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Abstract: Older drivers desire independence in mobility, and automated vehicles hold plausible
opportunities to realize this goal. Motion sickness (automated shuttle exposure) or simulator sick-
ness (automated driving simulator exposure) may affect acceptance of these technologies. This
study investigated the onset of motion and simulator sickness in older drivers (mean age = 74.29,
SD = 5.96; female = 54%) after exposure to an automated shuttle and automated driving simulator
and assessed age and sex as determinants of motion and/or simulator sickness. Using a repeated
measures design, 104 older drivers were randomly allocated to the shuttle and simulator. Baseline,
as well as post exposures, were measured using the Motion Sickness Assessment Questionnaire
(domains: sweatiness, queasiness, dizziness, nauseousness). Older drivers who were exposed to the
simulator show a statistically significant increase in simulator sickness symptoms across the four
domains compared to the same group being tested in the shuttle. No age and sex differences were
detected within the groups and no participants dropped out of the study due to motion or simulator
sickness. The automated shuttle and simulator hold plausible opportunities for continued exposure
of older drivers to these technologies, as long as motion or driving simulator sickness protocols are
used properly.

Keywords: older drivers; automated shuttle; motion sickness; automated driving simulator sickness

1. Introduction

The deployment of automated vehicles (AV) may offer numerous safety benefits for
older drivers, i.e., potentially reducing crash risks, keeping older drivers on the road
longer and safer, or being actively engaged in their communities through automated
ridesharing services [1]. However, AVs may provoke motion sickness [2] with signs
and symptoms including nausea and vomiting [3]. Automated driving simulation is
an invaluable tool for exposing older drivers to AVs since it reduces risks associated
with using such modes on the road. Simulator sickness, however, is associated with
virtual environments [4] and includes symptoms such as sweating, nausea, vomiting, and
dizziness [5]. In earlier studies, susceptibility to motion sickness and driving simulator
sickness has been linked to sex, age, previous motion sickness, health conditions, and/or
medications [6–8]. Females and older adults, especially the young-old (i.e., 65–74 years)
and old-old (i.e., ≥75 years), are more susceptible to motion sickness [9] and simulator
sickness during driving simulation [7,10–12]. However, it is unclear if these effects persist
while older adults are riding in an AV; yet, we expect that simulator sickness will occur if
older drivers are exposed to a driving simulator running in automated mode.
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1.1. Older Drivers

Driving is the preferred mode of transportation for elderly and enables them to
maintain their independence, autonomy, identity, social roles, and well-being [13,14].
Driving cessation has negative effects for older drivers such as depression and/or decreased
physical activity levels [15–17]. As such, AVs provide plausible opportunities to examine
the potential for continued lifelong mobility.

1.2. Automated Vehicles

Fully AVs [18] (Society of Automotive Engineers; SAE, Level 4–5) may prevent car
crashes, reduce heavy traffic congestion, and reduce gas emissions [19] if they are widely
accepted and adopted by the public. Because older drivers are at a high risk for fatalities due
to motor vehicle crashes, AVs hold numerous safety benefits for this population [1,20,21].
However, little is known about older drivers’ motion or simulator sickness while riding
in an automated shuttle (Level 4, SAE) or in a high-fidelity driving simulator running in
automated mode (Level 4, SAE). Limited studies assessed motion sickness [2] and simulator
sickness [22] when the modality runs in automated mode—and as such generalizations are
not yet possible.

1.3. Motion Sickness and Simulator Sickness

Motion sickness can occur during or after exposure to AVs [23]. Signs and symp-
toms associated with motion sickness include nausea, vomiting, drowsiness, sweating, or
dizziness [24]. Nausea includes gastrointestinal distress, uncomfortable stomach, exces-
sive sweating, salivation, burping, and/or vomiting. The oculomotor symptoms include
headache, eye-strain, difficulty focusing, and blurred vision [25]. Vestibular symptoms
include disorientation, dizziness, and vertigo [26]. Individual susceptibility to motion
sickness varies by genetic composition (e.g., sex, age) and/or environmental interaction
(i.e., passive vs. active participation; [3]). Motion sickness occurs when inhabitants of a
motorized vehicle have sensitivity to movement and experience discomfort (e.g., nausea).

