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ARTICLE

The effects of habituation and adding a rest-frame on experienced
simulator sickness in an advanced mobility scooter driving simulator

Joost Heutinka,b , Minou Broekmana, Karel A. Brookhuisa , Bart J. M. Melis-Dankersc and
Christina Cordesa,b

aDepartment of Clinical and Developmental Neuropsychology, University of Groningen, Groningen, the Netherlands; bRoyal Dutch
Visio, Knowledge, Expertise and Innovation, Centre of Expertise for Visually Impaired and Blind People, Huizen, the Netherlands;
cRoyal Dutch Visio, Rehabilitation and Advice, Centre of Expertise for Visually Impaired and Blind People, Haren, The Netherlands

ABSTRACT
The aim of this article is to investigate the effect of a physical rest-frame, habituation and age
on simulator sickness in an advanced mobility scooter driving simulator. Twenty-six young and
34 older adults completed a total of 12 drives in an advanced mobility scooter driving simulator
over two visits. A 2x2 crossover design was used to measure the effect of a rest frame that was
added to the driving simulator on either the first or second visit. The Simulator Sickness
Questionnaire was used to measure simulator sickness symptoms. A significant decrease in
simulator sickness was observed between the first and the second visit. Older adults reported
more severe simulator sickness symptoms compared to younger participants. No effect of rest-
frame could be found. Habituation appears to be the most effective method to reduce simulator
sickness in an advanced mobility scooter driving simulator. More research is needed to investi-
gate simulator sickness in patient groups.

Practitioner summary: Experiencing simulator sickness is a major problem across all types of
simulators. The present experiment investigated the effect of a rest-frame, habituation and age
on developing simulator sickness symptoms in an advanced mobility scooter driving simulator.
Habituation appeared to be the most effective method to reduce simulator sickness.

Abbreviations: AMSDS: advanced mobility scooter driving simulator; IVB: independent visual
background; MISC: misery scale; SSQ: simulator sickness questionnaire; VE: virtual environment
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Introduction

Driving simulators have become a frequently used
method to test driving behaviour because they have
created the opportunity to teach and improve driving
skills in a risk-free and cost-effective environment. The
validity of driving simulators has been demonstrated
by various studies (Lee, Cameron, and Lee 2003; Lew
et al. 2005; Veldstra 2014; Meuleners and Fraser 2015;
Kl€uver et al. 2016). However, simulator sickness, which
is known as a by-product of high fidelity visual simula-
tors, may be a threat to this validity (Kennedy et al.
1993; Mullen et al. 2011; Helland et al. 2016). The
symptoms experienced when suffering from simulator
sickness include headaches, dizziness, drowsiness,
sweating or nausea, for example. In contrast to motion

sickness in real traffic, symptoms are visually induced
rather than caused by physical movement. The
incidence of simulator sickness can differ greatly (La
Viola 2000; Brooks et al. 2010; Stoner, Fisher, and
Mollenhauer 2011; Bos et al. 2013; Keshavarz, Hecht,
and Lawson 2014).

Possible explanations for simulator sickness

Several theories explaining possible causes and proc-
esses underlying simulator sickness have been pro-
posed; however, none of these theories is generally
acknowledged as superior (Keshavarz, Hecht, and
Lawson 2014; Stoner, Fisher, and Mollenhauer 2011).
The most widely accepted theory is the sensory

CONTACT Joost Heutink j.h.c.heutink@rug.nl Department of Clinical and Developmental Neuropsychology, University of Groningen, Grote
Kruisstraat 2/1, 9712 TS Groningen, the Netherlands.
� 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-
nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed,
or built upon in any way.

