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Electrodermal Responses to Driving Maneuvers in a
Motion Sickness Inducing Real-World

Driving Scenario
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Florian Dauth, Mohamad Alayan, and Daniel J. Strauss

Abstract—Motion sickness is a phenomenon attracting increas-
ing attention with the ever-growing popularity of highly automated
driving. Understanding motion sickness is of significant interest in
the context of self-driven vehicles because, in this case, all occupants
of the vehicle are passengers and, therefore, more susceptible to
motion sickness. In this article, we report the findings of a study
wherein motion sickness was induced in 40% of the participants
while driving in real-world conditions. By recording various psy-
chophysiological parameters continuously (electrodermal activity,
skin temperature, heart rate, and heart rate variability), we in-
vestigate the feasibility of using these to objectively assess motion
sickness. Furthermore, the instantaneous physiological reactions of
participants to unpleasant driving maneuvers are examined. The
changes in the electrodermal activity show a strong correlation with
the subjective ratings of motion sickness levels as reported by the
participants. The phasic component of the electrodermal activity
suggests differences between participants that are susceptible to
motion sickness and those who are not. Several driving maneuvers
(accelerations, cornering, and driving over speed bumps) were
identified as events triggering significant electrodermal responses.
These responses could be the result of a mismatch between visual
and vestibular perception acting as an aversive, arousing stim-
ulus. While, in this work, the driving maneuvers were partially
overlapping and nonuniform, our results pave the way for future
investigation of physiological responses to single driving events
and their relation to motion sickness with the potential to identify
real-time markers of possibly unpleasant driving maneuvers.
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I. INTRODUCTION

MOTION sickness (MS) is a long-known phenomenon
describing an illness caused by various types of motion

and motion perception, such as traveling by sea, automobile,
airplane, or in space [1], [2], and in virtual reality scenarios [3].
Symptoms can be nausea, vomiting, pallor, cold sweating, and
headache [4]. When self-driving vehicles become a common
occurrence, the proportion of people susceptible to MS is sig-
nificantly increased, as more people are passengers that would
be involved in doing other activities in the vehicle such as
reading or playing games, instead of being involved in driving
the vehicle [5]. The severity of the experienced symptoms varies
considerably among subjects. In fact, many individuals do not
experience MS in any way [6]. Factors such as habituation,
fatigue, or concentration can also affect the susceptibility to
MS [1], [6], [7]. The precise neural mechanisms leading to MS
are still unclear [8].

The “sensory conflict” theory tries to explain MS as a result of
a mismatch within the central nervous system between expected
motion and processed sensory information [9]. When gazing
downwards at a smartphone while moving in a car, the visual
system perceives a static scene (the smartphone), whereas the
vestibular system reports motion. In the case of a nondynamic
driving simulator, the visual system perceives motion, while the
vestibular system reports no motion. This mismatch could likely
be the cause of reported nausea and simulator sickness [10].
While there are several hypotheses attempting to explain the
cause of MS [11], one of the most cited is the “toxic hypotheses”
[12], which states that the vestibular organ acts as a toxin detector
in addition to its involvement in orientation and balance [6].
Since the aforementioned sensory mismatch is similar to that
caused by the ingestion of toxins, the body reacts to this by
inducing vomiting, which could potentially be an explanation
for the emesis that occurs in individuals experiencing MS [12].
However, there are also arguments against this theory as the sole
cause of MS [11].

Thermoregulation is a factor that is greatly affected in the
development of nausea, which leads to the fact that MS and
thermoregulation are also closely related [13]. Core body tem-
perature decreases while experiencing MS and nausea [14]–[16].
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Additionally, the so-called “cold sweating” starts, leading to a
decrease in skin temperature [16] and an increase in electro-
dermal activity (EDA). Besides the tonic, slow-changing part
of the EDA, also its phasic, fast-changing component increases
with higher MS ratings [17], [18]. Prior to those symptoms, the
so-called “sopite syndrome” occurs, a preliminary stage of MS
describing symptoms like yawning, drowsiness, mood changes,
and physical or mental aversion to work [19], [20]. Sleepiness,
headache, and discomfort are also among the symptoms of
MS [1]. A lot of research on MS has been carried out using
an optokinetic drum [21], exposure to a nauseogenic rotating
chair test [22], [23], or similar paradigms. Although an increased
number of studies are conducted in real cars [24]–[26], only few
of these studies record physiological data in addition to sub-
jective questionnaires to evaluate the subject’s state [18], [27],
[28]. In the future, self-driving cars might use the physiological
data of a passenger to objectively detect the development of MS
at an early stage. Physiological measures such as EDA, heart
rate (HR), heart rate variability (HRV), electroencephalography,
and electrogastrogram have been used for evaluating MS in
prior works [29]. The advantages of some of these signals
are the ease of sensor attachment and the ability to measure
with minimally intrusive wearable systems, such as wristbands.
Minimally intrusive sensors or contactless measurement systems
can ease the monitoring of vehicle occupants and increase their
acceptance of such systems.

