom class (Table 1).
We asked participants to verbally indicate their MISC score right after each sequence, just before the turn, using the MISC. Motion
sickness ratings were thus never made whilst receiving an anticipatory cue. Additionally, we collected acceleration data of the car and
the head motion of the participant (the latter not analysed in this paper). We used an OxTS RT3000 IMU to measure the car’s ac-
celerations, which was configured to provide an estimation of the accelerations acting on the participant.

To gain more insight into the user experience of the anticipatory cues, we asked participants to complete a questionnaire after each
session and at the end of the experiment. After each session, we asked participants to indicate if and when they noticed the cues
(multiple-choice). If they had noticed cues, we asked them to indicate how many times those were presented (multiple-choice); and to
evaluate them along several user experience dimensions (Likert scale). At the end of the experiment, we asked participants if they
realized that the cues had always been presented at a fixed moment relative to the onset of the driving manoeuvres (multiple-choice);
which cue they preferred to announce upcoming driving manoeuvres (multiple-choice); to rank the sessions from most to least
favourite (rank); if they would want to use the cue they preferred in their (self-driving) car (multiple-choice); and how much money
they would be willing to spend extra on a car preventing car sickness (open-ended).

Table 1
The Motion Illness Symptoms Classification (MISC) used to assess motion sickness symptomatology (Bos et al., 2005; Reuten et al., 2021).
Class description MISC
No problems 0
Some discomfort, but no specific symptoms 1
Dizziness, cold/warm, yawning, headache, tiredness, sweating, stomach / throat awareness, burping, blurred vision, salivation, vague 2
... but no nausea little 3
rather 4
severe 5
Nausea little 6
rather 7
severe 8
retching 9
Vomiting 10
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2.6. Data analysis

To determine the effectiveness of the anticipatory cues, we use the same data analysis approach as in our prior studies (Reuten
etal., 2023, 2024). Using this approach, we can quantify the reduction in the development of car sickness in each anticipatory session
relative to the control session in one value: R. This allows for an easy comparison of the effectiveness of anticipatory cues (or other
interventions) between experimental sessions and studies. For each cue, we determine R using the steps described below.

We first calculate the reduction in MISC scores between the anticipatory (A) and control (C) session at each turn (t) and individual
participant (i) by

(Ci — An) )
(Ci + Ax)

This relative reduction value facilitates the interpretation of the effectiveness of the cues as the distribution of R is symmetrical
around zero (indicating no effect), with a maximum value of 1 (A; = 0,C; # 0) and mimum value of —1 (A; # 0,C; = 0). We do not
determine R, for pre-test measurements and cannot determine R;; for sequences without data (i.e., after reaching the stop-criterion).
Also, when C; = A; = 0, it is impossible to determine R;;. This is not problematic for our analysis as we weigh the data as explained
below; undefined R,; values will receive a weight of zero. Because participants typically rate MISC O or 1 at the beginning of a session,
R, will have a value of —1, 0 or 1 for the first sequences. To take account of the resolution of R; when determining the average
reduction across a session, we weigh each of the 16 obtained R,; values by the sum of the two underlying MISC scores. Consequently, R,;
values that are calculated on higher MISC scores will receive a larger weight

Ri=

Wy = Cn' +Aﬂ (2)
We can then calculate the average reduction per participant i by

R - 2WiRi 3G — Ad) 3)

T thﬁ thﬂ'

and at each turn t by

R = ZiWﬁRﬁ _ Zi(cﬁ - Aﬂ) [O))

o > Wi > Wi

Equation (3) indicates that R; is proportional to the sum of MISC score differences between the anticipatory and control session.
To express the overall reduction generated by the cue across all turns and participants, we again consider the resolution of R;; using
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Fig. 2. a. The development of car sickness during each session as a function of time. The (small) horizontal error bars represent the standard
deviation of the cumulative duration of the sequences. After a participant reached the stop-criterion (frequency in inset), they do not longer
contribute to the average of that session as we did not replace missing data, resulting in a decrease of the average MISC. If the stop-criterion was
reached in the control session, we excluded the data of this participant on the corresponding sequences in the anticipatory sessions (similar to R in
the other panels). b. The reduction in car sickness for individual participants (R;) in the two anticipatory sessions in comparison to the control
session. Error bars are 95% confidence intervals. c. The overall reduction in car sickness across all sequences and participants for each cue. Coherent
with our one-sided analysis, we plot 95% one-sided confidence intervals. The dashed line represents the overall reduction of anticipatory cues we
found in the laboratory, with the grey band representing their 95% confidence interval. In panels b and c, the size of a data point reflects its weight,
corresponding to the sum of MISC scores underlying the data (see legend).
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To translate this final value into a more intuitive measure, we provide a conversion of R to a percentual decrease in MISC score (i.e.,
S =(1-A/C) x 100) in Supplementary Figure S1. Note that we use the measure R instead of a percentage change as exchanging C and
A only results in a change of sign of R. This makes it suitable for averaging: if C and A are drawn from a random distribution, the
average of R will be zero, whereas the average of S will become negative.