Simulator sickness includes similar symptoms to motion sickness [5,27]. The onset of
simulator sickness depends on the characteristics of the individual, including the partici-
pants’ diet [28], the fidelity of the technology-simulator factors such as rendering, refresh
rates, visual design, graphics, complexity of the scenarios, number and angle of turns in
the scenario-as well as environmental factors such as ambient air temperature. Simulator
sickness occurs when the driver experiences the effects of simulated motion while seated
stationary in a driving simulator that may result in discomfort (e.g., nausea).

Interestingly, both motion sickness and simulator sickness occur as a result of experi-
encing incongruence or conflicting stimuli among the kinesthetic, vestibular, and ocular
systems [26,27]. Although the symptoms of motion and simulator sickness may be simi-
lar, the causes are different, as indicated above. Therefore, a better understanding of the
self-perceived experience of motion and driving simulator sickness is necessary, if older
drivers are to be exposed to these modes of vehicle automation, in order to promote their
acceptance and adoption of AVs.

1.4. Rationale and Significance

The recent advances in AVs hold promise for important health and safety benefits for
older drivers. Although motion sickness and/or simulator sickness may occur among older
drivers when exposed to a fully automated shuttle or the driving simulator in automated
mode, the phenomenon is currently poorly understood. Moreover, evidence is required to
examine some of the contributing factors to make clear determinants of motion and/or
simulator sickness in older drivers of various age subgroups (i.e., young-old and old-old)
and sex.
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1.5. Purpose

The purpose of this study is to quantify the occurrence of motion sickness in an
automated shuttle (Level 4, SAE) and the occurrence of simulator sickness in a high-fidelity
driving simulator (Level 4, SAE) among older drivers; and to examine the age and sex
effects that may contribute to such outcomes.

1.6. Research Question

The assumptions are: (1) There may be differences in motion and/or simulator sick-
ness between older drivers exposed to the automated shuttle vs. the automated driving
simulator; (2) females (vs. males) may be more susceptible to motion and/or simulator
sickness; and (3) those representing the old-old (vs. young-old) may be more susceptible to
motion and/or simulator sickness.

The research questions are as follow:

1. Do older drivers experience motion sickness in an automated shuttle (Level 4, SAE)
and/or simulator sickness in a high-fidelity driving simulator operating in automated
mode (Level 4, SAE)? If they experience motion sickness or simulator sickness, do
their reported symptom scores vary?

2. What is the effect of age and sex (if any) on motion and simulator sickness outcomes
in this population?

The study findings will address these questions and lead to a better understanding of
contributing factors to these occurrences at a time when older drivers consider potential
benefits and drawbacks of fully AVs, and make choices related to embracing AVs a mode
of transportation.

2. Materials and Methods
2.1. Ethics

The University of Florida’s Institutional Review Board (IRB) approved the study after
a full board review (IRB201801988). All participants provided written informed consent
prior to their enrolment in this study.

2.2. Design

This study is embedded in the parent study, entitled: “UF & UAB’s Phase 1 Demon-
stration Study: Older Driver Experiences with Autonomous Vehicle Technology” and uses
an experimental crossover-repeated measures design [22,29].

2.3. Recruitment

Participants were recruited via IRB approved flyers, social media postings, and stake-
holder (e.g., retirement communities) referrals. Participants were compensated $25.00 for
participating in three study visits, each lasting approximately 60 min.