So far, it is known that there are certain oscillations eliciting
MS to a larger extent than others, e.g., very low frequency verti-
cal oscillations around 0.2Hz [30], which are more common in
nautical travel. In terms of MS, driving at a constant speed is per-
ceived to be the most comfortable [5]. However, the combined
accelerations in a vehicle are exposed to changing environmental
influences and, therefore, usually manifest themselves much
more dynamically than on a ship. The vestibular system is very
sensitive to these changes in acceleration. Therefore, for this
study, we chose a route that reflects real-world driving and traffic
conditions to confirm preliminary results of the authors showing
associations between MS and the autonomic nervous system
using strong lateral and longitudinal accelerations [31]. Mainly,
we intended to assess different driving maneuvers that might
elicit an observable response of the autonomic nervous system
on a short time scale. These responses might be used for the
instantaneous evaluation of comfort levels of driving maneuvers
and their relationship to MS.

II. MATERIALS AND METHODS

In order to gather data that reflect real-world situations, we
carried out the measurements in a Volkswagen Touran (second
generation) retrofitted to house all the measurement equipment
in accordance with the safety regulations. The participants were
seated in the rear seat of the vehicle, and during each recording
session of approximately 1 h, they were asked to perform simple
cognitive tasks (see Section II-B). The same pretrained driver
drove the car to minimize the variance across the measurements.
However, small deviations in driving dynamics due to different
traffic conditions could not be ruled out. Physiological data from
the participants, driving dynamics data from the vehicle, and

Fig. 1. Schematic representation of the driven route, with three sections (start,
middle, and end), baseline (“start” until “end baseline”), and speed bumps.
Sections were separated with respect to driving time. Start and end points of the
sections can slightly change between subjects due to different traffic conditions.

subjective feedback from the participants were recorded during
each measurement; the details of which are as follows.

A. Route Design

The route driven for each measurement was planned such
that each session would last for about 1 h during similar times
of the day assuming the traffic conditions would also be similar.
A graphical overview of the route can be seen in Fig. 1. The
measurement started at the university campus, with a 10min
drive on the highway (8 km) which serves as the baseline;
meanwhile, subjects were told to look outside the window and
the maximal velocity was around 110 km

h . After that, we passed
an urban area followed by the countryside with maximal velocity
reaching about 70 km

h . The next section was a short highway
track followed by localities with narrow streets with several
narrow curves as well as eight speed bumps. All bumps were
driven at a speed of 20 km

h . The last part of the driving route
contained a short interurban section and again a city drive with
a speed limit of 30 km

h . In total, the track consisted of 10 km
driven in cities and about 22 km in interurban areas. For the
analysis, the route was split into three segments of equal length
(start, middle, and end), with the first section including the
baseline measurement. Longitudinal and lateral accelerations
reached up to 4m

s2 , and vertical accelerations reached 2m
s2 . Driven

maneuvers and exact accelerations are described in detail in
Section II-E2. The euclidean norm of x-, y-, and z-acceleration
for each individual subject can be found in the supplementary
materials.

B. Behavioral Tasks

In order to evoke MS, subjects had to look down at a tablet
PC, placed on the lap with the help of a padded tablet holder, to
perform the following tasks: playing “Tic Tac Toe” and “Simon
Says,” read text, and watch a silent movie (this sequence was
repeated in a loop). Each part had a duration of about5min. After
reading the text and watching the video, a few questions had to
be answered to assess their attention to the task. In addition,
there was a subjective nausea rating on a visual analog scale
[subjective motion sickness level (SMSL)] visible on the tablet,
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Fig. 2. Schematic setup of the car, with all sensors recording state of the car
and the subject, and the camera setup with all used components.

ranging from 0 (no symptoms at all) to 10 (vomiting or abortion
of the measurement) comparable to the misery scale of MS,
which ranges from 0 to 10 [32]. For a more intuitive evaluation,
we replaced the descriptions of the stages in the misery scale
(uneasiness, dizziness, headache, stomach awareness, nausea,
etc.) with clip arts. Subjects were asked to rate their momentary
SMSL in intervals of 5min. They were also able to rate their
SMSL value at any time they experienced a change in their nau-
sea level. Only a few subjects took advantage of this opportunity
and the analysis of the SMSL was performed regardless of the
number of evaluation points.