2.7. Statistical analysis

Our first question is whether our anticipatory auditory and vibrotactile cues mitigated car sickness. For both cues, we accordingly
performed a weighted one-sided t test (@ = 0.05) on the R; values (each weighted by w;) to determine whether the overall reduction R
was larger than zero (corresponding to no reduction). We express the confidence of our estimates of R in one-sided 95% confidence
intervals (coherent with our one-sided analysis) using bootstrapping of R; and corresponding weights. Our second question is whether
one cue was more effective in mitigating car sickness. We hence performed a weighted paired samples t test (a« = 0.05) between the R;
values (each weighted by w;) of the auditory and vibrotactile session. We here determine 95% two-sided confidence intervals
calculated with bootstrapping of R; and corresponding weights to express the confidence of our estimates of R;. Our last question
focused on gaining insight into the user experience of anticipatory cues during a real car ride. We analysed the results of the user
experience questionnaire using visualizations of descriptive statistics without performing statistical tests.

3. Results

Before answering our research questions, in Fig. 2a we present an impression of the overall behaviour: the average MISC score
across participants at each turn as a function of the average cumulative sequence duration (see Supplementary Figure S2 for the raw
data per participant). The duration of the sequences was comparable across participants in all sessions: in Fig. 2a, the horizontal error
bars within each data point are small. They indicate the standard deviation across participants of the cumulative duration of the
driving sequences until that data point. The pattern of MISC scores suggests a reduction in car sickness in both anticipatory sessions
compared to the control session, with a larger reduction for the vibrotactile cue.

To answer our first question, we used our measure R to quantify the reduction in car sickness for each cue per participant (Fig. 2b).
The resulting R; values differ considerably between participants, but most participants received some benefit from both cues (both data
points are above zero). For both cues, R, did not vary systematically across the sequences of a session (Supplementary Figure S3). As the
cues generated a constant effect, it is meaningful to express the effectiveness of each cue in one value. On average, the overall reduction
appears larger for the vibrotactile cue (Fig. 2c). The weighted one-sided t test indicated that the vibrotactile cue significantly mitigated
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Fig. 3. Results of the user experience questionnaire in which participants a. indicated if and when they thought anticipatory cues were presented, b.
evaluated the cues along several user dimensions, c. indicated which cue they preferred to announce upcoming driving manoeuvres, and d. if they
would want to use their favourite cue in their (automated) car.

201



A.J.C. Reuten et al. Transportation Research Part F: Psychology and Behaviour 105 (2024) 196-205

car sickness, with R = 0.26 (¢t = 2.8, p = 0.014). The reduction generated by the auditory cue was not significantly larger than zero,
with R = 0.10 (t = 1.9, and p = 0.085).

To answer our second question, we tested whether the two cues differed in the generated reduction of car sickness. In line with
visual inspection of the data, the weighted paired samples ¢ test indicated that the vibrotactile cue generated a significantly larger
reduction in car sickness compared to the auditory cue, with a weighted R difference of —0.13 (t = —2.6, p = 0.021).

In addition to these planned comparisons, we explored whether the effectiveness of the cues in the current study differed from that
in our prior laboratory studies performed on a linear sled. We therefore plot the results from an internal meta-analysis on the overall
effect of anticipatory cues (R = 0.06; Reuten et al., 2024) with their 95% confidence interval in Fig. 2¢c. The confidence interval of the
auditory cue overlaps, whereas that of the vibrotactile cue falls above the upper bound of the overall effect. This suggests that our
vibrotactile cue was more effective in mitigating car sickness during a real car drive compared to anticipatory cues in the laboratory.

