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ABSTRACT

Automated vehicles could increase the risk of motion sickness because occupants are not involved
in driving and do not watch the road. This paper aimed to investigate the influence of motion
predictability on motion sickness in automated vehicles, as better motion anticipation is believed
to mitigate motion sickness. In a simulator-based study, twenty participants experienced two
driving conditions differing only in turn directions. The repetitive condition featured a repeating
turn direction pattern. The non-repetitive condition contained pseudo-randomly ordered turn
directions. To mimic an ‘eyes-off-the-road’ setting and prevent visual motion anticipation, road
visuals were omitted. No significant differences in sickness or head motion, a metric for motion
anticipation, were found between the conditions. No participant recognised the repeating turn
pattern. This suggests no increased motion anticipation in the repetitive condition, possibly due
to a reduced ability to recognise a repeating motion pattern in one degree of freedom within
more complex motion.

Practitioner Summary: Motion anticipation is believed to mitigate motion sickness. However, in
this simulator-based study on automated vehicles, no significant differences in motion anticipation
or sickness were observed between repetitive and non-repetitive turn directions. Recognition of
a repeating motion pattern in one degree of freedom might be diminished when it is part of
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more complex motion.

Introduction

Automated vehicles are envisioned to bring ample
benefits to society, ranging from lower emission levels,
increased traffic efficiency and safer roads, to improved
mobility for those unable or unwilling to drive, and
increased productivity by being able to engage in
non-driving activities (Diels and Bos 2016). However,
the combination of (1) transitioning from being an
active driver to being a passenger, (2) engaging in
activities such as reading a book or working on a lap-
top, and (3) new vehicle (cabin) designs, can be
expected to increase the incidence and severity of
motion sickness in automated vehicles (Diels and Bos
2016; Jones et al. 2019; Wada 2016). Since this could
jeopardise the widespread adoption and thereby the
environmental and societal benefits of these vehicles,
understanding how motion sickness can be mitigated
is of paramount importance for their design.

The sensory conflict theory states that motion sick-
ness occurs when the motion perceived by our sen-
sory systems is at variance with the motion as expected
based on previous experience (Reason and Brand
1975). This could explain why, whereas drivers rarely
suffer from it, motion sickness is a widespread prob-
lem amongst passengers. Passengers’ lack of control
over the vehicle’s motion reduces their ability to antic-
ipate upcoming motion, leading to a larger discrep-
ancy between the sensed and expected motion (Dong,
Yoshida, and Stoffregen 2011; Rolnick and Lubow
1991). Moreover, whereas drivers tend to incline their
trunk and head into the direction of the curve when
negotiating a turn, passengers’ trunk and head exhibit
a passive tilt in the opposite direction (Fukuda 1976;
Zikovitz and Harris 1999). Actively tilting the head in
the curve’s direction, i.e. aligning the head with the
gravito-inertial force, has been demonstrated to allevi-
ate motion sickness (Wada et al. 2012; Wada and
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Yoshida 2016). Analogously, in an experimental study
with oscillatory fore-aft motion, participants experi-
enced less motion sickness when they actively aligned
their head with the tilting gravito-inertial force, com-
pared to when they self-initiated head tilts that were
misaligned (180° out of phase) with the gravito-inertial
force (Golding et al. 2003). However, when the (mis)
alignment was achieved through active suspension -
inducing passive head tilts — rather than active head
tilts, the opposite effect was observed. Specifically,
passive alignment of the head with the tilting
gravito-inertial force resulted in more severe motion
sickness compared to passively tilting the head out of
phase with the gravito-inertial force (Golding
et al. 2003).

In addition to not being in control of the motion,
occupants will likely not maintain a view on the road
ahead anymore in automated vehicles. This results
from, for example, engaging in non-driving tasks,
smaller front windows that inhibit the outside view, or
different seating arrangements that face away from
the car’s front window (Diels and Bos 2016; Wada
2016). The absence of visual information of the upcom-
ing road not only prevents occupants from being able
to anticipate the vehicle’s motion, but engaging in lei-
sure or work activities, or just seeing the vehicle’s inte-
rior, also leads to an incongruence between what is
seen, i.e. visual information, and what is felt by other
senses, such as the vestibular system. This, in turn,
increases motion sickness (Reason and Brand 1975).
Previous real-world driving studies have indeed found
reduced motion sickness in outside-view conditions
compared to inside-view conditions (Griffin and
Newman 2004b; Irmak, Pool, and Happee 2021; Probst
et al. 1982; Turner and Griffin 1999a).

One approach to mitigate the expected decrease in
motion anticipation in automated vehicles may be to
use anticipatory cues that inform the vehicle occu-
pants of the upcoming motion. Although some incon-
clusive outcomes have been observed (Reuten et al.
2023), most recent studies have demonstrated that
(ambient) lighting (Bohrmann, Bruder, and Bengler
2022; Hainich et al. 2021; Karjanto et al. 2018), sound
(Kuiper et al. 2020a; Maculewicz, Larsson, and Fagerlonn
2021) and vibrotactile cues (Li and Chen 2022) may be
effective for this purpose. Nonetheless, a potential dis-
advantage of anticipatory cues is that they may inter-
fere with non-driving activities, and may therefore not
be preferred in all situations.

Another approach to partly negate the expected
decrease in motion anticipation could potentially be to
make the vehicle’s motion more predictable. This
approach has, as yet, received less attention. For

simple fore-aft movement, it has previously been
demonstrated that unpredictable motion, either in
direction or in timing, is more provocative than a fully
predictable, and hence easier-to-anticipate, motion
pattern (Kuiper et al. 2020b). Still, to what extent this
finding carries over to more complex vehicle motion is
to be explored in a multi-stage investigation, consider-
ing that vehicle motion consists of several degrees of
freedom, which could all have their own level of
predictability.

This study undertakes a first step in evaluating the
influence of vehicle motion predictability on motion
sickness development. It does so by assessing the
extent to which varying the level of repetition in a sin-
gle degree of freedom affects perceived motion pre-
dictability and motion sickness throughout a drive
with vehicle braking, turning and accelerating. A simu-
lator study was carried out in which participants expe-
rienced two ‘fully automated driving’ conditions, only
varying in the level of repetition in the turn directions.

Experiment methods

Apparatus
The experiment was performed in the SIMONA
Research Simulator (SRS) at Delft University of

Technology (Figure 1(a)). The SRS is equipped with a
six-degrees-of-freedom hydraulic hexapod motion sys-
tem, which can provide maximum surge and sway
translations of about +1.26m/-0.98 m and +1.03m,
respectively. Its maximum roll, pitch, and yaw rotations
are about +26°, +24°, and +41°, respectively (Stroosma,
Van Paassen, and Mulder 2003). Simulator motion data
were logged at a rate of 100Hz.