2.4. Participants

The study participants were older drivers (n = 104; 65 years of age or older) who were
residents from locations in North Central Florida and surrounding area (e.g., Orlando), with
a valid driver’s license, and who reported driving within the last six months. Participants
excluded from the study were non-English speaking, transportation dependent, or who
showed signs of moderate cognitive impairment by scoring < 18 on the Montreal Cognitive
Assessment [30].

2.5. Setting

The automated shuttle exposure occurred at a bus depot in Gainesville, FL (100 SE 10th
Avenue, Gainesville, FL, USA). The driving simulation exposure occurred in the simulator
laboratory, located in the Smart House at Oak Hammock in Gainesville, FL, USA.
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2.6. Equipment
2.6.1. RTI Driving Simulator and Driving Scenario

The participants were exposed to the Realtime Technologies Inc. (RTI) high-fidelity
driving simulator (see Figure 1). Half of the group was exposed to the 5-min acclima-
tion scenario to increase their comfort and adaptation to the driving simulator. The RTI
simulator system is installed in a vehicle consisting of seven High Definition (HD) visual
channels-three forward channels allowing 180◦ field of view on the front, and rear screen
for the view on the back, two LCD side mirrors, and one virtual dash display. Graphic res-
olutions with high fidelity, surrounding audio, and steering wheel button for transitioning
into the automated mode are integrated into the simulator. The simulator sickness ques-
tionnaire was administered via Qualtrics using an Apple iPad Pro, before and immediately
after the exposure to the scenario. The main drive was completed in an automated format
in a low to moderate speed (≤15 mph) residential and suburban area, with realistic road
infrastructure, buildings, and ambient traffic, and lasted 10-min (see Figure 2). The face
and content validity of the routes were established using subject-matter experts [29].
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2.6.2. Automated Shuttle

The EasyMile shuttle (EZ 10, TransDev North America, Lombard, IL, USA) utilized
light detecting sensors to operate autonomously within the specified geographic region
(see Figure 3). The number of participants in the vehicle during testing ranged from two to
six participants. Although the drive was initially planned to be congruent to the simulator
drive, the NHTSA waiver was not yet intact to enroll research participants in the shuttle to
run on public roads. As such, an alternative route was planned to continue with the study.
The drive occurred in a deserted bus depot, and as such, passengers encountered no traffic,
cyclists, or pedestrians (see Figure 4). During segments of the route, the safety operator
explained vehicle capabilities and features to the participants. The route lasted roughly
10 min with the shuttle operating bi-directionally at a low to moderate speed (15–25 mph).
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2.7. Measures

A modified version of the demographic and health information form, available
through the National Institute of Aging Clinical Research Toolbox, was used to collect age,
sex, race, education, relationship, and employment data [31]. The Motion Sickness Assess-
ment Questionnaire (MSAQ), developed and validated for assessing simulator sickness
symptoms, was used to assess motion and simulator sickness [10]. The MSAQ consists of
4 items and represents symptom of sweatiness, queasiness, dizziness, and nauseousness,
with symptom scores ranging from 0 (not at all) to 10 (severe), collected via self-report on a
visual analogue scale.

2.8. Procedure

Each participant (n = 104) provided written consent and was randomly assigned to be
exposed to either the automated shuttle or the driving simulator first, and then crossed
over to the other mode. All exposures occurred under good weather conditions during the
daytime between the hours of 9 am and 4 pm. Participants completed the MSAQ before
and after the exposure to the automated shuttle and/or driving simulator.

For the automated shuttle, participants were seated, with the seatbelts fastened, facing
either forward or rearward. The safety operator monitored the participants to ensure their
comfort and safety, and answered questions pertaining to the ride.

Before the driving simulator exposure, each participant was informed of the simulator
sickness protocol to mitigate the occurrence of simulator sickness [10,28]. The protocol con-
sisted of offering dietary recommendations prior to the drive (e.g., refrain from consuming
alcohol, caffeine, or greasy food, maintain adequate hydration), providing cool comfortable
conditions at 72 degrees Fahrenheit during the drive, maintaining air circulation via a
fan, and determining and/or managing simulator sickness symptoms [32] shown to be
successful in previous older driver studies [12,22,28]. Research assistants monitored the
participants’ comfort and safety during the exposure.

