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Abstract— In-vehicle activities such as reading, writing or
watching videos rapidly lead to signs and symptoms of motion
sickness and is of particular concern in rear-seat passengers and
future shared and / or automated vehicles. In this test track
study, we evaluated several design strategies to alleviate motion
discomfort in rear seat passengers who were exposed to a
longitudinal motion profile of repeated vehicle accelerations and
decelerations whilst using an e-reader. Results showed that the
manipulations affecting vehicle accelerations and pitch angles
failed to reduce motion sickness. Providing passengers with
lateral optic flow indicating instantaneous actual vehicle speed
and predictive motion cues using a visual ambient display
reduced motion sickness consistency, albeit statistically non-
significant. Yet, with all the above strategies combined in the
wellness pack condition, a statistically significant and large
(28%) reduction in carsickness was observed. Future research
will benefit from exploring these possible interactions and
suggest that effective motion sickness management may require
a multipronged approach.

1. INTRODUCTION

Car passengers are known to be more prone to carsickness
than drivers [1]. Furthermore, trying to read, write or watch
movies while being driven exacerbates matters which can
make passengers feel queasy within a matter of minutes [2].
As a consequence, passengers avoid or limit themselves
engaging in such activities despite being highly desirable from
a leisure or commercial perspective [3].

In this study we focus on the rear seat passengers in
chauffeur-driven vehicles and explore what design strategies
can be employed today to alleviate carsickness and enable
passengers to enjoy such activities in comfort. As an aside,
note that while we confine our study to conventional vehicles,
the findings are highly relevant for the design of future shared
and / or automated vehicles in which all occupants will become
passengers [4]. In the below, we will introduce each of the
different design strategies with reference to the mechanisms
hypothesized to underly their expected effectiveness.

As the name implies, motion sickness occurs when people
are exposed to certain motions, in particular those in the low
frequency range. Carsickness is mainly caused by horizontal
accelerations due to accelerating, braking, and cornering
[5,6,7]. Aggressive driving styles therefore are more likely to
lead to carsickness. While driving style is largely under the
control of the driver, the use of Adaptive Cruise Control
(ACC) allows for some control over acceleration levels at least
in car following scenarios. Hence, we here explored whether
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different acceleration levels generated by different ACC
settings available in a commercially available production
vehicle (i.e. “comfort” and “dynamic”) have the potential to
alleviate carsickness.

Secondly, it is also known that alignment with the Gravito-
Inertial Force (GIF) vector has the potential to reduce motion
sickness [8]. This, at least to some extent, also explains the
relative immunity of drivers to motion sickness when
cornering. Unlike passengers, drivers lean into the corner
actively aligning their head and body to the resulting GIF
vector with passengers moving in the opposite direction.
Similarly, we here explored the potential of tuning the
suspension by imposing maximum damper current in effect
minimizing the vehicle’s and subsequently occupant’s pitch
movement during accelerations and decelerations. Compared
to the default suspension setting, the tuning better aligns the
passenger body/head towards the GIF vector.

Thirdly, sickness occurring for example while reading in a
car is attributed to conflicting sensory cues [2,9]. Whilst the
vestibular system perceives the vehicle’s physical motion, our
eyes reading the text, typically held on our laps, perceive a
stable stationary interior environment. We here explored the
potential of providing the rear seat passenger with a visual
pattern providing lateral optic flow to indicate instantaneous
actual vehicle speed and creating the illusion of a “see-through
door” with the intent to reduce these visual-vestibular
conflicts.

In addition, such ambient visual displays may also be used
to provide passengers with predictive cues warning of
upcoming motion. The inability to anticipate future motion on
behalf of passengers increases the likelihood of discrepancies
between expected and sensed motion and underlies the
causation of motion sickness. Whilst many specific parameters
remain largely unexplored, providing passengers with
predictive motion cues has already been shown to have the
potential to provide an elegant and effective method to reduce
motion sickness [9,16,17].

Finally, this study provided an opportunity to evaluate a
more integrated approach to the management of motion
sickness and not only study the different strategies in isolation,
but bring them together in an overall “wellness pack”. This
approach was inspired by the observation that there are no
silver bullets and motion sickness management is likely to
require a multipronged approach. This study represents one of
the very few examples implementing such an approach.
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II. METHODS

A. Participants

A total of 16 participants were recruited and were between
30 and 60 years old, in good state of health and reported to
have experienced symptoms of motion sickness at least once
in the last five years and had a Motion Sickness Susceptibility
Questionnaire (MSSQ-short [10]) percentile of 70%ile or
higher. By excluding participants who hardly suffer from
motion sickness, we aimed at maximizing the chance to find
differences between the experimental conditions. The above-
average motion sickness susceptibility of our sample has to be
taken into account when generalizing to the general
population. All 16 participants completed five experimental
sessions. Half the participants were female, who were on
average both younger and more sensitive to motion sickness
as measured by the MSSQ-short. The study was conducted in
accordance with the 1964 Declaration of Helsinki, and the
study protocol was approved by the Royal College of Art
Ethical Committee. All participants gave their written
informed consent before participation and were reimbursed for
their participation.