ERGONOMICS
2019, VOL. 62, NO. 1, 65–75
https://doi.org/10.1080/00140139.2018.1518543

http://crossmark.crossref.org/dialog/?doi=10.1080/00140139.2018.1518543&domain=pdf
http://orcid.org/0000-0002-4811-968X
http://orcid.org/0000-0001-5124-437X
http://orcid.org/0000-0002-1271-7207
http://orcid.org/0000-0002-2203-9884
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org./10.1080/00140139.2018.1518543
http://www.tandfonline.com


conflict theory or cue conflict theory, which states that
simulator sickness is the result of both a sensory con-
flict and the held expectations based on previous
experience of the sensory system (Reason and Brand
1975; Oman, 1990). Accordingly, simulator sickness
can occur in a stationary simulator when a subject has
not yet established a pattern to match the contradict-
ory information from the visual system (‘I am moving’)
and the vestibular system (‘I am stationary’) (Stoner,
Fisher, and Mollenhauer 2011). Sensory conflict theory
is supported by the finding that people who have
many years of driving experience in the real world
experience more simulator sickness than people with
less driving experience (Stoner, Fisher, and Mollenhauer
2011). In addition to that, the fact that simulator sick-
ness symptoms can be reduced by repeated exposure
to the simulator task (thus adapting expectation) also
provides evidence for the sensory conflict theory. A
number of studies have demonstrated a habituation
effect on the occurrence of simulator sickness (Hill and
Howarth 2000; Howarth and Hodder 2008; Teasdale
et al. 2009; Domeyer, Cassavaugh, and Backs 2013;
Zhang et al. 2015; Helland et al. 2016; Keshavarz 2016).
Domeyer, Cassavaugh, and Backs (2013), even showed
a habituation effect after 2 days, suggested that simula-
tor sickness symptoms may already decrease after a
short period of time between exposure to the driv-
ing simulator.

Riccio and Stoffregen (1991), however, rejected the
sensory conflict theory and introduced an alternative
theory to explain the occurrence of simulator sickness,
the postural instability theory. Based on this theory, it
is suggested that our sensory system is constantly try-
ing to preserve postural stability in our environment.
Accordingly, simulator sickness occurs when a person
attempts to maintain stability in a new environment in
which the body has not yet learned strategies to pre-
serve postural stability (Riccio and Stoffregen 1991).
Research on the postural instability theory revealed
that postural instability can predict both motion and
simulator sickness (Stoffregen and Smart 1998; Smart,
Stoffregen, and Bardy 2002; Stoffregen et al. 2000;
Stoffregen et al. 2017). A further study in which the
position of participants was fixated reported relief in
simulator sickness symptoms in older participants and
thus supports the postural instability theory
(Keshavarz et al. 2017).

Yet another explanation was proposed by Prothero
et al. (1999), which is known as the rest-frame hypoth-
esis. According to this hypothesis, simulator sickness is
not induced by conflicting motion cues but rather by
the different ‘rest-frames’ in which these visual cues

are presented. Derived from physics, a coordinate sys-
tem that is used to define positions, angular orienta-
tions and motions is called a ‘reference frame’. When
a reference frame is perceived to be stationary by the
driver, the reference frame is called a rest-frame
(Prothero et al. 1997). The virtual display that is pre-
sented in a virtual environment (VE) can be divided
into two components. One component represents the
content of the VE (i.e. the screen on which the simula-
tion is projected) and the other component is
matched to the observer’s so-called physical inertial
environment (i.e. the room in which the simulator is
stationed), also known as the independent visual back-
ground (IVB).

In support of this hypothesis, results of different
studies showed that participants experienced less
simulator sickness symptoms when they could see the
laboratory wall (Prothero et al. 1999) or when an IVB
(i.e. a grid or clouds) was added to the projection
(Duh, Parker, and Furness 2001; Duh et al. 2001).
Interestingly, a more natural IVB (clouds) was more
effective than a background consisting of a
grid pattern.