2.9. Data Collection, Management, and Analysis

Data were collected and managed through The Research Electronic Data Capture
(REDCap) system hosted at the University of Florida [33]. Descriptive inferences included
participants’ age, sex, race, years of education, relationship status, and current employment
status. Continuous variables with normal distribution were presented as mean and stan-
dard deviation (SD); non-parametric and categorical variables were displayed as median
(SD) and frequencies (%), respectively. Difference scores were calculated (Post–Pre) using
the 4 MSAQ symptom scores (i.e., sweatiness, queasiness, dizziness, nauseousness), and
normality was visually inspected via box plots and stem leaf plots. Statistical test, i.e.,
Shapiro-Wilk, was used to assess the distribution of the data. The Wilcoxon signed-rank
test was used to compare participants’ motion sickness or simulator sickness between
exposure to the different modes. The Mann–Whitney U test was used to assess differences
of motion or simulator sickness by age (young-old vs. old-old) and sex (males vs. females)
of the participants. All statistical analyses were performed using IBM SPSS, version 26 [34],
with a significance level of α = 0.05, at the 95% confidence level. Multiple comparisons
were adjusted by using the Bonferroni correction (p = 0.05 divided by the number of
related comparisons).

3. Results
3.1. Demographics

Table 1 summarizes demographic characteristics of the study sample. A total of 104
participants (Mage = 74.29, SDage = 5.96; 65 to 91 years) completed the study. About 73%
of participants were college educated and their highest degree was either a doctorate,
master’s, or bachelor’s degree. Normality was violated (p’s < 0.05) for all MSAQ difference
scores and thus, non-parametric analyses were performed.
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Table 1. Demographics of Older Drivers (n = 104).

Factor Value Frequency (%)

Age

65–69 years old 25 (24%)
70–74 years old 30 (30%)
75–79 years old 24 (25%)
80–84 years old 19 (18%)

85 years and older 3 (3%)

Sex
Male 48 (46%)

Female 56 (54%)

Race

African-American or Black 8 (8%)
Asian/Pacific Islander 1 (1%)

Caucasian or White 92 (88%)
Would rather not say 1 (1%)

Other 2 (2%)

Education

High school 4 (4%)
Some college credits 10 (10%)

Technical training 2 (2%)
Associate’s degree 12 (11%)
Bachelor’s degree 21 (20%)
Master’s degree 32 (31%)

Doctorate/Professional
degree 23 (22%)

Relationship

Single, never married 6 (6%)
Married or domestic

partnership 74 (71%)

Widowed 11 (11%)
Divorced 13 (12%)

Employment

Part-time 14 (13%)
Full-time 5 (5%)
Retired 83 (80%)

Homemaker 1 (1%)
Unemployed 1 (1%)

3.2. Motion or Simulator Sickness Comparison between Automated Shuttle and Driving
Simulator Exposures

The Wilcoxon signed-rank test showed differences in motion or simulator sickness
between the automated shuttle and driving simulator exposures. The results revealed that
older drivers experienced a statistically significant increase in sickness in all four MSAQ
domains, after the driving simulator exposure and when compared, the automated shuttle
exposure (Table 2). To control for multiple comparisons, the alpha level was adjusted to
0.0125 (0.05/number of related comparisons).

Table 2. Motion and Simulator Sickness Differences between Automated Shuttle and Driving Simulator Exposures (n = 104).