To answer our third question, we investigated the responses to the user experience questionnaire. The results indicated that all
participants had noticed the auditory and vibrotactile cues for all driving manoeuvres. The majority of participants also correctly
indicated that the cues were presented before the onset of each manoeuvre (Fig. 3a). Unsurprisingly, no participant indicated to have
noticed cues in the control session. After the experiment, we asked participants if they realized that the cues had always been presented
at a fixed moment relative to the onset of the manoeuvres. Twelve participants indicated they did in both anticipatory sessions, the two
other participants indicated they did only in the vibrotactile sessions.

On the whole, participants rated both cues positively along several user dimensions (Fig. 3b). The cues helped participants to
predict the onset of the manoeuvres and the message they conveyed was clear. In terms of comfort and pleasantness, the cues were
rated acceptable on a group level. The standard deviation on these dimensions was however large, indicating that participants dis-
agreed concerning these aspects. The duration of the cues was rated neutral, with more variability in responses for the vibrotactile cue.
The intensity of the cues was appropriate, with responses tending towards being too strong rather than being too weak. In Supple-
mentary Figure S4, we present the results of some exploratory analyses on the relationship between several user dimensions as well as
their relationship with R;.

By far the most participants expressed a preference for the vibrotactile cue (Fig. 3c). They reported that this cue was more intuitive
and easier to understand, as well as less intrusive and annoying compared to the auditory cue. When asking participants to rank the
sessions from most to least favourite, we obtained a corresponding overall ranking: 1) vibrotactile session, 2) auditory session, and 3)
control session. A frequency table on the rankings can be found in Supplementary Table S2.

The majority of participants would want to use the cue they preferred in their (automated) car (Fig. 3d). Several participants
mentioned that a cueing system should be optional in use and implemented as a turn-on/turn-off function. The amount of money
participants were willing to pay for a car preventing car sickness varied between €0 and €4400, with an average of €513.

4. Discussion

In prior laboratory studies, we demonstrated the potential of anticipatory cues as a solution to mitigate motion sickness under
controlled experimental conditions for one-dimensional motion. Does their effect generalize to real car driving? We exposed par-
ticipants sitting in the back seat of a car without outside view to three sessions of unpredictable driving manoeuvres. In two antici-
patory sessions, either auditory or vibrotactile cues announced whether the car would accelerate, decelerate, make a left lane change,
or a right lane change. Using the same analysis approach as in our previous studies (Reuten et al., 2023, 2024), we determined the
reduction in the development of self-reported car sickness in each anticipatory session relative to a control session without cues. The
results indicate that the vibrotactile cues mitigated car sickness (Fig. 2¢). Auditory cues were less effective (Fig. 2b) and generated no
mitigation overall (Fig. 2c). In accordance with the results on the effectiveness of the cues, participants expressed a clear preference for
the vibrotactile cue (Fig. 3c). The reduction in car sickness they generated was larger than the overall reduction generated by
anticipatory cues in the laboratory (Fig. 2c). The mitigating effect of our vibrotactile cue translates to a 40% reduction in car sickness
symptoms (Supplementary Figure S1).

Besides the anticipatory cues, differences in driving behaviour between the sessions could have influenced R. To rule out this
possibility, we investigated the car’s accelerations. We analysed the difference in the sickening component of the total of linear ac-
celerations between each anticipatory and control session. For all sessions, we first calculated the motion sickness dose per unit of time
(corresponding to the frequency weighted root mean square acceleration a,;) wherein we used the weighting Wy as recommended by
ISO 2631-1 (1997). This approach accounts for participants stopping a session early as opposed to calculating conventional motion
sickness dose values that increase with exposure duration (ISO 2631-1, 1997). For all participants, we then calculated the difference in
a, between each anticipatory and control session. Based on these differences, we determined a 95% confidence interval around the
mean for each comparison. Both intervals included zero, indicating that there was no systematic difference in the sickening component
of driving behaviour between the anticipatory and control sessions.

The smaller (and non-significant) reduction generated by the auditory cues might indicate that the auditory modality is less suited
to mitigate car sickness. However, this interpretation might be incorrect when considering that the significant reduction generated by
comparable auditory cues in Kuiper et al. (2020) was of equal size: R = 0.10 (see Reuten et al., 2023). As our sample consisted of only
14 participants, the statistical power of our study may have been too low to demonstrate a significant reduction by the auditory cue.
Nonetheless, two reasons may indicate that it holds greater value to focus future research on optimizing the effect of vibrotactile cues.
First, the vibrotactile cues did generate a considerable (and significant) reduction in car sickness despite our small sample. Second,
participants preferred the vibrotactile cue. It was described as intuitive and easy to understand whereas the auditory cue was described
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as intrusive and annoying. Vibrotactile cues may also be more desirable in the context of automated driving: they do not interfere with
audiovisual tasks passengers may want to perform (Detjen et al., 2020; Pfleging et al., 2016; Schmidt et al., 2020). Even though
auditory cues could possibly be effective, it may be more worthwhile to elaborate on the optimization of vibrotactile cues in future
studies.