Factors that influence simulator sickness

A number of factors have been determined that influ-
ence the occurrence and severity of simulator sickness.
First, graphics factors such as optical distortion, display
flicker, image resolution or refresh rate (Kennedy and
Fowlkes 1992; Kolasinski 1995; Mollenhauer 2004;
Johnson 2005); in general, a wider field of view (Lin
et al. 2002; Mollenhauer 2004; Johnson 2005) can
influence simulator sickness negatively.

Second, related factors such as simulation duration,
unnatural manoeuvres (freezing the screen), head
movement, manoeuvre intensity, turn predictability
(lack of visual cues), vehicle velocity and scene content
(Kennedy and Fowlkes 1992; Kolasinski 1995; Mourant
and Thattacheny 1999; Kennedy, Stanney, and Dunlap
2000; Jaeger and Mourant 2001; Johnson 2005;
Mourant et al. 2007) can worsen symptoms. The third
category comprises individual factors, which besides
age (Brooks et al. 2010), include the amount of experi-
ence in the simulated environment, experience in
non-simulated environments, history of motion sick-
ness and medications, general health and sleep
deprivation (Crowley 1987; Kennedy and Fowlkes
1992; Johnson 2005). In addition to that, cognitive fac-
tors can play a role in experiencing simulator sickness
symptoms. Although research has not found signifi-
cant differences between healthy and cognitively
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impaired individuals in simulator sickness incidence
rates, the odds of cognitively impaired individuals
(mostly stroke patients) were found to be 2.4 times
larger compared to cognitively healthy individuals
(Rizzo et al. 2003).

In general, Kl€uver et al. (2015) concluded in their
study that participant and scenario characteristics can
explain the development of simulator sickness symp-
toms better than simulator characteristics.

The advanced mobility scooter driving simulator

Most research on simulator sickness has been con-
ducted for aviation or car driving simulators. Dropout
rates in these driving simulators can vary largely based
on the type of simulator and characteristics of the par-
ticipants (Trick and Caird 2011). With increasing use of
alternative forms of mobility, especially mobility
scooters, new types of driving simulators have been
developed. The University of Groningen, in collabor-
ation with Royal Dutch Visio (Centre of Expertise for
Visually Impaired and Blind People, the Netherlands),
was one of the first to develop an advanced mobility
scooter driving simulator (AMSDS) for clinical and scien-
tific purposes in different (patient) populations.
However, chances on experiencing simulator sickness in
the AMSDS appeared to be extremely high. In one par-
ticular experiment, nearly 70% (65 out of 94) of the
participants had to end test procedures prematurely
due to simulator sickness symptoms (Cordes et al.
2018). This high dropout rate is even more striking con-
sidering the fact that in experiments with the car driv-
ing simulator, situated in the same room and using the
same display and underlying technology, a dropout
rate of 25% would have been considered to be normal.

The present experiment

The high incidence of simulator sickness in the AMSDS
compared to the regular driving simulator might be

due to several differences between the two types of
simulator. For instance, task-related factors in the
mobility scooter might be relatively more demanding
in the AMSDS because mobility scooters take sharper
turns and have a relatively sharper acceleration and
deceleration. Although it has been shown that a com-
plex environment might lead to simulator sickness,
the virtual environments included a city drive with
much interacting traffic because a large degree of eco-
logical validity was to be achieved. Therefore, it was
not feasible to change scenario characteristics. Instead,
the goal of the present study was to incorporate more
achievable changes to the simulator and to test their
effect on simulator sickness in the AMSDS. Based on
the rest-frame hypothesis proposed by Prothero et al
(1999), a physical grid pattern was added to the
screens of the simulator set-up with the expectation
that a more visible independent background would
reduce simulator sickness. In addition to that, the
effect of a habituation across two sessions with 24 h
in-between was investigated. Both solutions were
tested in young and old adults.