MSAQ
Domains Negative Ranks Positive Ranks Statistics a p

(Shuttle-
Simulator) n Mean

Rank
Sum of
Ranks n Mean

Rank
Sum of
Ranks Ties Z

Sweatiness 21 12.69 266.50 3 11.17 33.50 80 −3.346 b 0.001
Queasiness 34 17.50 595.00 0 0.00 0.00 70 −5.119 b 0.001
Dizziness 29 16.45 477.00 2 9.50 19.00 73 −4.526 b 0.001
Nauseousness 20 10.50 210.00 0 0.00 0.00 84 −3.981 b 0.001

Note: Adjusted alpha level = 0.05/4 ≤ 0.0125. a = Wilcoxon Signed Ranks Test. b = Based on positive ranks.
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3.3. Motion and Simulator Sickness Comparison by Age and Sex

The median MSAQ scores were not statistically significantly different between young-
old (65–74) and old-old (>75) groups (Table 3). The Mann–Whitney U test displayed
differences between males and females for sweatiness in the automated shuttle (Cohen’s d
= 0.24, p = 0.018) and nauseousness in the driving simulator (Cohen’s d = 0.282, p = 0.038).
However, these differences were no longer significant after the Bonferroni correction
(p > 0.0125).

Table 3. Motion and Simulator Sickness Differences between Automated Shuttle and Driving Simulator Groups by Age
and Sex.

MSAQ
Domains

Young-Old
Group

Old-Old
Group Males Females

Median (SD) Median (SD) p Median (SD) Median (SD) p

Shuttle

Sweatiness 0.00 (0.67) 0.00 (1.05) 0.794 0.00 (0.43) 0.00 (1.09) 0.018
Queasiness 0.00 (0.00) 0.00 (0.72) 0.280 0.00 (0.00) 0.00 (0.67) 0.355
Dizziness 0.00 (0.00) 0.00 (0.00) 1.0 0.00 (0.00) 0.00 (0.00) 1.0

Nauseousness 0.00 (0.00) 0.00 (0.00) 1.0 0.00 (0.00) 0.00 (0.00) 1.0

Simulator

Sweatiness 0.00 (1.89) 0.00 (0.97) 0.216 0.00 (1.70) 0.00 (1.42) 0.147
Queasiness 0.00 (1.81) 0.00 (1.50) 0.605 0.00 (1.86) 0.00 (1.50) 0.743
Dizziness 0.00 (1.78) 0.00 (1.60) 0.553 0.00 (1.67) 0.00 (1.73) 0.884

Nauseousness 0.00 (1.29) 0.00 (1.29) 0.038 0.00 (1.35) 0.00 (1.25) 0.680

Note: Adjusted alpha level = 0.05/4 ≤ 0.0125. Data are displayed as Median (SD).

4. Discussion

This study quantified older drivers’ self-reported motion sickness in an automated
shuttle and simulator sickness in a driving simulator; and examined the age and sex effects
as determinants of the outcomes. Overall, older drivers reported less motion sickness in
all four domains (sweatiness, queasiness, dizziness, nauseousness) after the automated
shuttle exposure, compared to the driving simulator exposure. Interestingly, we found
no age (i.e., young-old vs. old-old) or sex (male vs. female) differences in motion and
simulator sickness.

4.1. Motion and/or Simulator Sickness (Shuttle vs. Driving Simulator)

The results indicated that older drivers experienced less motion sickness in all four
domains after exposure to the automated shuttle (vs. the driving simulator).

Findings of this study align with Sportillo et al.’s study [35], in which they exposed
60 drivers (30 males and 30 females, aged 22 to 71years) to a Level-3 (SAE) driving sim-
ulator. Level 3, is considered conditional driving automation, where a human driver is
required to “take” the driving task over when requested. They found that 50% of the
drivers experienced simulator sickness. Driving simulation is a valid and reliable research
tool to expose older drivers to specific driving conditions without adding undue risk.
Findings from this and previous study [22] indicate that driving simulation may offer a
safe environment for older drivers to become familiar with, and use of AVs. However,
simulator sickness must be mitigated to prevent discomfort and a negative experience of
the automated simulated drive, which may, in turn, impact the participants’ perceptions
of AVs.

