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This article 
contributes to: 

 

 

Highlights: 

• The level of motion sickness experienced 
while reading in fully automatic driving mode 
was investigated. 

• Peripheral visual information system (VPIS) 
and haptic (HPIS) were used as interventions. 

• The overall findings showed that mild motion 
sickness was found in the VPIS and HPIS 
conditions. 

• Further studies with more rigorous time 
segment analysis are needed to provide more 
accurate dynamic changes in cardiac activity. 

 

Abstract 

This study investigates the level of experienced motion sickness when performing reading while 
being driven in fully automated driving under three different conditions. One condition was 
without any intervention while the other two conditions were with the visual (VPIS) and haptic 
(HPIS) peripheral information system. Both systems provided the upcoming navigational 
information in the lateral direction three seconds before the turning/cornering was done. It was 
hypothesized that with the peripheral information systems, the experienced motion sickness 
would be reduced compared to the condition where a peripheral information system was not 
present. Eighteen participants with severe motion sickness susceptibility were carefully chosen to 
undergo the conditions using an instrumented vehicle with the Wizard-of-Oz approach. The 
participants were required to read from a tablet during the whole 15-minutes of automated 
driving. Results from the heart rate variability (beats per minute, root means square of successive 
differences, and high-frequency component) indicated no statistically significant changes (p < 0.05) 
in motion sickness found with the presence of HPIS and VPIS when performing reading when being 
driven in automated mode. However, results from this study were mixed and inconclusive, but 
overall findings indicated mild motion sickness was found in both VPIS and HPIS conditions.  

Keywords: Motion sickness; Heart rate variability; Automated vehicle 

1. Introduction 
To the automotive consumers, the development of automated vehicles (AV) showed more 

than just a glimpse of hope when Tesla offered its first automation called the "Autopilot" by the 
end of 2014. The AV brings excitement and benefits that will shape the future of users and 
stakeholders in the automotive industry. One of the significant advantages is road safety [1], [2]. 
Another significant benefit is that AVs could make mobility more productive than just commuting. 
Since human is no longer required to operate the vehicle, they can engage in non-driving related 
tasks (NDRT) that are deemed useful and practical inside the AV.  
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Unfortunately, engaging in the NDRT as mentioned above will make the users of an AV 
become unaware of the vehicle's intention concerning its navigation and therefore unable to 
anticipate upcoming events [3], [4]. Most, if not all, of the attention will be channelled to 
performing the NDRT. Hence, the users or occupants will become vulnerable and unprepared for 
the upcoming changes in the accelerations (e.g., accelerating, braking, and cornering). Therefore, 
this would cause users to become susceptible to motion sickness due to the sensory conflict. When 
reading while being driven, a user’s visual system is not detecting any motion, but his/her 
vestibular and somatosensory systems are sensing changes in motion. Thus, implications like 
experiencing motion sickness might lower the value of AV as a mobility solution that offers the 
freedom to its users to perform the task of their liking when the automation takes over the wheel.  

Typically, passengers in a moving vehicle usually look out of the window to check the vehicle’s 
trajectory concerning their position. It was found that passengers who could not see the road 
ahead suffered motion sickness three times more than those who could see the outside view of a 
moving vehicle [5]. However, regularly checking the earth-fixed horizon through the vehicle’s 
window will likely interrupt the experience of performing the preferred NDRT. Strategies to 
mitigate motion sickness can be in the form of active and passive approaches for example adoption 
of a controller to compensate for lateral acceleration [6], [7] or presenting motion cues [8], [9]. 
One of the promising ways to maintain a high level of awareness of the vehicle’s navigational 
trajectory and reduce the likelihood of motion sickness inside a moving vehicle is by using a 
peripheral information system or an ambient display [10]. Peripheral information systems are 
“aesthetically pleasing displays of information which sit on the periphery of a user’s attention” 
[11]. This system is developed to assist the user in getting information that is relevant and 
important to them in an unobtrusive way.  