B. Test vehicle

The study was performed using a large Sports Utility
Vehicle (SUV) (2019 Bentley Bentayga with automatic
gearbox and v8 engine, left-hand drive). The vehicle was a pre-
production engineering vehicle representative of the series
intent. The participant was seated in the left-hand rear seat
behind the driver. The visual feedback system consisted of and
ambient display implemented using 3 horizontal LED strips
integrated into the door card (see Fig 1). The LED strips were
located to allow the passenger to focus on the reading task
while receiving motion information peripherally using the
ambient LED display. The strips were covered with a black
mesh and appeared to be integrated with the door card. In
response to prevailing COVIDI19 conditions, a transparent
safety screen was attached to the rear of the driver’s seat to
protect drivers and passengers. The Misery Scale (MISC) was
attached to the screen and was available at all times for
participants to refer to. The car’s air conditioning system was
set to automatic with a 21°C temperature setting.

C. Experimental conditions

A total of five different conditions were tested each
consisting of a unique combination of settings related to the
ACC (dynamic vs. comfort), suspension (default vs. tune), and
lighting (on vs. off). Table 1 shows settings for each of the
three variables for each of the five conditions.

Adaptive Cruise Control (ACC): The level of acceleration
was varied by using two Bentley ACC settings, i.e. the
Comfort and Dynamic ACC settings. Compared to the
Dynamic setting, the RMS and Maximum acceleration in the
Comfort setting was reduced by 10.6 and 16.6%, respectively.
Since motion sickness is dependent on the level of
acceleration, the dynamic setting was expected to induce
higher levels of motion sickness.

Suspension: The standard default suspension setting was
compared to a modified suspension setting that was tuned to
align the passenger’s body/head towards the Gravito Inertial

Force (GIF) vector, hypothesized to reduce motion discomfort.
This was achieved by modifying the damper setting (i.e. max
damper current) to minimize pitch during acceleration /
deceleration. Compared to the default setting, in the tuned
setting the RMS of the pitch angle was reduced by 14%.

Figure 1.

Top: Lead and test vehicle on test track performing stop-and-go
manoeuvre. Bottom: LED display placement and test setup in the test
vehicle with participant holding the e-reader in the lap. Left: red LED signal
indicating upcoming deceleration; Middle: blue LED pattern congruent with
vehicle speed; Right: green LED signal indicating upcoming acceleration.

TABLE L OVERVIEW OF EXPERIMENTAL CONDITIONS
Parameter
Conditions ACC Suspension Lighting
Control Dynamic Default Off
ACC Comfort Default Off
Suspension Dynamic Tune Off
Lighting Dynamic Default On
Wellness pack Comfort Tune On

Lighting: The vehicle was equipped with an ambient
lighting display which consisted of three RGBW-LED strips
attached to the left rear door card and ran across the length of
the interior door as illustrated in Fig 1. As mentioned, the LED
strips were covered by a perforated black leather mesh to
appear more integrated with the vehicle interior. Each strip
consisted of 144 LEDs per meter. The visual pattern was
created by activating 6 adjacent LEDs with 6 inactive LEDs in
between. The visual pattern was linked to the vehicle dynamics
and, in effect, created a see-through door in that the pattern
was representative of the optic flow pattern that would be
perceived form the outside environment if the door card would
be transparent. The visual flow pattern was linked to the
vehicle dynamics using information from the Controlled Area
Network (CAN) bus. The speed of the light was proportional
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to the longitudinal speed of the vehicle. Smooth movement of
the visual pattern was enabled by the consecutive activation of
LEDs. The direction of the LED lights was programmed to
simulate the natural optic flow, i.e. forward motion of the
vehicle corresponded to movement of the visual pattern from
front to rear of the vehicle. For acceleration up to £2 m/s?, the
color of the LED light was blue.