Dynamic visuals of the road and its surroundings
were not included as to mimic the expected
‘eyes-off-the-road’ setting in automated vehicles (Diels
and Bos 2016; Wada 2016), and to prevent motion
anticipation using peripheral visual information.
Dynamic visuals were also omitted as those were
likely to induce (severe) simulator sickness in some
participants. Such sickness could result from the mis-
match between the scaled and attenuated vehicle
motion provided by the motion system and what
would be the ‘full’ view on the road ahead and its sur-
roundings provided by the visual system. Especially a
mismatch in the yaw rotation could have provoked
considerable simulator sickness (Kim et al. 2023).
Instead, to suppress participants’ perception of the tilt
coordination used as part of the motion cueing
(see Motion cueing), a static artificial horizon was pro-
jected on the 180° (horizontal) x 40° (vertical)



Figure 1. Experiment setup.

collimated ‘out-the-window’ visual system (Figure 1(b)).
This artificial horizon formed the entire ‘outside view’
and consisted of a light blue upper rectangle, repre-
senting the sky, and a gray lower rectangle, represent-
ing the ground. A white horizontal line was placed at
the height at which these two representations meet.
This should prevent that the sky and ground would
be perceived as merging into one another when look-
ing at the horizon for extended periods of time.

Due to COVID-19 restrictions, participants were not
allowed to wear headphones. Instead, a static engine
sound was played over speakers to increase immersion
and to mask the sound of the simulator actuators,
which could otherwise have aided participants in
anticipating upcoming motion. A static instead of
dynamic engine sound was employed as to also avoid
that participants could use the pitch and intensity of
the engine sound for motion anticipation.

Participants’ head motion was measured using
TrackiR' developed by NaturalPoint Inc, an optical
motion tracking system designed to track head motion
in six degrees of freedom. Head position and orienta-
tion were measured using the TrackIR infrared camera,
which was mounted on the control panel in front of
the participant’s seat. This camera observes invisible
infrared light directed back by three retro-reflective
markers glued to a rigid clip. This rigid clip was
attached to a black cap worn by the participants
(Figure 1(b)). Head motion data were logged at a rate
of 32Hz.

Participants

Twenty participants (seventeen male, three female)
with a mean age of 21.8years (SD = 2.6years) com-
pleted the experiment. All were students at TU Delft
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not familiar with the research. They reported a median
Motion Sickness Susceptibility Questionnaire (MSSQ)-
short score of 8.6 (M=9.9, SD = 9.9), which falls around
the 40™ percentile for motion sickness susceptibility
(Golding 2006). All reported to have normal or
corrected-to-normal vision and no vestibular disorders.
Participants were asked to refrain from consuming
alcohol or other substances with similar effects at least
24 h prior to the experiment sessions. The experiment
design and protocol were approved by the Human
Research Ethics Committee of TU Delft (application
number 1768). All participants provided written
informed consent prior to their participation.

Procedures

All participants experienced two ‘fully automated
driving’ conditions in the simulator on two separate
days, with an interval between 1 and 7days
(M=3.7days, SD = 2.3days). This was done to prevent
that motion sickness developed in one condition
would carry over into the other condition. From a
motion habituation point of view, it might have been
preferable if all participants would have performed the
two experiment sessions with an interval of seven
days or longer. Earlier studies have suggested that
such an interval minimises the influence of habituation
or adaptation on the outcome of the second session
(Kennedy, Stanney, and Dunlap 2000). However, in
practice, this would have posed a greater difficulty for
participants to fairly and accurately compare the two
experiment sessions, as was requested from them at
the end of the second session. Moreover, participants’
availability had to be accommodated for. The order of
the two conditions was counterbalanced between par-
ticipants to minimise the impact of the order effect on
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the dependent measures. Participants were assigned
to one of the two condition order groups based on
their raw MSSQ-short score. The aim was to achieve a
similar variability in participants’ motion sickness sus-
ceptibility in the two groups (see Figure 2). A second,
grey axis has been added in Figure 2 to visualise the
relationship between the raw MSSQ-short score and
motion sickness susceptibility observed in the general
population. A Mann-Whitney U test confirmed that
there was no statistically significant difference between
the MSSQ-short scores of the two groups (U=42.5,
p=0.570, r=0.13).

At the start of the first session, participants were
briefed on the experiment setup and procedures, and
instructed on the use of the Motion lliness Symptoms
Classification (MISC; previously known as Mlsery SCale)
used to assess their motion sickness (Bos, MacKinnon,
and Patterson 2005; Reuten et al. 2021). In both ses-
sions, participants were seated in the left-hand simula-
tor seat and instructed to maintain a relaxed, upright
posture and minimise active head movements. They
were requested to look straight ahead, through the
windshield, at the artificial horizon (Figure 1(b)).

The sessions consisted of a 30-minute motion
exposure and a subsequent 15-minute recovery
period, during which participants remained seated in
the non-moving simulator. Throughout the full 45min-
utes, participants verbally reported their MISC score as
a single integer in 30-second intervals in response to
an automated sound cue heard over speakers. The
researcher wrote down their responses to avoid that
participants had to move their head when providing
their MISC score. A visual depiction of the MISC scale
was presented on a separate screen, in front of the
participant’s seat with a slight offset to the right (right
border of Figure 1(b)). As an exception to the head
movement instructions mentioned earlier, participants
were allowed to rotate their head to have a look at
the scale whenever necessary.

Figure 2. Participants’ Motion  Sickness  Susceptibility
Questionnaire (MSSQ)-short scores for the two condition order
groups (N=2 x 10).

The 30-minute motion exposure was aborted pre-
maturely if the participant reported a MISC score of
6 (slight nausea) twice in a row (i.e. with a 30-second
interval), or a score of 7 (fairly nauseous) or higher
for the first time. However, participants were not
informed of this predefined cut-off score in advance.
This was decided as in a previous experiment, in
which participants had been notified in advance,
discrepancies had been observed between their
MISC scores recorded throughout the motion expo-
sure and their motion sickness symptoms reported
after the motion exposure (Wijlens et al. 2022). The
MISC scores of several participants had been lower
than what would have been expected based on their
reported motion sickness symptoms. It was believed
that these discrepancies could have been related to
participants being hesitant to report a score of 6 or
higher, as they were aware that this would lead to
the premature cessation of the motion. In their
judgement, they may have felt ‘well enough’ to con-
tinue, despite experiencing (slight) nausea. Apart
from aborting the motion at a predefined cut-off
MISC score, a motion exposure was also always ter-
minated prematurely whenever requested by the
participant.

Driving condition design

The two fully automated driving conditions featured a
22-km road including 60 curves. This road was driven
in 30minutes under the assumption that there were
no other road users. The conditions were designed to
resemble urban driving, which is characterised by reg-
ular accelerating, braking and turning. These manoeu-
vres are dominated by low-frequency motion below
0.3Hz (Griffin and Newman 2004a; Turner and Griffin
1999b), which is known to induce motion sickness
(Donohew and Griffin 2004; McCauley et al. 1976).
Condition Repetitive incorporated turn directions in
a repeating pattern of three right turns, followed by
three left turns. This pattern was chosen as it was
expected to be recognisable. At the same time, it was
somewhat more realistic than, for example, a repeat-
ing pattern of one right turn, followed by one left
turn. Condition Non-repetitive, the driving condition
with pseudo-randomly ordered turn directions, con-
tained four occurrences of three consecutive left turns,
four occurrences of two consecutive left turns, and ten
instances of single left turns, totalling 30 left turns.
The same occurrences were included for right turns
(see Table 1). To maintain a random appearance in
turn directions, the order of these occurrences was, of



Figure 3. Road layouts of the two driving conditions.

course, also pseudo-randomised. Figure 3 shows the
road layouts of the two driving conditions.