C. Data Acquisition

All measurement data was recorded using the same onboard
computer ensuring proper time synchronization across different
modalities. Fig. 2 illustrates the setup used for recording.

The physiological data was recorded with commercially
available sensors and biosignal amplifier (g.tec USBamp, Guger
Technologies OG, Austria) and a sampling frequency of 512Hz.
The EDA measured was exosomatic with direct current (g.GSR,
Guger Technologies OG, Austria) using two reusable dry
Ag/AgCl electrodes attached to the second phalanx of the middle
and ring finger of the left hand. Pulse (g.SPO2, Guger Technolo-
gies OG, Austria) was measured on the index finger and skin
temperature (g.TEMPsens, Guger Technologies OG, Austria)
on the little finger of the left hand. Three self-adhesive ECG
electrodes were attached to the wrists and the left ankle.

The driving dynamics data was recorded from the vehicle’s
controller area network (CAN). This includes the GPS-based
position, steering wheel angle, indicator flags, internally cal-
culated velocities based on wheel speed, as well as the angle,
angular velocity, and acceleration from the car’s in-built sensors.
Additionally, signals of the VBOX 3i (Racelogic Ltd, U.K.)
were combined with the CAN. The VBOX 3i contained an
external GPS/GLONASS dual antenna system and an inertial
measurement unit to measure additional acceleration, angle, and
GPS signals with a sampling frequency of 100Hz.

Fig. 3. g-g diagram of, 85th (gray), and 95th (black) percentiles of accelera-
tions conducted during normal drives (model based). On the y-axis longitudinal
accelerations can be seen (accelerating and braking) and on the x-axis, accel-
erations during cornering are depicted. The dots show the actual accelerations
for one subject. The black dots were the maneuver used for the electrodermal
response detection.

D. Participants

A total of 24 volunteers participated in the study. Four subjects
had to be excluded from analysis, exhibiting steep increases in
the tonic EDA (about 20% in 1 s; see [33] and [34]) every time
they interacted with the tablet. The resulting sample group for
analysis included 13 male and 7 female subjects with a mean age
of 23.85 ± 3.22 years ranging from 18 to 31 years. For the anal-
ysis of the responses to specific maneuvers (see Section III-D),
we had to exclude another four subjects due to technical issues
with the synchronization of physiological, behavioral, and/or
CAN data. All subjects signed an information consent form and
were again briefed about the experimental procedure during the
measurement preparations while all remaining questions were
answered.

To assess their susceptibility to MS, participants filled out
a custom designed psychometric questionnaire. Included were
eight questions from the “Graybiel Malaise Score” [35] and the
“Reason Brand Motion Sickness Susceptibility Questionnaire”
including the modified versions of Golding [9], [33], [36] (see
Appendix). For evaluation of the questionnaire, different scores
(between 0 and 3) were assigned depending on the answer
(high scores indicating MS susceptibility). Subjects with a score
higher than or equal to 6 (maximum score: 12) were assumed to
be susceptible to MS. According to their highest SMSL rating in
the measurement, subjects were separated into the two categories
Cat1 (SMSL < 7, robust subjects who did not develop MS) and
Cat2 (SMSL ≥ 7, subjects with MS symptoms). All procedures
were conducted in accordance with the Declaration of Helsinki
and were approved by the local ethics committee (Identification
number: 181/18 Ärztekammer des Saarlandes; Medical Council
of the Saarland).
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E. Data Analysis

1) Physiological Data: The physiological signals examined
are the EDA with its tonic and phasic components including
single electrodermal responses (EDRs), skin temperature, HR,
and HRV. All analysis steps were conducted using software for
scientific computing (MATLAB 2018b, MathWorks Inc., USA).
The raw EDA signal was low pass filtered using a Butterworth
Filter of order 2 and a cutoff frequency of 10Hz. The data was
visually examined to detect sections including large artifacts
as described in [34]. Tonic and phasic parts of EDA were
split with a convex programming procedure described in [37].
Subsequently, the tonic EDA was normalized according to [38],
to enable better intersubject comparison. Amplitude (EDRamp)
and frequency (EDRfreq) of spontaneous phasic EDA peaks and
EDRs are the mean values of the peak parameters collected over a
moving window of 5min. A minimum peak amplitude criterion
for EDRs of 0.01 µS was used [39].