Different kinds of physiological measurements have been used to investigate the severity of 
motion sickness experienced by a human. For instance, the measurement of changes in skin 
resistance [12] and the secretions of saliva [13] can be used to assess the level of motion sickness. 
In this study, we quantified motion sickness through heart rate and heart rate variability (HRV) 
measured using electrocardiogram (ECG) sensors. The reasons for using the heart rate and HRV to 
measure motion sickness in this study were twofold. First is its ability to obtain a continuous 
recording of one’s physiological state and thus allow the experiment to be done without the need 
to stop and collect the data [14]. Secondly, both offer a quantitative view of the measurement of 
motion sickness. Parasympathetic nervous system withdrawal has been shown to indicate the 
development of motion sickness [15]–[18]. The withdrawal action shows a response in preparation 
for a defensive stance or escaping a potential threat such as motion sickness [19]. When motion 
sickness occurs, the stomach’s activities will shut down, and the blood flow will be directed to the 
other parts of the body (i.e., the heart) per the “flight or fight” response. The digestion processes 
will be paused until the threat is no longer present [19]. The regulations of the autonomic events 
by the sympathetic and parasympathetic nervous systems can be quantified using the time- and 
frequency-domain analysis of ECG data.  

The primary objective of this study is to measure the user’s level of experienced motion 
sickness using psychological measurement under three different conditions. The users were asked 
to perform reading as an NDRT while being driven in automated driving. The first condition was 
termed as a control condition (without the presence of any peripheral information system), while 
the second and third condition was with a visual-based and haptic-based peripheral information 
system, respectively. 

2. Methods 

2.1. Experiment design 

In determining the design of this study, two factors have been considered. First, since the 
susceptibility to motion sickness is different among individuals; therefore, the conditions of 
interest must be evenly tested by everyone rather than by different individuals [20]. Secondly, 
since heart rate variability (HRV) was taken as a physiological measurement from the participant 
throughout the experiment, to get optimal experimental control (fewer variations among 
participants due to factors such as alcohol consumption and body mass index (BMI)), a within-
subject design was selected as recommended by experts in HRV research [21], [22].  

In this study, all the participants went through three conditions in three isolated sessions. The 
three conditions were termed control-, visual-, and haptic-condition. The control-condition was 
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the condition without the presence of a peripheral information system. The visual- and haptic-
condition were the conditions for implementing a visual (VPIS) and haptic peripheral information 
system (HPIS), respectively.  

The dependent variable was the level of motion sickness measured using physiological 
measurement employing HRV, while the independent variable was the conditions. The order of 
the three test conditions was counter-balanced to moderate any learning effects (3! = 6 orders). 
The route comprised three laps of 22 turns to the right, and 16 turns to the left (cornering radii, 
Mean = 9.2 m, SD = 3.3 m). This research complies with the Netherlands Code of Conduct for 
Scientific Practice (principle 1.2 on page 5) [23].   

2.2. Equipment – Mobility lab and peripheral information systems 

The Mobility Lab was employed as an on-road automated vehicle simulator to provide a fully 
automated driving experience (see [24] for a detailed explanation of the test setup). The automated 

driving style that was selected was 
based on the previous studies in 
which a setting called defensive 
automated driving style [25], [26].  

Two (VPIS, see Figure 1 and 
HPIS, see Figure 2) peripheral 
information systems were used. 
VPIS consisted of a 4.0 inches 
screen and two LED-filled arrays, at 
around an 8.9 inches tablet. Each 
array was equipped with 7 LEDs, 
with blue-emitting colour, that 
switched on three (3) seconds 
before the Mobility Lab entered a 
corner/turning.   

HPIS consisted of two sets of 
vibration motors and two movable 
plates that were fixed on the 
backrest of the car seat and were 
covered with foam cushion and 
fabric. Three (3) seconds before the 
car turned to the left or right, the 
vibration motors (the left forearm 
set if turning to the left, the right 
forearm set if turning to the right) 
were activated and deactivated for 
three cycles. Subsequently, the 
movable plate (the right plate if 
turning to the left, the left plate if 
turning to the right) was triggered, 
turning forward through servo 
motors at about 40° if the 
corner/turning occurred. 