Apart from their variation in the turn directions,
both conditions consisted of a repetition of the follow-
ing driving manoeuvres. A straight road section was
driven with a constant speed of 50km/h to resemble
urban driving speeds. Near the end of the straight
road section, before entering a curve, the ‘vehicle’
decelerated to a speed of 30km/h with which it could
safely take the turn (Bosetti, Lio, and Saroldi 2014).
After having taken the turn with this lower, constant
speed, at the start of the next straight road section,
the ‘vehicle’ accelerated again to a constant speed of
50km/h. Although the strictly separate longitudinal
and lateral vehicle accelerations are not fully represen-
tative of real-world driving (Flynn et al. 2021;
Wolfermann, Alhajyaseen, and Nakamura 2011), this
was a deliberate choice to increase the likelihood that
the turn directions would be clearly perceived.

All constant-speed straight road sections were
equal in length to avoid unpredictability in the timing
of the vehicle manoeuvres. Furthermore, all longitudi-
nal deceleration profiles before a curve were the
same. This also held for all longitudinal acceleration
profiles after a curve. Similarly, all lateral acceleration
profiles were identical, except in sign. Curves of 66°
were driven, as higher-degree turns would have been
more difficult to replicate within the limited motion
space of the simulator (see Motion cueing). The
advantage of all acceleration manoeuvres of a single
type being identical was that it enabled the full utili-
sation of the simulator motion space during each
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braking-turning-accelerating manoeuvre sequence.
However, more importantly, the choice for identical
manoeuvre sequences in combination with all straight
road sections being equal in length ensured that
Condition R was fully consistent in both direction and
timing, and hence, fully repetitive.

The longitudinal acceleration and deceleration pro-
files were based on the kinematic polynomial acceler-
ation model of Akcelik and Biggs (1987) as given by
Equations (1) and (2). This model satisfies a realistic
condition of zero acceleration at the start and end of
the acceleration phase as well as smooth acceleration
changes.

at)=ra, 0" (1—9’” )2 (n>0, m>-0.5n) (1

[ n JZ[ 2mjn/m
r=l1+—17"\|1+— (2)
2m n

In Equation (1), a(t) is the acceleration at time t in
m/s?, a,, is the maximum acceleration in m/s?, 8 is the
ratio of time since start of acceleration to total accel-
eration time, i.e. t/t, m and n are parameters to be
determined, and r is a parameter as defined in Equation
(2). As recommended by Akgelik and Biggs (1987), the
free parameter n was set equal to 1.0. The free param-
eter m was chosen such that the maximum accelera-
tion value was reached 1s into the acceleration phase,
and the largest absolute deceleration value 1.5s before
the end of the deceleration phase (Wang et al.
2004, 2005).

Finally, the longitudinal acceleration and deceleration
profiles were passed through a second-order low-pass
filter as given by Equation (3) with a time constant of
7, = 0.1s. This was done to smoothen the sharp increases
at the start and end of these profiles, and thereby reduce
unrealistically large jerk values to values that are closer
to those occurring in real-world driving (Feng et al. 2017;
Wolfermann, Alhajyaseen, and Nakamura 2011). Clothoids
were implemented to transition between straight road
sections and constant-radius-curves. As a result, the lat-
eral acceleration profiles had a trapezoidal shape. This
restricted lateral jerk values to those occurring in
real-world driving (Ren et al. 2023), and prevented unre-
alistic instantaneous increases in lateral acceleration from
zero to its maximum value. Although clothoids are

Table 1. Turn sequences of the two driving conditions.

i 10 x LLL 30 left turns
Repetitive _ ;
P 10 x RRR = 30 right turns Alternating between LLL and RRR
. 10 x L 4 x LL 4 x LLL _ 30 left turns .
Non-repetitive 10xR T 4xRRT 4xRRR = 30 right turns Pseudo-randomised order
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generally used in the construction of roads designed for
higher speeds than urban roads (American Association
of State Highway and Transportation Officials 2018), this
simplified approach to limit lateral jerk values was con-
sidered reasonable, as the main goal was to obtain driv-
ing conditions that resembled real-world driving to a
degree appropriate for investigating the influence of
vehicle motion predictability on motion sickness. In
real-world driving, individuals also do not drive the
entire curve with a constant radius. When negotiating a
curve, drivers follow their own unique trajectory
(Barendswaard et al. 2019). Previous research has, how-
ever, suggested that smoother transition curves may be
effective in reducing motion sickness (Siddigi et al. 2022).

1
H = 3
acc (S) (TSS + 1)2 ( )

To resemble real-world driving, the maximum longi-
tudinal and lateral acceleration values were chosen
such that they matched a ‘typical’ driving style, neither
being ‘defensive; nor ‘aggressive, driving behaviour
(Karjanto et al. 2016). The acceleration and jerk time
histories of a single decelerating-turning-accelerating
manoeuvre sequence are shown in Figure 4. The final
acceleration profile and road layout parameters are
listed in Table 2.

Vehicle motion was simulated in the horizontal
plane, i.e. no vehicle suspension or road grade and/or
irregularities (rumble) were included. The designed
driving conditions did therefore not include any heave,
pitch, or roll motion. Motion in these degrees of free-
dom is usually modest on a smooth and level road,

Figure 4. Vehicle acceleration and jerk profiles.

and would thus have a minor influence on motion
sickness. Furthermore, no vehicle model was imple-
mented. As a result, the ‘actual’ vehicle accelerations
were identical to the designed vehicle accelerations.
This was also considered appropriate, as the aim was
not to obtain vehicle motion that was as realistic as
possible.

Motion cueing

Due to the limited motion space of the SRS, the vehi-
cle’s surge, sway and yaw motion could not be fully
presented. Therefore, a classical washout algorithm
was applied to transform the vehicle’s translational
accelerations and rotational rates into corresponding
simulator motion (Reid and Nahon 1985). The vehicle’s
motion was scaled by a gain K and attenuated through
a first-order high-pass filter, as given by Equation (4).
To better cue (apparent) sustained linear accelerations,
as experienced during car braking, accelerating and
turning, a second-order low-pass filter was applied for
tilt coordination, as given by Equation (5). Here, the
angular rate was limited to 3°/s (Groen and Bles 2004).
Motion filtering was performed such that the motion
cues experienced in the left-hand simulator seat,
where the participant sat, simulated the motion felt in
the left-hand back seat of a real vehicle, i.e. 1m behind
and 0.5m to the left of the vehicle’s centre of gravity.

N
Hyp (s) =
$+0)an

(4)

2

a)n
Hip (s) . (5)

= 2 2
T+ ZCLPa)nLP s+,

In Equations (4) and (5), o, and o, represent the
high-pass and low-pass filter break frequencies, respec-
tively, in rad/s, and ¢, represents the low-pass filter
damping ratio. Identical motion filter settings were
applied for surge, sway and yaw motion with K, = 0.37
and o, = 1.0rad/s (= 0.16 Hz). Both pitch and roll tilt
were applied with w,, = 5.0rad/s (= 0.80Hz) and
£p =10

To remain within the SRS’s motion space while
applying first-order high-pass filters, off-line preposi-
tioning was implemented ‘on the straight road

Table 2. Acceleration profile and road layout parameter values.