The ECG signal was detrended, an IIR notch filter of 50Hz
was applied, and it was bandpass filtered with a zero-phase
Butterworth filter of fourth order with cutoff frequencies of 5 and
50Hz. A logistic sigmoid function was used for QRS-complex
detection. Distances between R-spikes indicating HRs higher
than 200 bpm were categorized as artifacts. For quantifying
HRV, we calculated the standard deviation of the normal-to-
normal intervals (SDNN) for segments of 5min.

Fig. 4 depicts the grand average of physiological data sepa-
rated for Cat1 and Cat2. To check for close relations between the
SMSL and physiological data, Pearson correlation coefficients
(r) were calculated. To average the correlation coefficients, we
used Fisher’s z-score [40]. Since the SMSL is a stair-shaped
signal and the physiological signal is not, the physiological data
was segmented and approximated by the mean in each segment
with constant SMSL to reduce the false correlations that can
occur due to sudden sharp increases in the SMSL (see Fig. 5).

2) Maneuver Classification: To visualize an instantaneous
response to motion as an evoked EDR, specific driving maneu-
vers were isolated. Large accelerations in every direction (lon-
gitudinal acceleration and braking (x-acceleration), cornering
(y-acceleration), and speed bumps) were separated. We applied
a one-way analysis of variance to examine whether mean phasic
EDA was significantly different 10 s before and 10 s after the
maneuver. We chose this time scale due to the latency of EDRs
which can vary from 1 to 10 s after an event [41]. Additionally,
we wanted to be sure that every event is included in the analysis,
and also if it was marked shortly before or after the actual
start. Wegschweider and Prokop [42] defined a reference driver
model regarding accelerations in every direction. This model
is visualized in a g-g-diagram of horizontal acceleration. The
theoretical “normal” driver is defined by the 85th percentile (see
Fig. 3, dark gray graph). To classify maneuvers in this study,
the respective 95th percentile was estimated (see Fig. 3, light
gray graph). For the analysis, only maneuvers with accelerations
larger than the 95th percentile were used (see Fig. 3, black dots).
The time point at which the horizontal acceleration exceeded
the 95% limit was defined as the start point of a maneuver.
The maneuver is finished when the value decreases below the
limit again. The positions of the speed bumps in the individual

Fig. 4. Boxplots of the physiological data of all subjects separated into three
measurement sections (start, middle, and end). The dark gray boxes show Cat1
and the light gray boxes Cat2. In addition to the median, the mean is also depicted
(little circles). (a)–(h) SMSL and the different psychological measures.

measurements were detected based on the recorded GPS position
of the car and the known GPS position of the speed bumps. The
time point of the tire hitting the obstacle was approximated based
on the vertical acceleration and defined as reference point.

III. RESULTS

From the 20 included subjects, 12 were categorized into
Cat1 (female: 4, male: 8, and age: 23.83 ± 3.54 years) and
8 into Cat2 (female: 3, male: 5, and age: 23.88 ± 2.9 years).
Two participants from Cat2 had to abort the measurement due
to severe nausea. 43% of the women and 38% of the men
got motion sick, resulting in a total of 40% of all subjects.
Fig. 4(a) shows the SMSL of the subjects of Cat1 and Cat2,
separated into three measurement sections. Furthermore, the
completed questionnaires were used for an additional method
of categorizing participants into susceptible and not susceptible
to MS. Comparing this categorization with the SMSL rated in
the measurement, 77% of the subjects were separated correctly
into the two classes. The results of the behavioral tasks (gaming
scores and answered questions) show that the subjects were
very focused on their given tasks, indicated by very high scores,
which did not vary throughout the measurement or in relation
to the rated SMSL. A statistical overview of the physiological
data from all subjects during the various stages of the recording
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Fig. 5. SMSL, EDA [tonic EDA (ton), and phasic EDA (ph)], temperature (temp.), heart rate (HR), and heart rate variability (HRV) of one subject after the
baseline measurement until the end of the measurement can be seen. Similar plots for all subjects can be found in the supplementary material.

session, separated into Cat1 and Cat2, can be seen in Fig. 4. Fig. 5
illustrates the data for one specific subject (male, 24 years).