Method

Participants

Twenty-six young adults (age between 18 and 30) and
34 older adults (age between 50 and 75) took part in
the present study. Characteristics of the participants
are presented in Table 1. Younger participants were
recruited via social media and by approaching psych-
ology students from the University of Groningen.
Older participants were recruited via advertisements,
flyers and personal contacts. All participants were in
possession of a valid driver’s license. Exclusion criteria
were ocular disease, vestibular disorders or any other
medical/neurological conditions or medication that
could interfere with driving performance. Students
received study credit points for participating; other
participants took part in the experiment on a

Table 1. Participants’ characteristics.
Age group Minimum Maximum Mean Std. Deviation

Young adulthood (n¼ 26) Age (years) 18 27 21.2 2.3
Highest finished educational level� 5 7 5.9 0.4
Self-estimated personal health (1–10) 6 10 8.1 1.2
Total estimated km driven in life 0 40.0 6.0 9.2

Late adulthood (n¼ 34) Age (years) 51 74 63.7 6.0
Highest finished educational level 2 7 5.4 1.0
Self-estimated personal health (1–10) 7 10 8.3 0.9
Total estimated km driven in life 0 2,500,000 497,423 602,561

�Highest finished educational level was determined by the Dutch classification system according to Verhage (1964), which includes
seven categories. 1¼ did not finish primary school; 2¼ finished primary school; 3¼ did not finish secondary school; 4¼ finished
secondary school; 5¼ finished secondary school medium level; 6¼ finished secondary school highest level and/or college degree;
7¼ university degree.
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voluntary basis. The experiment was approved by the
Ethical Committee Psychology of the University of
Groningen, the Netherlands, according to the
Declaration of Helsinki. All participants provided writ-
ten informed consent.

Apparatus

The AMSDS has been developed using ST Software
(Groningen, the Netherlands). The mobility scooter
that is used as a mock-up is a real vehicle with tech-
nical adjustments that has been attached to the simu-
lation computers using steer recorders and switches
(see Figure 1).

The software of the driving simulator consists of a
calculation model of simulated traffic with autono-
mous characteristics in which all simulated traffic par-
ticipants drive independently in a network of roads.
This surrounding traffic is created in and controlled by
a scripting tool that allows the type of interactions
intended for the experiment. The scripting-tool also
avoids traffic conflicts between simulated traffic partic-
ipants and manages data collection.

The graphics hardware consists of three PC’s that
run the software, controlling three computer displays
with an imaging frequency of 60Hz. The simulation
was projected onto three screens. The sizes of the mid-
dle screen and side screens are 200� 150 cm. The mid-
dle screen has a resolution of 1920� 1080 pixels and
the side screens both have a resolution of 1024� 768

pixels. The dimensions of the projection on the screens
are 200� 110 cm. Horizontal and vertical field of view
were 180� and 34� (middle screen) respectively.

The front of the mobility scooter was positioned
about 80 cm in front of the middle screen, in such
way that the participant’s view to all the screens was
perpendicular to the middle while sitting in the mobil-
ity scooter. The software projected the movement of
the mobility scooter in the simulated environment,
based on the steering wheel forces. The software add-
itionally generated the sounds of the engine and the
sounds of the surrounding traffic through two speak-
ers, situated behind the projection screen.

Because one of the original aims of the AMSDS was
to assess fitness-to-drive in visually impaired people,
the rest-frame could not be part of the visual projec-
tion, as it was implemented in other studies (Prothero
et al. 1999; Duh, Parker, and Furness 2001; Lin, Habib,
and Lahav 2004). Instead, the rest-frame was con-
structed of solid materials surrounding the screens on
which the simulation was projected. Compared to the
IVB conditions in the studies by Duh, Parker, and
Furness (2001) and Lin et al. (2002), the characteristics
of the rest-frame in the current study also comprised
a grid-shaped pattern. The rest-frame consisted out of
six black synthetic covers on which a grid was added
by attaching white paper squares onto the plates (see
Figure 1). In the experimental condition, a rest-frame
was added to the screens. In addition, to keep the
contrast of the projection optimal for people with low

Figure 1. The mobility scooter simulator accompanied by rest-frame.
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vision, luminance in the simulator room was kept to a
minimal. In the control condition, participants saw the
white projection screens.