Longitudinal acceleration  Longitudinal deceleration  Lateral acceleration Road layout

amax m ‘jmax amin m ‘jmax amax ‘jmax d ncurve Rcurve curve
ms?) () (M)  (ms?) () (ms?)  (ms?)  (ms?) (m) G MmO
243 0.4 4.14 -3.18 5.0 4.50 412 217 22,097 60 17 66




sections’ to virtually enlarge the motion envelope.
Prepositioning accelerations remained below the
human’s perceptual threshold of 0.04m/s?> to avoid
rendering of false motion cues (Heerspink et al. 2005).

Dependent measures

To quantify differences in motion anticipation and
motion sickness between the two driving conditions,
six dependent measures, of which five are subjective,
and one is objective, were recorded or computed for
each individual:

Motion predictability:

At the end of the second experiment session:

(1) The perceived predictability of the simulator
motion as well as its influence on participants’ postural
behaviour and subjective motion comfort were
inquired into through means of five-point Likert scale
statements. These were supplemented with open
questions to request elaborations on the statement
responses.

Head motion:

In both experiment sessions:

(2) Time delay between simulator motion and head
motion: Head position and orientation were tracked
throughout the 30-minute motion exposure, as head
motion has been related to motion anticipation
(Fukuda 1976; Zikovitz and Harris 1999) and motion
sickness alleviation (Wada et al. 2012; Wada and
Yoshida 2016). Head motion could also be indicative of
postural (in)stability, where instability may be related
to the development of motion sickness over time
(Riccio and Stoffregen 1991).

Motion sickness:

Before the experiment:

(3) Motion sickness susceptibility: Participants’ indi-
vidual motion sickness susceptibility in comparison to
the general population was determined using the
short version of the MSSQ (Golding 2006).

In both experiment sessions:

(4) Motion sickness scores: The time-course devel-
opment of motion sickness was tracked on a 30-second
interval using participants’ MISC scores throughout the
30-minute motion exposure and 15-minute recov-
ery period.

At the end of both experiment sessions:

(5) Motion sickness symptoms: Symptoms experi-
enced during the motion exposure or recovery period
were checked using a dedicated motion sickness
symptom checklist, including 24 commonly experi-
enced symptoms. Symptom severity was rated on a
4-point ordinal scale from ‘none’ to ‘severe’

Motion comfort:
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At the end of both experiment sessions:

(6) Participants’ subjective motion comfort was
inquired into through means of five-point Likert scale
statements. The questionnaire explicitly instructed to
solely judge the simulator motion, i.e. not considering,
amongst others, visuals and sound.

Data analysis

From all motion anticipation and sickness measures,
the analyses of the head motion measurements and
the motion sickness scores require further explanation:

Head motion: To quantify potential differences
between the two driving conditions in participants’
ability to anticipate the turn direction, the time delay
between simulator lateral specific force at the loca-
tion of the participant’s head and the participant’s
lateral head displacement was estimated. Here, spe-
cific force is the resultant of translational acceleration
and gravitational acceleration. Specific force was
more relevant in this case than translational accelera-
tion due to the applied tilt coordination. In tilt coor-
dination, the gravity vector is traded for a perception
of acceleration. The simulator lateral specific force
acts in the horizontal plane of the simulator occu-
pant’s head when the head is in upright position rel-
ative to the simulator cabin (see Figure 5).2

To be able to estimate the time delay between sim-
ulator specific force and head displacement, first, the
head motion data were interpolated. Using Akima
splines (Akima 1970), the sample rate was increased

Figure 5. Sensed lateral specific force during a simulated vehi-
cle left turn manoeuvre.
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from 32Hz to 100Hz to match the sample rate of the
simulator motion data. Then, for each of the 60 turn
manoeuvres in the two conditions, simulator lateral
specific force and participants’ head lateral displace-
ment were extracted. For each individual participant
and turn manoeuvre, the cross-correlation between
the first-order differences of the simulator lateral spe-
cific force and the head lateral displacement was com-
puted. First-order differences were taken to mitigate
auto-correlations in the to-be-correlated time-series
signals, as cross-correlations can indicate spurious rela-
tionships because of auto-correlation (Dean and
Dunsmuir 2016). The time delay was estimated as the
time shift with the largest absolute cross-correlation
value. As a result of the sample rate, time delays were
estimated with a resolution of 10ms.

Motion sickness scores: To quantify the participant
group’s motion sickness severity over time, a mean
MISC score was calculated at each measurement time
point by averaging the MISC scores of all participants
at the respective time point. In case a motion expo-
sure had been aborted prematurely, then for the
remainder of the 30-minute exposure, a MISC score
equal to the last score reported by the respective par-
ticipant before termination of the motion was used in
the calculation of the mean MISC scores. This ‘padding
technique’ has been used in several previous motion
sickness studies (e.g. Griffin and Newman 2004b; Irmak,
Pool, and Happee 2021; Kuiper, Bos, and Diels 2018,
Kuiper et al. 2020b) and results in a conservative cal-
culation of the mean MISC score. It would have been
more likely that with continuation of the motion expo-
sure, the participant’s MISC scores would have further
increased as opposed to decreased or remained
constant.

Hypotheses

Three hypotheses were formulated for the current
experiment:

H1: The repeating turn direction pattern in Condition R
will be consciously recognised. Based on pre-experimental
tests in the simulator, it was expected that a repeating
turn direction pattern of three right turns, followed by
three left turns would be sufficiently simple for partic-
ipants to recognise. As a result, Condition R was
expected to be perceived as predictable.

H2: Repeating turn directions lead to a reduced lag
between lateral simulator motion and lateral head
movement compared to pseudo-randomly ordered turn
directions in simulated car driving. During curve driv-
ing, drivers tend to tilt their head into the curve with

the movement onset at the same time as or just
before the onset of the vehicle’s lateral acceleration
(Fujisawa et al. 2009). On the contrary, passengers
generally exhibit head tilt in the opposite direction
with some delay compared to the vehicle’s lateral
acceleration (Wada, Fujisawa, and Doi 2018, Wada
et al. 2012). At the same time, drivers have an
enhanced ability to anticipate upcoming motion com-
pared to passengers (Rolnick and Lubow 1991). As
more predictable fore-aft motion has already been
suggested to increase motion anticipation (Kuiper
et al. 2020b), and as, following Hypothesis H1,
Condition R was expected to be perceived as predict-
able, it was hypothesised that the repeating turn
directions in Condition R would lead to a reduced lag
between simulator motion and head movement as a
result of increased motion anticipation.

H3: Repeating turn directions lead to lower levels of
motion sickness compared to pseudo-randomly ordered
turn directions in simulated car driving. Directionally
predictable fore-aft motion has previously been
shown to provoke less motion sickness compared to
directionally unpredictable fore-aft motion (Kuiper
et al. 2020b). It was expected that this finding could
be extrapolated to multi-degree-of-freedom simu-
lated vehicle motion, in which motion in one degree
of freedom, i.e. the turn or yaw direction, is varied in
its level of repetition, while the motion in the other
degrees of freedom is kept consistent. Here, consis-
tent means that the fixed-degree turns are always
preceded by the same braking manoeuvre and always
followed by the same acceleration manoeuvre. Also,
the time interval between consecutive manoeuvre
sequences is kept constant. Lower levels of motion
sickness were expected to become visible through
lower MISC scores, less reporting of motion sickness
symptoms and higher subjective motion comfort
ratings.