No older drivers dropped out from the current study due to motion and/or simulator
sickness. The results demonstrated that a majority (Sweatiness: 77%, Queasiness: 67%,
Dizziness: 70%, Nauseousness: 81%) of participants had no differences (i.e., Ties) in
the MSAQ scores after exposure to the automated shuttle and driving simulator. This
means that a majority of participants did not experience the symptoms; or those who
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did experience symptoms, could adequately manage to ensure study completion. This
finding differs from other studies that had higher percentages (16.7% [10]; 30% [36]) of
dropout because of simulator sickness. Zero attrition rate may be an indicator that the
symptoms were tolerable. As such, we discern that the automated shuttle and the driving
simulator may be beneficial for exposing older drivers to AV technology. Likewise, it seems,
compared to other literature [10,36] that this study’s protocol and mitigation strategies
could have benefitted the drivers to at least curtail the severity of symptoms for those who
have experienced such symptoms.

4.2. Motion and/or Simulator Sickness by Age (Young-Old vs. Old-Old) and Sex (Male vs. Female)

Contrary to previous studies, the current study found no differences when comparing
MSAQ scores between age groups (i.e., young-old and old-old). In Brooks et al. [10] and
Keshavarz et al. studies [37], age effects existed with older adults showing a statistically
significant increase (Brooks et al., Cohen’s d = 0.91; Keshavarz et al., Cohen’s d = 0.67) in
simulator sickness scores compared to younger adults after exposure to a driving simulator.
The difference in findings between studies may be due to Brooks et al. and Keshavarz
et al. utilizing a younger driver comparison group, whereas the current study compared
young-old and old-old drivers. Moreover, other studies report no difference in simulator
sickness between older and younger adults [38], or among younger, middle-aged, and
older adults [39], which aligns with the findings of this current study.

Earlier studies suggest that females are more susceptible to experiencing motion sick-
ness compared to their male counterparts [40–42]. However, in this study, the researchers
found no differences in the MSAQ scores between male and female participants. Similarly,
Mourant et al. [43] reported no differences in simulator sickness scores between males
and females (Mann–Whitney U Test, p = 0.56). Additionally, consistent with our study’s
results, Sportillo et al., [35] and Keshavarz et al., [44] confirm that simulator sickness scores
are not statistically significantly different in female vs. male participants. Based on this
current study’s results, we also see that the finding is holding true for sex comparisons in
automated vehicles.

4.3. Limitations, Strengths, and Future Studies

The MSAQ, is a self-report measure, and therefore may infuse bias to identify motion
and/or simulator sickness. More objective and physiological measures e.g., galvanic
skin responses to measure “sweatiness”, or heart rate variability to measure “queasiness”
may allow for more rigorous comparisons in addition to the MSAQ. This study had a
large sample size, and is one of the first to compare motion and simulator sickness via
automated shuttle and driving simulator exposure (Level 4, SAE). The zero percent attrition
indicates that the findings of this study support the use of an automated shuttle and driving
simulator for exposing older drivers to such technologies.

The next step for this study is to compare drivers across the lifespan (i.e., younger and
middle-aged drivers) or populations with special needs (e.g., those with mild cognitive
impairment) to older drivers. These meaningful comparisons will further reveal the risk-
benefit characteristics of exposing different populations to the two modes (i.e., automated
shuttle and automated driving simulator; Level 4, SAE) of these automated technologies.

5. Conclusions

The results of this study suggest that older drivers who are exposed to the automated
driving simulator show a statistically significant increase in simulator sickness symptoms
across the four domains (sweatiness, queasiness, dizziness, nauseousness) compared to the
same group being tested in the automated shuttle. No age and sex differences were detected
within the groups, and no older drivers dropped out of the study due to motion or simulator
sickness. As such, the automated shuttle and driving simulator hold great promise for
continued exposure of older drivers to AV technologies when carefully designed motion or
simulator sickness protocols are in place.
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