Virtual environments

The driving simulation study comprised six drives in
rural environments under different conditions (see
Table 2). Visual complexity and speed increased over
the number of drives. During all of the drives, partici-
pants had to follow a winding road. During the test
drives in which the participants controlled their own
speed, participants were asked to start driving with a
speed they felt comfortable with. When the first half
of the drive was finished, participants were asked to
drive as fast as they could, provided that they were
still driving safely. Environments without any obstacles
included a winding road surrounded by nature (i.e.
meadows, trees), whereas the more complex environ-
ments included obstacles and were located in a resi-
dential area with several crossings. Obstacles included
stationary objects with different visibility and moving
traffic agent (cars, cyclists and pedestrians) that either
appeared at crossings or on the same lane participants
were travelling on. Participants were instructed to
keep a steady position on the road and to avoid colli-
sions with obstacles or other traffic participants.

Procedure

The experiment took place at the University Medical
Centre Groningen, the Netherlands, where the AMSDS
was stationed. All participants visited the laboratory
on two consecutive days. Each visit lasted approxi-
mately 45min. The interval between the two visits
was exactly 24 h. Before the experiment started, partic-
ipants were informed about the possibility of experi-
encing simulator sickness and their right to stop the
experiment at any moment.

At the start of the first visit, participants completed a
questionnaire about demographic information, driving
experience, self-perceived driving skills and general
health. Participants were then asked to complete a
practice drive to get used to operating the AMSDS.

Upon successful completion of the practice drive, par-
ticipants moved on to the six test drives. A crossover
design (AB|BA) with stratified random allocation (based
on age group) was used to determine which participant
completed the driving simulation tasks with or without
the rest-frame on the first visit. On the second visit, par-
ticipants immediately started with the six test drives
but now in a different condition compared to the first
visit (with or without the rest-frame).

After each drive, participants filled in the Simulator
Sickness Questionnaire (SSQ, Kennedy et al. 1993) and
the Misery Scale (MISC, Emmerik, De Vries, and Bos
2011) to monitor simulator sickness symptoms. The
SSQ consists of 16 items, each containing a single
symptom related to simulator sickness that can be
scored on a scale from 0 (not experiencing the symp-
tom) to 3 (strongly experiencing the symptom). Sum
score of the SSQ after each drive could range from 0
to 235.62 points. The MISC is a 10-point scale, reach-
ing from 0 (not experiencing symptoms) to 10 (throw-
ing up). Intermediate scores range from 1 (feeling
uneasy but without symptoms of nausea), 2–5 (dizzi-
ness, feeling warm, sweating, headache, etc. without
feeling nauseous) and 6–9 (degrees of nausea). The
MISC was used as a tool for the test leader to monitor
simulator sickness during the trials and prevent partici-
pants from developing severe symptoms of simulator
sickness, such as vomiting. When participants scored 6
or higher the experiment was stopped to ensure the
wellbeing of the participants.

At the end of the second visit, participants were
debriefed and given an additional short questionnaire
in which they were asked how they experienced the
study and whether they preferred to drive in the
AMSDS with or without the rest-frame.

Statistical analysis

The main effects of frame (presence or absence), habitu-
ation (1st versus 2nd visit) and age (older and younger
adults) were investigated. In addition, interaction effects
between frame and age and habituation and age were
examined. Repeated measures ANOVAs with age as a
between-subject factor were used for this purpose.