Results
Perceived motion predictability

The perceived motion predictability was inquired into
through means of a questionnaire at the end of the
second experiment session. The predictability was
assessed in a three-step process:

1. Ability to distinguish the direction of simula-
tor motion

As a prerequisite for being able to recognise the
repeating turn direction pattern in Condition R, partic-
ipants should, first of all, have been able to clearly dis-
tinguish the simulator motion directions. The



questionnaire therefore requested participants to indi-
cate to what extent they were able to do so in the
two separate sessions by replying to two identical
five-point Likert scale statements. Participants’
responses are shown at the top of Figure 6. Only the
responses of sixteen out of the twenty participants are
presented. These are the same as those included for
the statement shown at the bottom of Figure 6 (see
Step 2), which had been added to the questionnaire
after the first four participants had already finished the
experiment. Of these sixteen participants, seven
belonged to Group R-N, and the other nine to Group
N->R. The majority of the participants indicated that
they could clearly distinguish the directions of simula-
tor movement.

2. Recognition of a pattern in the direction of the side-
ways motion of the simulator
The next step was to assess whether participants had
consciously noticed that Condition R contained a
repeating turn direction pattern, whereas Condition N
did not. For that reason, the questionnaire explicitly
inquired - again through means of two identical
Likert scale statements — whether participants had
noticed any patterns in the direction of the sideways
motion of the simulator in consecutive manoeuvres
in the two sessions. Participants’ responses are shown
at the bottom of Figure 6. No clear difference exists
between the responses concerning Conditions R and
N. In both conditions, the number of ‘agrees’ was sim-
ilar to the number of ‘disagrees. In six out of the
eight instances in which participants had either dis-
agreed with or responded neutrally to the statement
inquiring whether they could clearly distinguish the
directions of simulator movement (Step 1 and top of
Figure 6), the participants had also indicated that
they had not noticed any patterns in the direction of
the sideways motion of the simulator (bottom of
Figure 6). In the other two instances, in which
Participants 10 and 15 had responded neutrally to
the statement inquiring whether they could clearly
distinguish the simulator motion directions in
Condition N (top of Figure 6), they had still agreed
with the statement that they had noticed patterns in
the direction of the sideways motion of the simulator
in this condition (bottom of Figure 6).

3. Description of the recognised pattern in the direc-
tion of the sideways motion of the simulator

Finally, when participants (strongly) agreed with
the sideways motion pattern statement (bottom of
Figure 6), they were subsequently asked in an open
question to write down the pattern(s) they had
noticed in the simulator’s sideways motion directions
as specifically as possible. In the above two instances
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(Participants 10 and 15) of Condition N (see Step 2),
Participant 10 described a ‘pattern’ that did not
describe the sideways motion of consecutive manoeu-
vres, and Participant 15 mentioned that the simulator
had moved left multiple times in a row, or right mul-
tiple times in a row. It is worth mentioning that
Participant 15 had first performed Condition N, and
then Condition R. In Condition N, they had observed
a pattern, while, in reality, it did not contain a consis-
tent pattern. In Condition R, they had not noticed a
pattern, despite this condition containing the repeat-
ing turn direction sequence. Furthermore, none of
the participants who had indicated to have been able
to distinguish the directions of simulator motion and
to have noticed patterns in the direction of the side-
ways motion of the simulator, were able to describe
the repeating pattern in the sideways motion of
Condition R. There was, however, one participant
(Participant 3) who mentioned that it was more diffi-
cult to predict the sideways motion of the simulator
in Condition N, because it changed more often than
in Condition R. All in all, the similar responses for
Conditions R and N implied that the difference in
level of repetition in the direction of sideways motion
of the simulator remained largely unnoticed by
participants.

Head motion

From the twenty participants, the head motion data of
five participants were excluded from analysis due to
recording issues in one of the two conditions. As a
result, the head motion analysis was performed with

Figure 6. Participants’ responses on perceived simulator
motion.
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the data of fifteen participants. Eight belonged to
Group R->N and the other seven to Group N-R.
Figure 7 shows the estimated time delay between
the simulator lateral specific force and the partici-
pants’ head lateral displacement for all individual
turn manoeuvres of the two conditions. The data are
shown separately for the two condition order groups
and have been clustered in bins of ten consecutive
turn manoeuvres. However, throughout the motion
exposures the head tracking system occasionally lost
track of the participant’s head. This occurred, for
example, due to interference or due to the partici-
pant actively rotating their head outside the field-of-
view of the infrared camera, despite the instructions
to minimise active head movements. As a result,
some data are missing. Overall, in Group R>N 86%
of the data points were accounted for in Condition R

and 81% in Condition N. In Group N-R, these values
equalled 86% and 92% for Conditions R and N,
respectively.

Figure 7 shows the estimated time delays that lie
within a range of —250ms, where the head move-
ment precedes the simulator motion, and 500ms,
where the head displacement lags behind the simu-
lator motion. This range allows for a detailed visuali-
sation of the most dense segment of the time delay
distribution. Overall, 11.8% of the data points lie out-
side this range. In Group R->N, these numbers are
8.0% and 5.4% for Conditions R and N, respectively.
Somewhat larger numbers are obtained for Group
N->R, 15.5% and 18.7% for Conditions R and N,
respectively.

Estimated time delays were comparable between
Conditions R and N for both condition order groups. In

Figure 7. Time delay between simulator lateral specific force and head lateral displacement in turn manoeuvres.



general, the head displacement seems to have lagged
behind the simulator motion. Blue and orange vertical
lines in Figure 7 indicate the medians of the estimated
time delays of Conditions R and N, respectively. These
equalled 290ms and 300ms for Group R->N and
290ms in both conditions for Group N-=R. The differ-
ence of 10ms between Condition N of Group R>N
and the other three, identical, values is equal to the
time delay resolution. The mean is not used as a mea-
sure here, because it would be heavily influenced by
outliers.

No substantial differences in time delay appear to
have been present, neither between the two condi-
tions, nor between condition order groups. The time
delay also seems to have remained relatively con-
stant throughout the two conditions (see Table 3).
Despite the fact that a difference in time delay was
found at a p<0.05 level between Conditions R and N
for Group R->N, suggesting a somewhat smaller time
delay in Condition R compared to Condition N, the
effect size was small at an absolute value of 0.12.
Similarly, a difference in time delay was found at a
p <0.05 level between the two condition order groups
in Condition N, suggesting a smaller time delay for
Group N->R compared to Group R->N. However, the
effect size was again small at an absolute value
of 0.12.
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The correlation with the largest magnitude was a
negative correlation in 93.4% and 92.1% of the turn
manoeuvres in Conditions R and N, respectively. This
indicates that in most instances participants’ head
moved in the opposite lateral direction and with a
time delay compared to the simulator. This, in turn,
is consistent with passengers’ head movement
observed in earlier car studies. Passengers’ head gen-
erally tilted towards the outside of the curve with a
time delay compared to the vehicle’s lateral acceler-
ation (Wada, Fujisawa, and Doi 2018, Wada et al.
2012; Zikovitz and Harris 1999). However, occasion-
ally, head tilt in the opposite direction was observed
(Wada, Fujisawa, and Doi 2018; Zikovitz and Harris
1999). These findings suggest that the experiment
participants, analogous to vehicle passengers, exhib-
ited passive head movement due to the head’s
inertia.