A. Heart Rate and Heart Rate Variability

Over the course of the measurement, mean HR slightly de-
creased for Cat1 (from 81 to 78 bpm) and remained constant
for Cat2 (85 bpm) [see Fig. 4(g)]. The changes within the
categories are small, but deviations between the categories of 5–
7 bpm might suggest a general difference between the categories
(p = 0.06). Large standard deviations (12 bpm for Cat1 and
6 bpm for Cat2) indicate high intersubject differences in HR. The
mean HRV (SDNN) shows a similar trend. It remained relatively
constant for Cat1 [see Fig. 4(h)] and increased slightly by 4 ms
for Cat2 throughout the experiment. The smallest difference
between the mean of the two categories is around 15 ms at
the end of the measurement. There is only a slight negative
correlation between HR and SMSL (r = –0.22, p < 0.001) and
no correlation between SDNN and the SMSL (r = 0.09, p <
0.001).

B. Temperature

The skin temperature of the little finger and the SMSL show
a positive average correlation (r = 0.66, p < 0.001). A small
difference is visible between the temperature of susceptible
and nonsusceptible subjects. Whereas the mean temperature
rose by 2 ◦C for Cat1 from the middle to the end section, it
slightly decreased for Cat2 [see Fig. 4(b)]. In general, the skin
temperature is seen to be increasing from the start to the end of
the measurement

Fig. 6. Correlation coefficients of SMSL with tonic EDA, EDR amplitude,
and EDR frequency for the included individual subjects.

C. Electrodermal Activity

Fig. 6 presents the individual correlation coefficients for all
subjects between SMSL and tonic EDA, EDRamp, and EDR-
freq. In the top graph, subjects from Cat1 can be seen, and on
the bottom graph Cat2. The tonic EDA shows a positive average
correlation with the SMSL (r = 0.81, p < 0.001). 40% of the
subjects showed a very high correlation of over 0.9 (see Fig. 6).
Correlation between tonic EDA and measurement time shows an
r-value of 0.86 (p < 0.01) during the measurement and r= 0.03
(p < 0.001) during the baseline drive. In Fig. 5, the tonic part of
the EDA closely follows the SMSL, especially in the middle and
at the end of the measurement. To analyze the relation between
the phasic component of the EDA and the SMSL, the moving
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Fig. 7. Mean electrodermal responses of 16 subjects to different driving maneuvers. Mean phasic EDA 10 s prior until 10 s post an event (solid line) and the
corresponding accelerations (dotted line).

standard deviation with a sliding window of 10 s was used as
a general measure of the phasic EDA alteration (r = 0.65, p <
0.001). Additionally, amplitude (EDRamp, r = 0.6, p < 0.001)
and frequency (EDRfreq, r = 0.43, p < 0.001) of EDRs were
calculated over a moving window of 5min. Fig. 4(c) depicts the
course of the normalized tonic EDA for all subjects, split into
Cat1 and Cat2. Cat2 shows slightly higher mean levels of tonic
EDA in the last section of the measurement (0.76 µS) than Cat1
(0.71 µS). In the first and second sections, Cat1 showed slightly
higher mean values than Cat2, indicating a faster increase for
Cat2 than for Cat1. Note that the phasic EDA in Fig. 4(d)–(f), the
standard deviation of the phasic EDA, and the mean amplitude
and frequency of the EDRs show also differences between the
categories along the end of the measurement. EDRfreq increased
from the middle section to the end section for Cat2 by 25% (from
0.12 to 0.15Hz) and for Cat1 only by 11% (from 0.09 to 0.1Hz).
EDRamp increased by 72% for Cat2 (from 0.22 to 0.38 µS) and
by 36% for Cat1 (from 0.19 to 0.26 µS). This tends to suggest
differences between Cat1 and Cat2, especially during the end
of the measurement, even though p-values show no significant
differences between categories (p > 0.05).

D. Electrodermal Responses to Motion

Specific driving maneuvers which are known to be uncom-
fortable during driving have been identified (see Section II-E2).
For every subject, we could separate eight speed bumps, around
100 longitudinal, and around 100 lateral events. Some events are
counted in both lateral and longitudinal categories, e.g., braking
while driving a curve. We compared the mean phasic EDA of
10 s prior to the event onset and 10 s after the event onset. The
mean of all EDRs shows a response to all three types of events
(Fig. 7 acceleration, cornering, and speed bumps). Especially the
speed bumps elicited a clear EDR. Mean EDR amplitude (onset
to maximum) is 0.13 µS and the latency (start of the event to
maximum of the EDR) is about 1.2 s on average. For cornering
and accelerations, a response in the phasic EDA is visible as
well, showing only a small increase after the event. However,
there is a significant difference between the mean phasic EDA

before and after the event (p < 0.05). Fig. 7 (dotted lines) shows
the acceleration during the analyzed 20 s for every maneuver.