Table 2. Different virtual driving environments.
Drive number Speed Speed control Average duration Pavement/on-road Obstacles present

Practice Up to 5 km/h Manual 1min 50 s Pavement Yes
1 5 km/h Fixed 3min Pavement No
2 Up to 5 km/h Manual 1min 20 s Pavement No
3 Up to 5 km/h Manual 2min 50 s Pavement Yes
4 5–10–15 km/h Fixed 2min 40 s Street No
5 Up to 15 km/h Manual 1min 50 s Street No
6 Up to 15 km/h Manual 2min Street Yes
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The SSQ is subdivided into three subscales: Nausea
(e.g. burping, stomach awareness), oculomotor (e.g.
blurred vision, eyestrain) and disorientation (e.g. dizzi-
ness, vertigo) (Kennedy et al. 1993). Scores for the two
visits have been calculated for the individual subscales
and for the SSQ total score for each of the six drives
according to Kennedy et al. (1993). The average SSQ
total scores of the individual drives were determined
for either the presence/absence of the frame or the
first or second visit in the laboratory. Independent var-
iables were presence/absence of the rest-frame, visit
and age group; dependent variables were the average
SSQ total scores per condition. In case participants
dropped out during the first visit due to severe simu-
lator sickness symptoms, the SSQ total score for their
last completed drive was adopted to restore missing
data. Differences in SSQ total scores of visit 1 for the
different age groups were calculated accordingly using
an independent sample t-test. The data of participants
that did not show up for the second visit were
excluded pairwise for the analysis of variance.

P-values< .05 were defined as significant. Effect
sizes were calculated for main effects using the effect
size r (Field 2009). Effect sizes were classified as fol-
lowed: r¼ 0.10: small effect, r¼ 0.30: medium effect,
r¼ 0.50: large effect.

Results

Dropout and preliminary analysis

Six participants of the older age group did not show
up for the second visit of the experiment. Two of
these participants did not complete any drives in the
first visit either as they decided to stop after the prac-
tice drive of the first visit. Two participants completed
only a limited number of the drives of the first visit
and another two participants completed all drives of
the first visit. One participant, belonging to the older
age group as well, stopped halfway through the drives
of the first visit, but returned for the second visit and
completed all six drives of the second visit. In contrast,
all participants of the younger age group completed
all drives of both the first and the second visit.

Main analysis

The results of the analysis of variance showed that
there was a significant main effect of visit
(F(1,52)¼ 27.94, p< .001, r¼ 0.59) and age group
(F(1,52)¼ 4.65, p¼ .036, r¼ 0.29) with regard to the
total SSQ score. Effect sizes were large and medium,
respectively. Reported simulator sickness symptoms

decreased in the second visit of the experiment and
older adults reported more severe symptoms than
young adults (Table 3). Furthermore, independent
sample t-tests revealed that there was a significant dif-
ference between older and younger adults on the first
(t(42.1)¼�2.57, p¼ .014, r¼ 0.37) but not on the
second visit (t(34.3)¼�1.98, p¼ .056, r¼ 0.32).
Medium effect sizes could be found in both compari-
sons. No effect of frame was found (F(1,52)¼ 0.19,
p¼ .662, r¼ .09) and the effect size was small.
Interaction effects between frame and age group
(F(1,52)¼ 0.10, p¼ .719) and visit and age group
(F(1,52)¼ 2.84, p¼ .097) were neither found to be sig-
nificant. However, the size of the p-value suggests
that the effect of visit might have been stronger in
the older age group. Generally, it could be observed
that the standard deviations of older participants were
noticeably higher than those of the younger partici-
pant group, showing higher variability of simulator
sickness symptoms in older adults (Table 3).

With regard to the subscales, there were no main
effects for frame, no interaction effect for frame and
age group and no interaction effect for visit and age
group for all three subscales. In line with the main
effect for visit on the total SSQ score, the main effect
for visit was found on all three subscales (lower SSQ
scores on second visit).

In Figure 2, the average SSQ score for the pres-
ence/absence of the frame is shown for the individual
drives. It can be observed that SSQ scores seem to be
higher for the no-frame condition in all drives, except
for drive 2. Likewise, Figure 3 shows the average SSQ
score for the time of the visit. Supporting the statistic-
ally significant result, SSQ scores are lower for the
second visit in all drives.