In addition to the real-time vehicle speed, the ambient
display also provided predictive motion cues. This was
achieved by illuminating all LEDs for a duration of 2s (pulse).
Anticipation of upcoming acceleration or decelerations was
enabled by the different speed and distance sensors available
on-board. The feedforward time lag, defined by the time
between the pulse trigger and the peak of the subsequent
longitudinal acceleration, was 500-2000ms depending on the
driving condition. Predictive cues were presented on average
at 0.5 and 1.5 seconds ahead of braking (red) and accelerating
(green), respectively. Variability in the exact timing ranged
from  500-1500ms  (acceleration) and  100-1000ms
(deceleration).  During vehicle braking, as defined by
decelerations below -2 m/s?, the LED lights turned from blue
to red. Likewise, during vehicle accelerations, as defined by
accelerations above 2 m/s? the LED lights turned from blue to
green.

C. Motion recording

Triaxial vehicle acceleration and rotational velocity were
measured continuously using the integrated accelerometer
located in the middle of the vehicle. Vehicle motion was
measured throughout each of the individual sessions.

D. Driving trajectory

The study took place on the Horiba MIRA secure testing
ground. The relevant section consisted of two two-lane
motorway sections each 1.6km long and joined by banked
loops. Adopting a similar method and materials as previously
used by [11], the lead vehicle (VW Passat) was programmed
to autonomously follow a predetermined driving profile
consisting of a series of accelerations and decelerations. The
automatic control of the lead vehicle ensured consistency
across all conditions in terms of the vehicle dynamics. The
following car carried the participant in the rear and used the
Adaptive Cruise Control (ACC) to keep a constant distant to
the lead vehicle. The driving profile was a slightly modified
version of the profile previously used by [11].

The original profile was developed to be representative of
real world driving whilst also being sufficiently provocative to
avoid unnecessarily long test drives to induce an appropriate
level of motion sickness. For the current study the profile had
to be adjusted to accommodate the available length of the
particular section. Acceleration ranged from — 3.2 m/s? to 2.7
m/s?, with a maximum speed of 80 km/h. In total, each
participant was exposed to the driving profile for 20 minutes
in each condition. In addition, the participants were driven to
and from the test section at 10 mph. The drive from and to the
control center to the test section took approximately 3 minutes
and was not considered to be part of the test.

E. Procedure

To limit the number of participants, the number of
experimental trials, as well as the number of exposures per
participant, a within-subject design was used. Participants
were tested in five 20-min sessions, each testing one of the
experimental conditions on five separate days with at least 24
h in between, at about the same time of the day. The order of
the conditions was counterbalanced across participants.

At the start of the first experimental session, participants
received written information on the general study aims,
procedures and signed the informed consent. Subsequently,
the participant was informed on the symptoms of motion
sickness and the usage of the Misery Scale (MISC) of motion
sickness (see [12]). A printed version of the MISC was
attached to the back of the front passenger seat and
continuously visible to the participant. In addition, the
participants were shown the e-reader and how to use it. They
were also instructed to hold the e-reader in their lap during the
drive and read the book throughout the duration of the test
drive. Compliance was monitored by the driver and was
instructed to prompt passengers in case of non-compliance.
The participant then took place in the left rear seat of the
vehicle and subsequently driven from the control center to the
test section. Participants were not provided any information as
to the experimental conditions to be experienced.

After each 20 min test session, participants were driven
back to the control center. They were asked to provide the first
MISC rating at the start of the test session and subsequently at
I-minute intervals throughout the test. In addition, MISC
ratings were reported during the 3 min drive back to the control
center and upon arrival. This time was also used to ask
participants to provide any spontaneous comments regarding
their experience in particular regarding the Lighting and
Wellness pack given their noticeability. Participants were
allowed to leave the testing ground until their MISC score
reached 1, i.e. “Some discomfort but no particular symptoms”.

III. RESULTS

A. MISC rating

Fig. 2 shows the average discomfort rating (MISC) over
time for each of the five conditions. Minute 0-20 represents the
actual experimental drive followed by a 3-4 min return drive
to the control center and the recovery period.

As expected, motion discomfort steadily increased over the
course of the 20 min experimental drive. It can also be seen
that during the return drive, discomfort lingered for several
minutes before rapidly declining with most participants
making a full recovery within 10 minutes.

Compared to the control condition, neither the ACC or
Suspension condition appeared to have much of an impact
displaying approximately the same levels of discomfort.
However, in the Lighting condition, discomfort appeared to
stabilize somewhat during the last five minutes while the
Wellness pack condition showed a considerable damping
effect over the entire course of the experimental drive.
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Figure 2. Average discomfort rating (MISC) over time for each of the five
conditions (fop) and separately for the Control and Wellness pack
conditions with the surface areas illustrating the the Standard Error of the
Mean (SEM) (bottom).