IV. DISCUSSION

In our preliminary work (see [31] and supplementary mate-
rial), we observed large correlations between EDA, HRV, and
MS under strong accelerations. For this study, we designed the
paradigm to reflect commuting in a self-driven car in real-world
traffic conditions. Our results confirm a close connection be-
tween EDA and MS. Additionally, we could observe EDRs
after certain driving maneuvers. The tonic EDA shows the
strongest correlations with subjective MS (r = 0.81, p < 0.01).
EDA is commonly used to study mental arousal, emotions, and
stress [41]. Cold sweating being a symptom of MS does result in
an increased EDA. Smyth et al. [27] indicate that EDA cannot
be used for real-time evaluation of MS because it is affected
by emotions and environmental factors. But since an onset of
MS can also result in an increase in the perception of stress, we
assume that increased EDA can also be attributed to increased
stress due to MS. Besides the correlation to MS, EDA and the
time on task are also strongly correlated (r = 0.86, p < 0.01).
This close relation can be explained by the strong correlation
between SMSL and time on task (r= 0.87, p < 0.01). However,
especially the time course of the tonic EDA with increasing
measurement duration looks very similar in both subject groups
Cat1 and Cat2, indicating that time on task might have the highest
impact. Comparing the correlations between tonic EDA and time
during the baseline drive, it can be seen that, without the sensory
mismatch (subjects had to look to the road ahead), there is no
correlation between EDA and time (r = 0.03). This suggests
that EDA is mainly affected by MS. Irmak et al. [18] explain the
correlation between EDA and time with the persistent stabilizing
muscle action due to the motion of the vehicle. However, we
cannot exclude the possibility that temporal effects, and with
this, occurring discomfort or annoyance can have impact on
EDA. In contrast to the tonic EDA, the phasic component has
been shown to correlate more strongly with MS, while being
also less affected by temporal aspects [18], [43], [44]. Our
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data suggests similar behavior, showing differences between
susceptible and nonsusceptible subjects. Particularly, EDRamp
and EDRfreq show a larger increase in Cat2 subjects than in Cat1
subjects as the measurement progresses, whereas the increase
in tonic EDA does not show such differences. Phasic EDA
consisting of EDRs can be separated into nonspecific, also called
spontaneous EDRs, and evoked EDRs. Because of the similar
dynamics distributed over the driving route, indicating a constant
number of events potentially evoking EDRs, all EDRs were
analyzed as spontaneous ones in the first step. The frequency and
amplitude of the spontaneous EDRs are therefore not distorted.
It has been shown that the spectral content of phasic EDA is
better suited for interindividual comparability of EDA [45]–[47].
However, optimizing spontaneous EDR parameters was not the
scope of this article.

We were able to identify single driving maneuvers eliciting
strong EDRs. Passing speed bumps, accelerations, and cornering
lead to a significant increase in mean EDA on a short time
scale of about 10 s. The isolated maneuvers are known to
increase discomfort and lead to MS [5], [48]. Urban driving
conditions, where such events are clustered, also favor the onset
of MS symptoms the most [24]. Usually, EDRs are triggered by
aversive stimuli like loud noises, arousing images, or startling
events. Such stimuli increase arousal, leading to an increased
tonic EDA and to EDRs. Even without MS symptoms, the mis-
match between visual and vestibular perception, described by
the “sensory conflict” theory, is an aversive stimulus, perceived
as uncomfortable and unpredictable and therefore increasing
arousal. This might be a contributing factor to trigger EDRs. The
presented EDRs show no direct relation to MS as assessed by
the SMSL here. In real-world driving conditions, not every event
detected by vestibular receptors can be identified and separated
from other events. Speed bumps were rare events on the driven
route, with only eight bumps per subject. Therefore, we can see
a clear mean EDR with all parameters in the standard range
of amplitudes higher than 0.01 µS and latencies around 1–3
s [39], [41], [47]. While the presence of motion artifacts can
never fully be ruled out, tests with the electrodes in the car
could not produce motion artifacts during intentionally executed
movements that resemble the motion during the experiment.
Care was also taken to ensure that the electrodes were always
attached tightly enough to avoid slipping on the skin. The speed
bumps were always driven at the same speed, but the visible
responses and parameters changed between subjects and trials,
also suggesting that no motion artifacts were measured. The
phasic EDA during acceleration and cornering also shows an
increase but no clearly shaped responses, which can be attributed
to the onsets of the events, which could not be triggered exactly.
Also, no event elicits the same response, e.g., acceleration to
different velocities and length of the curves, can also affect
the shape of the responses. Additionally, several different ac-
celerations can operate at the same time, leading to overlapping
EDRs. Mühlbacher et al. [28] state that driving maneuvers or
unexpected events (like accelerations) only negatively affect the
EDA and complicate the evaluation. Here, we suggest an isolated
examination of EDRs to those events, to detect changes related
to SMSL. Such driving maneuvers also increase discomfort
and arousal, which are known to alter the parameters of EDRs.