A question that we cannot answer from our study is how to explain the effectiveness of the anticipatory vibrotactile cues. We
assume that their effect is not the result of possible distraction from motion sickness, as the cues had a combined total duration of only a
few seconds per driving sequence. Moreover, the auditory cues with presumably similar distractive properties were not effective. The
vibrotactile cues might have influenced the head or upper body motion of the passengers: tilting into the direction of centrifugal force
has been shown to reduce motion sickness (e.g., Karjanto et al., 2021; Wada & Yoshida, 2016) as has minimizing pitch and roll head
motion (e.g., Bles et al., 1998; Golding et al., 2003; Joseph & Griffin, 2008; Kato et al., 2021). Even though we cannot explicate the
working mechanism of our anticipatory cues, in some way they contributed to reducing a neural mismatch on sensory signals on self-
motion. We assume they did so by helping passengers to anticipate their self-motion. Even if reducing a neural mismatch is not the
correct explanation, our main finding holds. Anticipatory vibrotactile cues can mitigate motion sickness in real car driving.

Our study shows that anticipatory vibrotactile cues can mitigate car sickness in passengers. The increased effectiveness of the cues
in the present study compared to our previous studies (Reuten et al., 2023, 2024) suggests that anticipatory cues have greater value for
participants when they reduce more uncertainty about upcoming motions, i.e. when the cues have more degrees of freedom. Our cues
mitigated car sickness despite the fact that some part of the motion was not announced due to variability in human driving behaviour.
Which motions and nuances therein should cues convey during real-life car driving? Providing car passengers information about the
sharpness of a curve or the intensity of braking might enhance the effect of anticipatory cues. However, providing cues for unpro-
vocative motion should be avoided as this could lower user acceptance and may result in passengers disabling the cueing system
(Reagan et al., 2018). If found beneficial, nuances in motion parameters may be conveyed by varying the temporal and spatial aspects
of a cue. For example, individuals associate shorter intervals between vibration pulses or auditory beeps with a greater sense of ur-
gency (Edworthy et al., 1991; Meng & Spence, 2015; Van Erp et al., 2015). As the driving system’s prediction accuracy is higher for
accelerations in the near future, studies should consider investigating these questions for anticipatory intervals limited to a few
seconds. The results from Reuten et al. (2023) suggest that the effectiveness of vibrotactile cues does not depend on their timing for
intervals of 0.33, 1 and 3 s, though the statistical power of that study was limited. In any case, human limitations in the ability to detect,
distinguish, and understand different cues should be considered in the design of a cueing system (e.g., Jones & Sarter, 2008; Fitch et al.,
2011; Nees & Walker, 2011; Petermeijer et al., 2016; Duthoit et al., 2018).

Large scale surveys indicate that members of the public express concern about perceived risks and safety, or in a broader term those
aspects relating to trust in the automated driving system (Choi & Ji, 2015; Kyriakidis et al., 2015; Schoettle & Sivak, 2014; Ward et al.,
2017). Communication of the system’s understanding of the environment and its planned driving manoeuvres have been proposed as a
way to increase trust (Ha et al., 2020; Koo et al., 2015; Von Sawitzky et al., 2019). Besides mitigating car sickness, anticipatory cues
could thus have additional advantages for passengers of automated vehicles.

In previous studies, we demonstrated the overall effectiveness of anticipatory cues in the laboratory. Here we show that the effect of
vibrotactile cues generalizes to real car driving. They mitigated car sickness in passengers exposed to driving manoeuvres resembling
those of everyday car driving. The mitigating effect of the vibrotactile cue was considerable: a 40% decrease in car sickness symptoms,
a larger effect than we found in the laboratory. To our knowledge, our study is the first to demonstrate the effectiveness of vibrotactile
cues to mitigate car sickness for both lateral and longitudinal driving manoeuvres. Automated vehicles can predict their own motion
very well. They could thus provide vibrotactile cues to mitigate car sickness in their passengers. This could alleviate the expected
increase of car sickness in society following the introduction of (fully) automated vehicles. To conclude, our study demonstrates the
effectiveness of anticipatory vibrotactile cues as a solution to mitigate car sickness in passengers.
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