Analysis of the short questionnaire that was filled in
after debriefing showed no preference for driving with
or without the rest-frame. About half of the

Table 3. SSQ scores for main and interaction effects.
SSQ scores N Mean SD

1st visit Younger adults 26 6.31 7.45
Older adults 28 13.22 15.69

2nd visit Younger adults 26 1.37 2.06
Older adults 28 3.65 5.72

1st visit Total 54 9.89 12.80
2nd visit Total 54 2.55 4.47
Frame Younger adults 26 3.14 5.34

Older adults 28 8.37 11.9
Without frame Younger adults 26 4.53 6.54

Older adults 28 8.5 13.51
Frame Total 54 5.85 9.68
Without frame Total 54 6.59 10.83
Total� Younger adults 26 3.84 4.32

Older adults 28 8.43 10.05
�The total SSQ score is the average score of the SSQ scores of 1st and
2nd visit.
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participants preferred to drive with rest-frame since
the frame had a calming effect and offered stability.
However, the other half preferred to drive without the
rest-frame as they thought the frame caused more
chaos and actually resulted in feelings of distress, diz-
ziness and instability. Among the participants who felt
uncomfortable driving with the rest-frame, it was often
suggested that the feelings of instability were caused
by the black and white squares, as the squares
appeared to be moving during the simulation.

Discussion

The present study investigated the effect of a physical
rest-frame, habituation and age on experiencing simu-
lator sickness in an AMSDS.

Based on previous studies using a projected rest-
frame (Prothero et al. 1999; Duh, Parker, and Furness
2001; Lin, Habib, and Lahav 2004), it was hypothesised
that adding a rest-frame to the display of the VE in
the AMSDS would relieve simulator sickness symptoms
in participants. Unlike these studies, however, the use
of a physical rest-frame in this study did not signifi-
cantly alleviate simulator sickness symptoms. This
result might be an indication that a physical variant of
an IVB is not as effective as the projected counterpart
which was used in the study by Duh, Parker, and
Furness (2001). Another explanation might be that the
rest-frame in our experiment was not visible enough.
Duh, Parker, and Furness (2001) used bright projec-
tions to light up the grid from the background,
whereas in our study illumination was reduced to

Figure 2. Average SSQ scores for each drive driving with and without frame.

Figure 3. Comparison of total SSQ scores between first and second visit.
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enhance the contrast of the projected VE. Because the
AMSDS was set-up to investigate driving in people
with visual impairments, good contrast of the pro-
jected VE is of great importance. Lin et al. (2002) fur-
ther suggested in their study that IVB brightness and
luminance may contribute to the positive effects of
the IVB. However, approximately half of the partici-
pants of the present study reported that they were
irritated by the rest-frame, rather than gaining a bene-
fit from it. In line with that, a study by Keshavarz,
Hecht and Zschutschke (2011) revealed that, espe-
cially, a well-visible background might lead to an
increase in simulator sickness symptoms. The authors
hold an intra-visual conflict – more specifically, the
conflict between the two images of the projection and
the laboratory surrounding – responsible for this
effect. These results thus suggest that the grid used in
the present study might have had an adverse rather
than beneficial effect on experiencing simula-
tor sickness.