However, whether an increased level of MS has an impact on
EDRs has to be investigated in future. Here, the speed bumps
were all concentrated in one section of the driving route (see
Fig. 1), and other driving maneuvers were not driven completely
isolated. This avoids the possibility to recognize differences
in the EDRs with increasing MS. To investigate this aspect in
more detail, attention should be paid to the separation of driving
maneuvers to see EDR development over time. If there are
alterations with increasing MS, subjective ratings on a short time
scale, like in [18], can be extended with an objective measure.
We already know that latencies of EDRs change with cognitive
effort [47], which suggests that MS or discomfort could also
have effects on EDRs. Considering both the spontaneous and the
evoked EDRs, the amplitude increases over time, as mentioned
above [see Fig. 4(e)]. This increases the confidence to find
changes in event-related EDRs with different MS states in future
measurements. One main problem using the EDA as an objective
MS evaluation factor is the high deviation between individuals.
40% of the subjects showed strong positive correlations with
r ≥ 0.9, while others exhibited only poor correlations (r < 0.3,
p < 0.001). Fig. 6 demonstrates that some subjects of Cat1 show
no correlation between SMSL and EDA features at all. Similar
results by Irmak et al. [18] indicate that phasic EDA shows
significant changes with subjective sickness level, but only at
the group level with a high spread across individuals. Our results
show that most subjects with weak correlation between EDA
and SMSL belong to Cat1 (not susceptible to MS). We also
see that phasic EDA is closely related to the SMSL for these
cases. With the use of other electrode placements, an objective
evaluation of MS might be more feasible. EDA recordings from
the face, especially phasic EDA parameters, provide stronger
correlations to MS than the recording sites we used [43], [49],
[50]. Variances in EDA triggered by environmental influences
can thus be reduced, and, importantly, the start of cold sweating
in the face, triggered by nausea, can be detected. However,
long-term EDA measurements can lead to degrading signals,
followed by polarization of electrodes [39]. In the future, some
of those limitations might be overcome by contactless methods.
Besides imaging and analysis of skin surface temperature in
the face, preliminary studies could show that the contactless
approximation of EDA signal from RGB sensors on the hand
is possible in a static lab setting [51]. The multimodal camera
recordings of the face collected in this study can help to investi-
gate whether noncontact monitoring methods are able to reliably
approximate the temperature and EDA dynamics in the face to
realize contactless real-time evaluation of MS.

Core temperature is also affected by the onset of MS. With
increasing nausea, body temperature is downregulated. One of
the involved mechanisms in thermoregulation is vasodilation
which releases heat to the environment. For this purpose, blood
flow is increased in skin surface [15], [52], [53]. This is also
reflected in our data with a positive correlation between finger
skin temperature and SMSL (r= 0.66, p < 0.01). Latest studies
conducted in real-world driving situations reported positive cor-
relations between MS and skin temperature in some subjects
as well [27], [28]. Despite that, the skin temperature shows
a slight decrease for Cat2 subjects during the last part of the
measurement. High SMSL toward the end, resulting in cold
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sweating, could lead to this decrease. To verify this assumption
and to draw clear conclusions, there needs to be a comparison
of the core temperature with the body surface temperature on
the skin, because of a lack of data of skin surface temperature
in MS studies under controlled conditions. Preliminary analysis
of the facial thermal imaging data shows a noticeable increase
in the temperature followed by a sudden drop in subjects that
experienced severe nausea. Such drops have only been observed
in experiments monitoring the tail temperature of rats during
rotation, related to the “toxic hypothesis” [15]. Cold sweating
shortly before vomiting or abortion of the experiment can lead
to such a sudden decrease of skin temperature. The reliability
of facial thermal data is relatively poor because it can easily
be influenced by environmental factors such as air flow within
the vehicle itself. In our case, the standard air condition system
of the vehicle was set to 20 ◦C, but this cannot guarantee a
constant ambient temperature within the vehicle which was not
monitored.