MISC scores

Figure 8 shows the development of the mean MISC
score and the corresponding Standard Error of the
Mean (SEM) throughout the motion exposure and
recovery period for both driving conditions. Apart
from a slightly higher development rate at the start
of the motion exposure for Condition R, the mean
MISC scores developed similarly in both conditions

Table 3. Statistical results of between-condition, between-group and within-condition comparisons of the time delay between
simulator lateral specific force and head lateral displacement in turn manoeuvres.

Bins of consecutive turn manoeuvres

Repetitive vs. Non-repetitive Group R->N vs. Group N->R Group R>N Group N>R

z p r u r x5 p 2B p
Group R->N 2204 0.028 0.12 Repetitive —1.455 0.146 —0.05 Repetitive 9.192 0.102  4.044 0.543
Group N->R 0.876 0381 0.05 Non-repetitive -3.332  <0.001 —0.12  Non-repetitive 6.907 0.228 3.162  0.675

Figure 8. Time-course development of MISC scores averaged over all participants.
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throughout the first 20 minutes. Only in the final
10 minutes of the motion exposure, the mean MISC
score of Condition R increased more gradually, and
thus less, compared to that of Condition N. This
resulted in a somewhat lower final score for
Condition R. After 30 minutes, the mean MISC score
was 1.95 (SEM = 0.44) for Condition R, compared to
2.25 (SEM = 0.42) for Condition N. A Wilcoxon
signed-rank test confirmed, however, that there was
no statistically significant difference between the
MISC scores of the two conditions at the end of the
motion exposure (Z = —0.963, p=0.336, r=0.22).

For a single participant, the motion exposure was
aborted prematurely in Condition R after 28 minutes
due to their reported MISC score exceeding the pre-
defined cut-off level. No motion exposures had been
terminated prematurely for Condition N. Immediately
after the motion had ended, MISC scores decreased
almost exponentially for both conditions. Within five
minutes, the mean MISC scores had dropped to a level
that had already been reached within the first two
minutes of the motion exposure. This indicates that
the recovery rate was much higher than the motion
sickness growth rate over the greater part of the
motion exposure.

Figure 9 shows the MISC score development of the
two condition order groups that performed the con-
ditions in opposite order. A clear order effect can be
observed, with higher mean MISC scores in the con-
dition that was performed first. However, the order
effect seemed more pronounced for Group N->R, that
first performed Condition N and then Condition R,
than for Group R->N. At the end of the motion expo-
sure, Group R->N obtained mean MISC scores of 2.20
(SEM = 0.70) and 1.90 (SEM = 0.72) for Conditions R
and N, respectively. On the other hand, the mean
MISC scores for Group N->R were 1.70 (SEM = 0.58)
and 2.60 (SEM = 0.45) for Conditions R and N,

respectively. Wilcoxon-signed rank tests confirmed,
however, that there were no statistically significant
differences between the MISC scores of the two con-
ditions at the end of the motion exposure for Group
R->N (Z = -0.172, p=0.863, r=0.05) or for Group N->R
(Z = -1.549, p=0.121, r=0.49).

Motion sickness symptoms

Figure 10 shows the occurrence of motion sickness
symptoms for both driving conditions, separately for
the two condition order groups. For each symptom, the
number of participants having experienced that symp-
tom to some, a medium or a severe extent are shown.
In line with the MISC scores, a moderate order effect
can be observed. For symptoms experienced by at least
five out of the twenty participants in both conditions, in
Group R->N slightly more participants seemed to have
exhibited these symptoms in Condition R compared to
Condition N, whereas in Group N->R more participants
reported to have experienced these symptoms in
Condition N than in Condition R. The only exceptions to
this are general discomfort and headache. Again, in
accordance with the MISC scores, the differences
between the two conditions were larger in Group N->R
compared to Group R->N. However, overall, Condition N
appeared only slightly more provocative in terms of the
occurrence of motion sickness symptoms compared to
Condition R. Thirteen out of fifteen symptoms in Figure 10
were experienced by the same or a slightly larger number
of participants, with a maximum difference of three, in
Condition N compared to Condition R.

Subjective motion comfort

Figure 11 shows the participants’ responses to two com-
fort statements. As these statements are contradictory
by design, their Likert scales are presented in opposite

Figure 9. Time-course development of MISC scores averaged over the separate condition order groups.



Figure 10. Occurrence of motion sickness symptoms through-
out or right after motion exposure.

Figure 11. Participants’ responses on subjective motion comfort.
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order and colours. For both statements, the responses
on the left side in pink correspond to less comfort,
whereas the responses on the right side in green corre-
spond to more comfort. The Spearman-Brown coeffi-
cients for the two comfort items are 0.813 and 0.730 for
Conditions R and N, respectively, indicating acceptable
consistency.? In line with the slightly favourable results
for Condition R in terms of both MISC scores and motion
sickness symptoms, more participants agreed and less
participants disagreed with the statement that the
motion they were exposed to was comfortable for
Condition R compared to Condition N. Equivalently,
more participants disagreed with the statement that the
motion they had experienced was unpleasant for
Condition R compared to Condition N. Despite the fact
that, overall, the majority of the participants were either
neutral about the motion comfort/unpleasantness or
tended more towards the motion being uncomfortable/
unpleasant, both statements still indicate that Condition
R was somewhat more favoured than Condition N.
Wilcoxon signed-rank tests confirmed, however, that
there were no statistically significant differences between
the two conditions in motion comfort (Z = —-1.732,
p=0.083, r=0.39) or motion unpleasantness (Z = —0.632,
p=0.527, r=0.14).

As opposed to the above indirect comparison
between the two conditions on motion comfort, at the
end of the second experiment session, participants
were requested to explicitly indicate during which ses-
sion* the motion had been more comfortable. Their
responses are shown in Figure 12. Fourteen out of the
twenty participants subjectively favoured Condition R
in terms of motion comfort. However, the number was
slightly smaller in Group R->N, having performed
Condition R in the first session, compared to Group
N->R, having experienced Condition R in the second
session.

Discussion

Previous research has demonstrated that fore-aft motion
predictable in both direction and timing triggers less
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Figure 12. Participants’ self-reported preference for driving
condition.

motion sickness compared to fore-aft motion unpredict-
able in either direction or timing (Kuiper et al. 2020b). The
current study aimed to take a first step in investigating to
what extent this finding can be leveraged to mitigate the
increased risk of motion sickness in automated vehicles.
Specifically, this research investigated how only varying
the level of repetition in the turn directions affects per-
ceived motion predictability and motion sickness devel-
opment throughout a drive with vehicle braking, turning
and accelerating at consistent intervals. In a simulator
experiment with twenty participants, a repetitive (R) turn
direction condition was compared with a pseudo-randomly
ordered or non-repetitive (N) turn direction condition.

It was hypothesised that the repeating turn direction
pattern in Condition R of three right turns, followed by
three left turns, was sufficiently simple for participants to
recognise. However, in fact, when requested at the end of
the second experiment session to describe any pattern(s)
noticed in the direction of sideways motion of the simu-
lator in consecutive manoeuvres, none of the participants
were able to write down the repeating pattern contained
in Condition R. Therefore, Hypothesis H1 was rejected.