With regard to age, it can be concluded that the
older participants in our study experienced more
simulator sickness than younger participants. Although
no difference between younger and older participants
could be found as a function of frame or visit, we
found a significant difference in experienced simulator
sickness between the group of older participants and
the group of younger participants. The higher dropout
rate in the older age group (six dropouts compared to
none in the younger group) also supports the notion
that older participants experience simulator sickness
more severely compared to younger participants. This
result is in consonance with outcomes reported by
Brooks et al. (2010) and Keshavarz et al. (2017).
Different explanations of this phenomenon have been
given in the literature. In line with the cue conflict
theory (Stoner, Fisher, and Mollenhauer 2011), an
explanation could be that older participants reported
more physical driving experience and thereby experi-
enced a stronger conflict in the driving simulator
based on this experience. However, Chang et al.
(2017) did not find any differences in incidence and
severity of simulator sickness between drivers and
non-drivers of the same age-group. In a similar study,
Stoffregen et al. (2017) reported that although drivers
developed simulator sickness quicker than non-drivers
compared to non-drivers, severity of the symptoms
was not affected by experience. Another explanation
could be based on the postural sway theory.
Keshavarz et al. (2017) showed in their study that
older but not younger participants experienced simu-
lator sickness in an unrestrained condition as

compared to the condition where head and torso
were fixed to the seat. This could be explained by
reduced postural control in the older participants.

With regard to habituation, we found that partici-
pants experienced considerably less simulator sickness
symptoms during the second visit in the AMSDS than
during the first visit. This finding is supported by the
results of other studies as well (Hill and Howarth 2000;
Howarth and Hodder 2008; Teasdale et al. 2009;
Domeyer, Cassavaugh, and Backs 2013; Zhang et al.
2015; Keshavarz 2016). Generally, it has been shown
that long, continuous exposure to simulator tasks can
result in the worsening of symptoms, whereas a dis-
tributed exposure, or habituation to the simulator
tasks, can reduce severity of simulator sickness symp-
toms (McCauley and Sharkey 1992; Kennedy, Stanney,
and Dunlap 2000). The habituation effect in our study
was already noticeable within 24 h, rather than the
48 h proposed by Domeyer, Cassavaugh, and Backs
(2013). However, habituating participants to driving
simulator tasks can be a time and cost-consuming
procedure and can be difficult to implement.
Keshavarz (2016) suggested that a shorter training of
similar tasks might alleviate simulator sickness symp-
toms as well. More research needs to be done to
investigate the most effective way of habituation to
reduce simulator sickness symptoms.

Compared to the first mobility scooter driving simu-
lator study testing driving performance in visually
impaired individuals (Cordes et al. 2018), the dropout
rate of the participants (10%) was surprisingly low.
Reasons for the low incidence of symptoms could be
the chosen age group and health condition of the par-
ticipants of the present study. Participants of the first
mobility scooter driving simulator study were only
older adults (50–75 years of age) and had some form
of visual impairment (low visual acuity, visual field
defects). Because driving simulators are especially use-
ful to test driving performance of individuals with
compromised health (e.g. motor, visual or cognitive
impairment), future research needs to assess simulator
sickness susceptibility of these populations.

Simulator sickness is a complex phenomenon and
dependent on many different factors. The present
study has looked at a number of well-reported varia-
bles that influence simulator sickness; however, other
factors might have played a role as well. The simulator
was set-up in a fully immersed environment which on
the one hand increased ecological validity, but on the
other hand has also shown to be one of the main fac-
tors of experiencing simulator sickness (Stoner, Fisher,
and Mollenhauer 2011). Another research institute
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using a mobility scooter simulator found that decreas-
ing the size of the screens reduced simulator sickness
notably (Het Roessingh, personal communication).
Furthermore, the urban environment in some of the
simulator drives contained many features that
increased optical flow, another factor that has been
shown to worsen sickness. Lastly, the type of task in
AMSDS required participants to steer around objects,
which could have been yet another factor increasing
simulator sickness. However, in this study, it was not
realistic to change screen size or scenario characteris-
tics because the virtual environments were used for
other research purposes as well.

In conclusion, habituation seems to be the easiest
and most promising method to reduce simulator sick-
ness symptoms in the AMSDS, whereas the inclusion
of a rest-frame as used in this study is a redundant
addition to the simulator set-up. More research has to
be done to explore additional factors and different
patient groups before the driving simulator can be
used for clinical purposes.
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