 

2.3. Participant and procedure 

Nine (9) males and nine (9) females aged between 22 and 33 years old (Mean = 28.4, SD = 
3.0) participated in this study. Stratified sampling was implemented to check participants’ 
susceptibility to motion sickness, based on the short version of the Motion Sickness Susceptibility 
Questionnaire (MSSQ) with a 100% scale [28], [29]. Only participants with mild and severe 
susceptibility were selected based on the MSSQ’s scores (Mean = 79.1%, SD = 17.3%). Since HRV 
was measured, all the selected participants were non-smokers, consumed not more than 5 to 7 
alcoholic drinks per week, and had a BMI around 18 to 25 (Mean = 21.6, SD = 2.0) [30]–[33]. In 
addition, the participants were instructed to follow a regular sleep routine the day before the study 
and not to participate in intense physical training the day before the study [21]. High carbohydrate 

Figure 1. 
Visual peripheral 

information system 
(VPIS) [27]    

Figure 2. 
 Haptic peripheral 

information system 
(HPIS) [27]    
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meals (e.g., rice, bread, etc.) and caffeinated drinks were prohibited at least two hours before the 
experiment.   

Each condition in this study consisted of seven stages (see Figure 3). Stage 1 and the ending 
part of Stage 7 took place in a meeting room while Stage 2 through 6 was done using the Mobility 
Lab. The study started with Stage 1 (Pre-Experiment stage), where participants arrived at the 
allocated meeting room and were briefed about the nature of the study. Informed consent was 
also obtained during this stage. Afterwards, the experimenter explained to the participants how to 
properly attach the disposable ECG electrodes (43 x 35 mm disposable pre-gelled ECG hydrogel) to 
their torsos themselves. The placement of ECG electrodes used in this study was based on lower 
torso placement, as suggested by [34]. This arrangement of ECG electrode placement is more 
robust to movement artefacts and allows participants to place the electrodes without exposing 
their chest [34]. Afterwards, the experimenter escorted the participant to the Mobility Lab and 
asked him/her to be seated and wear the seat belt inside the vehicle. 
 

Figure 3. 
The seven stages of the 

experiment for the 
three conditions with 
the three-R structure 
of HRV measurement 

and analysis used in 
this study  

 
 

Stages 2 and 6 were done when the Mobility Lab was static with the engine turned on. In 
contrast, Stages 3, 4, and 5 were performed when the Mobility Lab was driven continuously for 
about 15 minutes on the designated route. The ECG measurements were recorded continuously, 
from Stage 2 until Stage 6. Three different sets of reading materials were used for three separate 
sessions, and the reading materials were compilations of jokes from Reader’s Digest magazine [35]. 
Participants were asked to perform the reading task from Stage 2 continuously through Stage 6. 
However, there was a stop button to stop the experiment at their own will. In addition, the 
temperature inside the Mobility Lab was controlled by the vehicle’s air-conditioning at 20°C at all 
times during the experiment [36]. At the end of Stage 7, the experimenter gave a debriefing and 
compensation to the participants for their participation in this experiment. 

2.4. Data collection and analysis 

The recorded ECG measurements were later quantified into HRV using time- and frequency-
domain analysis. In terms of time-domain analysis, the root means square of successive differences 
(RMSSD) is usually used to indicate the activity of the parasympathetic nervous system (PNS) or 
also known as the vagal tone [37], [38]. The decrement of PNS activity has been shown to indicate 
the development of motion sickness [15]–[18]. RMSSD is also the most robust indicator of PNS 
activity and is less affected by the effect of respiration compared to the other indicators (i.e., 
Percentage of successive normal sinus RR intervals more than 50 ms (pNN50; [39], [40]). In addition 
to RMSSD, the heartbeat in terms of beats per minute (BPM) was also measured. Past studies found 
that increased motion sickness was positively correlated with increased BPM [16], [41], [42]. In 
terms of frequency-domain analysis, the high-frequency (HF) component (between 0.15 to 0.40 
Hz) was extracted by using the Fast Fourier Transform (FFT). The HF component used in this study 
is also highly associated with the activity of the PNS [21], [43]. A minimum window size of five (5) 
minutes of heart rate recording per stage was applied as recommended by [44] for short-term 
heart rate measurement. The measured data from the accelerometers and ECG were sampled at 
250 Hz, synchronised, and stored using a data acquisition system (DAQ). A 250 Hz was employed 
as a conservative approach as 125 Hz is deemed a minimum sampling rate in collecting HRV data 
in psychophysiological studies [21]. 