Additionally, it was hypothesised that the repeat-
ing turn direction pattern would reduce the time
delay between lateral simulator motion and head
movement compared to the pseudo-randomly
ordered turn directions. This expectation was based
on two notions. First, drivers typically tilt their head
in the direction of a curve at the moment of or
slightly before starting to negotiate the curve,
whereas passengers usually exhibit passive head tilt
in the opposite direction with some time delay (Dong,
Yoshida, and Stoffregen 2011; Fujisawa et al. 2009;
Rolnick and Lubow 1991; Wada, Fujisawa, and Doi
2018; Zikovitz and Harris 1999). At the same time,
drivers have an increased ability to anticipate upcom-
ing motion compared to passengers (Rolnick and
Lubow 1991). Second, more predictable motion has
been suggested to increase motion anticipation
(Kuiper et al. 2020b), and, following Hypothesis H1,
Condition R was expected to be perceived as predict-
able due to its repeating turn direction pattern.
Nonetheless, this study found no appreciable

differences in time delay between the two conditions.
Moreover, in both conditions, participants’ head (pas-
sively) moved towards the outside of the simulated
turn in most instances, similar to the head movement
of vehicle passengers. Therefore, Hypothesis H2 could
not be confirmed.

Contrary to expectations, this study found no statisti-
cally significant differences in motion sickness between
Conditions R and N. In fact, the condition performed in
the first experiment session often led to higher motion
sickness scores and more or worse motion sickness
symptoms compared to the condition of the second
session, independent of which condition was performed
first. Still, the reduction in motion sickness scores from
the first to the second session was somewhat smaller
when first performing Condition R and then Condition
N, than when experiencing the conditions in the oppo-
site order. The same held for the reduction in the num-
ber and intensity of reported motion sickness symptoms.
Also, participants seemed to somewhat favour Condition
R over Condition N in terms of motion comfort, though
differences were not statistically significant. Hence, only
small differences in motion sickness and comfort were
observed in favour of Condition R, but no conclusive
evidence was found. As a result, Hypothesis H3, predict-
ing lower levels of motion sickness in Condition R, could
also not be confirmed.

One important factor that may have contributed to
the similar levels of motion sickness in the two condi-
tions could be the lack of an enhanced ability to antic-
ipate the turn directions in Condition R compared to
Condition N. This lack was illustrated by the fact that
none of the participants reported having recognised
the repeating turn direction pattern, as well as by the
above-mentioned comparable head movement in the
two conditions. As a result, the belief that better
motion anticipation reduces motion sickness might
not have been leveraged.

Apart from serving as supporting evidence for the
lack of improved motion anticipation, the comparable
head movement could also be considered as the sec-
ond factor worthy of separate mention that potentially
contributed to the similar results in Conditions R and
N. Previous research has shown that when passengers
actively mimicked the head motion strategy of drivers,
motion sickness was alleviated (Wada et al. 2012; Wada
and Yoshida 2016). This might suggest that the direc-
tion of head movement directly influences motion
sickness development.

A third factor that may have contributed to the
conditions’ comparable levels of motion sickness is
the simulator occupants’ seat belt. The SRS is equipped
with a pilot seat with a five-point harness, which



restricts both longitudinal and lateral body and head
movement more than the typical three-point safety
belt in cars. Whereas previous research has found no
significant differences in motion sickness between
conditions with and without active seat belt retrac-
tions in a simulator-based driving study (Kremer et al.
2022), the notion that seat belts might aid in mitigat-
ing motion sickness cannot be rejected yet. In fact,
the previous study concluded that the seat belt retrac-
tions did not limit head movement, but rather
increased its overall magnitude. In fact, an earlier
study has demonstrated that a specially designed
headrest that effectively reduced occupants’
low-frequency head motion also reduced motion sick-
ness compared to a normal headrest (Kato, Suzuki,
and Honda 2021). Moreover, Mills and Griffin (2000)
experimentally investigated the influence of upper
body restraint during both longitudinal and lateral
oscillatory motion. It was observed that less motion
sickness was experienced with a high backrest with a
four-point harness compared to a low backrest with a
loose lap belt. The latter allowed more upper body
and head movement, especially during longitudinal
motion. In the current experiment, it was, however,
not possible to use only some of the seat belt straps
with the objective to better simulate the body and
head movement restrictions of a conventional car seat
belt, as the safety features of the simulator’s motion
system do not allow this.

A final important factor that should be mentioned
when discussing the similar levels of motion sickness
in the two conditions, is the combination of the
used motion conditions and the participant group.
The observed MISC scores, which averaged around 2
at the end of the motion exposures, indicated a rel-
atively low level of motion sickness. This could sug-
gest that the above combination may not have
allowed for detection of the motion sickness mitiga-
tion potential of a repeating, and hence potentially
predictable, motion condition. Here, three aspects
are worthy of mention.

First, the motion conditions might not have been
sufficiently provocative for the current participant
group. To reduce the risk of this happening, driving
conditions with more intense accelerations could, of
course, have been designed. However, these driving
conditions would then likely have been less represen-
tative of the motion that can be expected from auto-
mated driving. Also, even when more intense driving
conditions would have been designed, the actual
experiment conditions might still not have been more
provocative than the current conditions, as the transla-
tion of vehicle motion to simulator motion is limited
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by the fixed simulator motion space. Moreover,
longer-lasting motion conditions to allow for more
motion sickness might also not have been desirable,
as this would have increased the chances of boredom
and fatigue in participants. This could, in turn, have
had an undesirable effect on motion sickness and
comfort levels.

Second, the number of participants may have been
too small to detect an effect with the current motion
conditions. A power analysis (Faul et al. 2007) revealed
that to detect medium effects (an effect size d, of 0.5
for a two-tailed Wilcoxon signed-rank test according to
Cohen’s (1988) criteria) with an alpha of 0.05 and a
recommended power of 0.80 (Cohen 1988), a mini-
mum number of 35 participants is required. In the cur-
rent research, a larger number of participants would
have been challenging due to COVID-19 restrictions on
the use of the simulator.

Third, in motion sickness research, the individual
participants might be just as important as the number
of participants due to the great variability in motion
sickness  susceptibility among individuals (e.g.
Mittelstaedt 2020). The participants’ MSSQ-short scores
in the current experiment suggested that, overall, the
susceptibility of the participants was somewhat below
the average of the general population. To increase the
chances of observing motion sickness, and, in turn,
also larger differences between conditions, if such dif-
ferences exist, one might like to have participants with
higher motion sickness susceptibility. These are, of
course, also the individuals for whom this research is
of most importance. However, it is the authors’ experi-
ence that highly susceptible individuals are reluctant
to participate in motion sickness experiments. Also,
more susceptible individuals that do participate, are
not always able to perform all conditions due to severe
motion sickness. As a result, their partial data set can
often not be included in the analysis.