HR and HRV show almost no correlation to the SMSL in our
setting. Many studies indicated that the HR increases, whereas
the HRV decreases, with rising MS [3], [50], [54], [55], while
other studies report no effects related to MS [49]. Preliminary
results of the authors, presented in the supplementary material,
indicate increased HRV for susceptible subjects compared to
not susceptible ones. In this experiment, the HR data suggests
a difference between susceptible and nonsusceptible subjects
[see Fig. 4(g), p = 0.06]. For Cat1, a small decrease in HR is
visible, which could be related to excitement or nervousness
at the beginning of the measurement, which leads to a high
HR. With increasing duration and no signs of MS, the subjects
relaxed and got used to the environment, causing the HR to
decrease. Similar results have been discussed in [18]. Gavgani et
al. [49] argued that cardiac symptoms can be explained by stress
due to a new experience, but they have no relation to MS because
cardiac changes have no evolutionary benefit as per the “toxic
hypothesis” theory presented in [12]. There are subjects with
increasing HR and decreasing HRV (see Fig. 5), although no
severe MS was experienced (SMSL≤ 3). This indicates, besides
high standard deviations, a high variability between individuals.

Combining physiological signals, especially the EDA, with
the preclassification by the questionnaire, an assessment of a
person’s current MS stage might be possible in the future. Using
this questionnaire, we were able to correctly classify the subjects
into “not susceptible” and “susceptible” with respect to the
actual SMSL. This allows the planning of routes tailored to
an individual minimizing the probability of MS occurrence.
SMSL was collected every 5min, which we identified as an
ideal compromise between high-frequent self-assessment and
distraction-free focus on the tasks. We could not find any dis-
advantages regarding the choice of the evaluation interval, such
as large increases in SMSL from one interval to the next. If the
subjects felt a sudden change, they always had the possibility
to adjust the SMSL at any time. However, only few subjects
made use of this option, which confirms that, on average, they
were focused on their tasks instead of their symptoms, which
was our intention for choosing the assessment interval. Another
indication of the subjects’ high level of concentration on their

tasks is their consistently good performance which changed
neither with respect to time nor SMSL. Those results are backed
by Smyth et al. [56] who observed an independence of task
performance and MS. Additionally, the tasks were designed
to distract the participants from the route without being too
challenging to avoid frustration.

We designed the traveled route to represent daily commute.
Compared to other studies investigating MS under real driving
conditions, the perceived accelerations are similar in terms of
intensity. However, large accelerations occur less frequently than
in [18] where slalom maneuvers were performed. We compen-
sated the lower density of accelerations with a longer duration
of the route of about 40 km with an average duration of 50min.
A known trigger for MS is an acceleration frequency of 0.2Hz.
Although, our paradigm did not contain explicit maneuvers to
evoke these situations, we observed the MS symptom onset in
the susceptible subjects after 10–20min, comparable to studies
with artificially created routes [18], [57].

V. CONCLUSION

The development of self-driving cars will be closely linked
with the methods for monitoring the state of the passengers. In
this context, the objective assessment of MS has earlier been
identified as an important problem that needs to be addressed
to ensure the acceptance of self-driving cars. Our work brings
MS research one step closer to out-of-lab scenarios. We could
reproduce established measures in real-world traffic. We tried
to find correlates of the autonomic nervous system to map the
SMSL objectively and to enrich the still limited amount of
available data in real-world traffic. We found strong correlations
between MS and EDA parameters for a subset of the participants.
Phasic EDA suggests differences between participants suscepti-
ble to MS and participants not susceptible. These results match
with previous findings presented in literature. Moreover, single
EDRs to different driving maneuvers, strong vertical, lateral, and
horizontal accelerations were reported for the first time. Future
measurements and evaluations need to investigate to what extent
MS or discomfort alters the appearance of EDRs evoked by
driving maneuvers.

APPENDIX

TABLE I
MOTION SICKNESS QUESTIONNAIRE

Sum of scores < 6 not susceptible (Cat1).
Sum of scores ≥ 6 susceptible (Cat2).
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