The HRV data were continuously collected from Stage 2 to 6. The automated driving phase 
was about 15 minutes, and the analyses of the HRV during those particular stages were performed 
at each individual stage (Stage 3 to 5) with a time window of 5 minutes. In addition, the HRV data 
were analysed according to the three-R structure (i.e., resting HRV, reactivity HRV, and recovery 
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HRV) as suggested by [21] (see Figure 3). Stage 2 is the baseline HRV or also known as resting HRV 
in which the HRV measurement was taken when the participants were reading inside the Mobility 
Lab and the vehicle was static. Reactivity 1 was the changes in the HRV measurement when the 
participants were reading, and motion sickness was induced from the automated driving, or simply 
the difference in the HRV measurement between Stage 3 and 2. Reactivity 2 and 3 were the 
changes of the HRV measurement when the participants were reading the next 5 and 10 minutes, 
or the changes between Stage 4 and 2, and Stage 5 and 2, respectively. Stage 6 is a recovery stage, 
where the changes between Stages 6 and 2 were recorded. 

3. Results and Discussion 

3.1. Results 

For the measurements (BPM, RMSSD, and HF-component), Wilcoxon signed-rank tests were 
performed to check whether there was a statistically significant difference in motion sickness, 
indicated by a decrease in BPM or increase in RMSSD and HF-component, in the visual- and haptic-
condition compared to the control-condition. However, it was found that there were no 
statistically significant differences in motion sickness for the HRV measurements between the 
control-condition and the condition with the presence of the VPIS (visual-condition). The median 
(Mdn) and interquartile ranges (IQR) for the BPM, RMSSD, and HF-component measurements are 
presented in Table 1. 

Further analysing the BPM measurements (see Figure 4), the pattern of results for each 
condition was about the same at the beginning of Stage 2 (control-condition, mean = 71.3 ± 10.5 
BPM; visual-condition, mean = 73.0 ± 14.5 BPM; haptic-condition, mean = 75.0 ± 14.1 BPM). Then, 
the BPM measurements increased and peaked at Stage 3 (control-condition, mean = 74.9 ± 8.9 
BPM; visual-condition, mean = 76.8 ± 13.1 BPM; haptic-condition, mean = 77.6 ± 13.2 BPM) for all 
the conditions before the readings steadily decreased starting from Stage 3 through Stage 4, 5, and 
6. The difference in BPM measurement from Stage 2 to Stage 3 was about 3.6 BPM for the control- 
condition, 3.8 BPM for visual-condition, and 2.6 BPM for the haptic-condition.  

For the RMSSD (see Figure 4), a general trend can be observed for each of the conditions once 
the driving has begun the RMSSD value increases and finally goes back to around the baseline’s 
value once the driving has stopped. For the HF-component (see Figure 4), the value fluctuated 
under different conditions. For the control-condition, the HF-component increased in Stage 3 and 
went down after 10 minutes of driving before it rose again in the last 10 minutes of the experiment. 
The visual-condition, started to decrease in Stage 3 and increased and stabilised in the last 10 
minutes of the experiment. For the haptic-condition, the HF-component values were relatively 
stable within 25 minutes of HRV recording. 
 