As mentioned earlier, a noteworthy order effect
was observed in participants’ motion sickness scores
and reported symptoms, with higher motion sickness
levels in the condition that was performed first. This
result is in line with previous research and may indi-
cate habituation. For example, in a simulator experi-
ment in which participants were repeatedly exposed
to the same vertical sinusoidal motion on consecutive
days, the number of individuals vomiting decreased
by approximately 25% on the second day compared
to the first (McCauley et al. 1976). However, not only
prior exposure to the motion leads to less motion
sickness at a subsequent occasion. Already being
familiar with the entire testing procedure might also
contribute to a reduction (McCauley et al. 1976).
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One might also argue that the reduction in motion
sickness throughout repeated exposures could, in
part, actually be due to an improved ability to antic-
ipate upcoming motion. Despite no signs of increased
anticipation in terms of the direction of sideways
motion of the simulator in Condition R, motion antic-
ipation could have been promoted by the consistent
manoeuvre combinations applied in the two condi-
tions. Both conditions consisted of repeated
braking-turning-accelerating manoeuvre combinations
with consistent timing and intensity. This could poten-
tially have enhanced participants’ motion anticipation
throughout ‘repeated exposures’ to this combination,
and thereby, have alleviated motion sickness more in
the second session. Even though the earlier-mentioned
fore-aft motion study found comparable levels of
motion sickness for the directionally unpredictable
condition and the temporally unpredictable condition
(Kuiper et al. 2020b), this does not rule out the pos-
sibility that motion predictable in one ‘dimension;
either direction or timing, but unpredictable in the
other, may still have a mitigating effect compared to
motion unpredictable in both direction and timing. A
condition unpredictable in both direction and timing
had not been evaluated in this earlier study.

Still, the fixed time interval between subsequent
manoeuvre sequences was also directly one of the cur-
rent study’s limitations. Only the influence of directional
predictability on motion sickness development was
explored, but not that of temporal predictability.
However, the earlier fore-aft motion study has clearly
showed that eliminating temporal consistency can
result in more motion sickness (Kuiper et al. 2020b).
Nonetheless, it might still be that the increased famil-
iarity with the testing procedures and simulator envi-
ronment had a larger contribution to the current study’s
motion sickness reduction in the second session than
the above-described motion and timing consistency.

Another aspect to consider as a study limitation
was the omission of dynamic visuals of the road and
its surroundings in the participants’ (peripheral) field of
view. This was a well-considered choice to prevent
visual motion anticipation and to reduce the likelihood
of (severe) simulator sickness (see Apparatus). However,
although occupants in automated vehicles will proba-
bly not maintain a view on the road ahead anymore,
they might still receive optic flow from the outside
world in their visual periphery. Previous research has
shown that peripheral vision through a car’s side win-
dows, without a forward outside view, still reduces
motion sickness compared to having no outside view
at all (Griffin and Newman 2004b). Additionally, dis-
plays positioned at eye height, allowing front-seat

passengers a better peripheral outside view, have been
shown to reduce motion sickness compared to dis-
plays placed at lower heights (Diels et al. 2016; Kuiper,
Bos, and Diels 2018). Here, it must be noted, however,
that when comparing displays at different heights, in
addition to the difference in peripheral visuals, a
potential difference in participants’ head orientation
may also affect the level of motion sickness.

The differential motion sickness findings between
the fore-aft motion study of Kuiper et al. (2020b) and
the current study could potentially in part be explained
by the difference in ecological validity of the used
motion profiles in the context of road vehicle motion.
Here, ecological validity refers to the extent to which
the profiles approximate real-world vehicle motion.
Even though Kuiper et al. (2020b) purposefully investi-
gated the influence of motion anticipation in simple
fore-aft motion, it could be argued that the mitigating
effect of objectively predictable motion on motion
sickness diminishes as the ecological validity of the
motion increases. First, the braking-turning-accelerating
manoeuvre combinations used in the current experi-
ment might have obscured differences in predictability
that exist only in the direction of the turns. Second,
the duration of the repeating motion pattern in the
current study, that makes the motion objectively pre-
dictable, might have been too long for effective learn-
ing and memorisation of the pattern. This could, in
turn, have inhibited motion anticipation, thereby nulli-
fying the mitigating effect of motion predictability on
motion sickness. The repeating pattern in Condition R,
consisting of three right turns, followed by three left
turns, lasted a total of 180seconds. It was thus only
repeated ten times in a single 30-minute driving con-
dition. In contrast, the repeating pattern in the fully
predictable condition of the fore-aft motion study con-
sisted of a single fore-aft manoeuvre and lasted includ-
ing time interval till the next manoeuvre a total of
16seconds. Hence, it was repeated approximately 56
times in the 15-minute motion condition. Here, it must,
however, also be mentioned that the current study’s
driving conditions were motion filtered to remain
within the simulator’s motion space. As a result, the
simulator motion conditions consisted of considerably
smaller translational displacements than those applied
in the study of Kuiper et al. (2020b), and also incorpo-
rated tilt coordination. Despite efforts made to mini-
mise false motion cues as a result of tilt coordination,
it may still be that both the smaller displacements and
the tilt coordination have also contributed to the two
studies’ differential findings.

Still, in light of the above-described gap in ecological
validity of the motion as well as the differential motion



sickness findings of the two experiments, future research
should focus on the cognitive processing of motion pre-
dictability, and its consequent effect on motion sick-
ness, for different degrees of ecological validity in the
context of road vehicle motion. It will be essential to
not only investigate the interaction effects of motion
(un)predictability in increasingly more degrees of free-
dom, but also how that interacts with the duration of
predictable motion patterns. Doing so will lead to an
increased understanding of the relation between objec-
tive motion predictability and humans’ abilities and
characteristics of motion anticipation. This could, in
turn, aid in identifying strategies to mitigate motion
sickness in automated vehicles.

Conclusion

Automated vehicles could put occupants at a higher risk
of motion sickness as occupants lack control over the
vehicle’s motion and do not maintain a view on the
road ahead anymore. This study aimed to investigate
the influence of motion predictability on motion sick-
ness development in automated vehicles. In a
simulator-based study, twenty participants experienced
two ‘fully automated driving’ conditions, only varying in
the level of repetition in the turn directions. The repeti-
tive condition featured a repeating turn direction pat-
tern of three right turns, followed by three left turns.
The non-repetitive condition contained turn directions
in pseudo-random order. No significant differences were
found between the conditions, neither in sickness rat-
ings, nor in perceived motion predictability or lag
between simulator motion and head motion. The latter
had been assessed as a metric for motion anticipation in
response to the level of repetition in the turn directions.

These findings suggest no increased motion antici-
pation in the repetitive condition. The general belief
that better motion anticipation reduces motion sick-
ness might thus not have been leveraged. It could
perhaps be that the ability to recognise a repeating
pattern in a single degree of freedom, such as vehicle
turn direction, is diminished when it is part of more
complex motion, such as a combination of vehicle
braking, turning and accelerating. This ability might be
hindered further with increasing duration of the
repeating motion pattern. Future research should focus
on the interaction effects of motion (un)predictability
in increasingly more degrees of freedom, and how
that interacts with the duration of predictable motion
patterns. This could aid in identifying strategies to mit-
igate motion sickness in automated vehicles.
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Notes

1. https://www.trackir.com/ (accessed July 3, 2024).

2. Specific force can also be defined as f=a - g. In that
case, the gravity vector g is drawn downwards, as that
is the direction in which gravity pulls. However, the
gravitational pull induces an upward reactionary force
on the body part that is in contact with the surface
underneath. This force is the same as that occurring
during acceleration in the positive Z-direction, as de-
fined in Figure 5. Therefore, it was decided to draw
the gravity vector upwards instead.

3. Internal consistencies were computed using Spearman-
Brown coefficients because of the two-item nature of the
comfort measure (Eisinga, Te Grotenhuis, and Pelzer 2013).

4. Al questionnaires referred to the two conditions as
the first and the second experiment session of the re-
spective participant, and not as the repetitive and
non-repetitive condition.
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