Statistical analyses (Wilcoxon Signed Ranks tests, 2-tailed)
showed that the average MISC score over the experimental
drive (t = 0-20min) in the Wellness pack conditions was
significantly lower than in the Control condition (Z = -2.558,
p = 0.011) and the Suspension condition (Z = -2.556, p =
0.011). Compared to the Lighting condition, the Wellness pack
approached statistical significance (Z = -1.925, p = 0.054).

B. Subjective experiences

In the below, we briefly present negative and positive
participant comments regarding the experience across the
Lighting and Wellness conditions which both featured the
ambient lighting display.

Negative comments: They were awful if I looked at them
they made me feel sick. I do not see the point? I got that they
changed with the rhythm of the car, but why? (participant 3);
Lights can be distracting when reading (participant 4); Some
of the colors were garish, didn’t like green and yellow
(participant 6); Smaller LED's would be better (softer light) if
possible (participant 15); Gentle distraction. Useful but makes
it hard to concentrate on the text (participant 16).

Positive comments: All that I can add is that I can’t help but
feel that it helped greatly to combat my normal symptoms of
travel sickness (participant 2); Not too in your face but feel it
somehow helped a great deal with regards combatting
symptoms of motion sickness (participant 2); Liked the blue
color and how it moved with the drive (participant 8);
Definitely did not feel ill and reading was easier (participant

9); I liked the pace it moved. I realized it was there but was not
distracting when reading (participant 12); I could detect when
the vehicle was speeding up or braking. It was distracting to
begin with but after a while I forgot it was there (participant
13); Liked the lighting and felt comfortable. Only slight
headache when reading (participant 9); I found it relaxing
(participant 7); I find the color blue relaxing (participant 6);
Useful but makes it hard to concentrate on the text (participant
16).

IV. DISCUSSION

Corroborating earlier studies and people’s lived
experiences, reading in the rear-seat readily leads to
passengers suffering from motion sickness. Across all
conditions, motion sickness steadily increased over time but
dissipated relatively quickly once the provocative motion
profile ended (t = 20min) and passengers were able to look out
the window again.

The different design strategies to alleviate motion sickness
were not equally successful. In fact, both the ACC and
Suspension conditions failed to lead to any sizeable reductions
in motion sickness and suggest that larger changes in
acceleration and pitch angles may be required to have an
impact. Further research will be required to explore whether
these, or indeed other parameters such as timing of pitch
movements, may affect the levels of motion sickness.

The ambient visual display in the Lighting condition
created a consistent and positive impact, albeit statistically
non-significant. These findings are largely in line with
previous studies and suggest that ambient visual displays may
provide elegant and effective methods to alleviate motion
sickness while questions remain unanswered as to the most
relevant parameters including sensory modality, timing, level
of information, abstraction level, and perceived integration
with non-driving related activities [9]. Furthermore, earlier
studies indicate that the beneficial effects of cues are not
merely the effect of stimulation or distraction but can be
attributed to central processes [18].

Perhaps the most surprising and significant finding was
that the combined effect of all the different strategies as
represented by the Wellness pack condition led to a
considerable damping of the overall motion sickness levels. In
fact, the wellness pack showed a 28% reduction in motion
sickness, a very sizeable effect compared to results from
comparable studies into single design interventions [2,14-17].
This raises the question whether the whole may be greater than
the sum of its parts. Do the different countermeasures
somehow interact and perhaps while not effective individually,
collectively are able to considerably enhance motion comfort
in rear seat passengers? This study was not designed or
intended to investigate particular interactions but the findings
do suggest that this may be a fruitful direction for future
research. It also alludes to possible shortcomings in the current
approach of designing and evaluating motion sickness
countermeasures in isolation with the risk of discarding
strategies that may greatly enhance comfort in the context of a
more integrated, multipronged design strategy to alleviate
motion sickness.
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Finally, it is important to consider the subjective
experiences of the different design strategies, in particular the
visual ambient display which were naturally far more obvious
and perceptible than the vehicle motion-based strategies.
Design strategies may be effective, but without being
acceptable and desirable, the implementation of such strategies
may not be commercially viable. The responses showed that,
despite the display being at the Proof of Concept (PoC) stage
and relatively crudely implemented, participant comments
were overall positive with the ambient display perceived to be
beneficial, comfortable, and enjoyable while concerns around
distraction and unpleasant brightness and colors point towards
clear directions for future improvement and refinement.

V. CONCLUSION

In conclusion, ambient visual displays show great potential
to reduce carsickness, eclevate the rear-seat passenger
experience and facilitate in-vehicle activities. Possible
positive interactions with vehicle dynamics-related design
strategies, including vehicle accelerations and pitch
movements, suggest that carsickness management might
benefit from a multipronged approach combining different
design strategies collectively before disregarding what may
appear to be unsuccessful individual strategies.
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