Table 1.  
Results for petrol 

usage 

 

Variation Condition 
BPM RMSSD HF-component 

Mdn IQR Mdn IQR Mdn IQR 

Reactivity 1 Control 3.5 (-2.5 - 7.0) 10.0 (-0.3 - 59.3) 35.5 (-16.3 – 249) 

Visual 3.5 (1.0 - 7.0) 4.5 (-2.0 - 57.0) -3.0 (-183.0 – 29.5) 

Haptic 3.0 (0.8 - 5.0) 7.0 (-1.5 - 67.3) -3.0 (-183.0 – 29.5) 

Reactivity 2 Control 2.0 (0.50 - 6.5) -0.5 (-3.8 - 10.5) 8.0 (-22.8 – 121.5) 

Visual 3.5 (0.8 - 6.0) 8.0 (-4.0 - 32.3) -9.0 (-249.0 – 93.3) 

Haptic 2.0 (-0.3 - 5.0) 14.5 (-1.0 - 39.8) -4.5 (-42.5 – 182.0) 

Reactivity 3 Control 2.0 (-1.0 - 5.0) 4.5 (-5.3 - 51.0) -86.5 (-174.3 – 29.0) 

Visual 2.5 (0.0 - 4.3) 10.0 (-0.5 - 35.0) -1.5 (-92.5 – 84.3) 

Haptic 1.0 (-2.0 - 4.3) 7.2 (-2.3 - 45.3) -8.0 (-143.8 – 80.1) 

Recovery Control -1.0 (-5.8 - 0.3) 7.5 (-1.5 - 63.3) -30.5 (-79.0 – 108.8) 

Visual 0.0 (-5.0 - 1.3) 0.0 (-3.0 - 7.8) 7.0 (-66.5 – 84.0) 

Haptic -2.0 (-5.5 - 0.5) 0.0 (-6.3 - 7.5) 14.0 (-56.8 – 83.8) 

3.2. Discussion 

From the statistical analyses of the HRV measurements, no statistically significant differences 
were found between the conditions. Further analysis of the BPM measurement revealed the same 
trend the participants showed in each exposed condition. All the BPM measurements were 
increased rather sharply in Stage 3 before gradually stabilizing in Stage 4 and 5 and decreasing in 
the final stage (Stage 6) (see Figure 4). A past study from literature reviews has shown that BPM is 
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positively correlated with motion sickness severity [16], [41], [42]. In this study, the average 
recorded BPM in Stage 3 was 74.9 for the control-condition, 76.8 for the visual-condition and 77.6 
for haptic-condition. Cowings et al. [12] in their study found that a BPM value of 77 indicated mild 
motion sickness while a value of 87 indicated severe motion sickness experienced by the 
participants. Therefore, the level of motion sickness experienced by the participants of this study 
was at the mild level, and both VPIS and HPIS did not significantly decrease the experienced motion 
sickness based on the measured BPM values. 

Figure 4. 
Mean score heart rate 

in BPM, RMSSD, and 
high HF-component of 

HRV frequency domain 
for the three 

conditions (control, 
visual, and haptic). 

Error bars represent 
the 95% confidence 

intervals (CI)  
 

 
For the RMSSD and HF-component, no statistically significant differences were found 

between any conditions, indicating that changes in the PNS activity between the conditions were 
minimal. In general, past studies showed that the development of motion sickness is usually 
indicated by the PNS withdrawal [15]–[18]. A recent study with virtual reality that elicited cyber-
sickness also reported a reduction in RMSSD [45]. However, in our findings, the average values of 
RMSSD were increased during the driving stages (Stage 3 to Stage 5) and decreased back to the 
baseline measurement when the vehicle was stopped. Increases in PNS indicated “rest and digest” 
activity, or in other words, the participants became more relaxed and possibly sleepy. 

One of the explanations could come from the experimental setup of this study compared to 
other studies that also induced motion sickness in the participants. Most past motion sickness-
inducing studies involved the participants keeping their heads still and looking straight inside a 
rotating drum (or optokinetic drum) [46]. Alternatively, in some other studies, the participants 
must endure a virtual ride, such as a rollercoaster [45]. Both motion sickness-inducing studies 
found a withdrawal in PNS (decrement in RMSSD) during the exposure. However, in this study, the 
participants were instructed to perform a reading task while sitting comfortably on a cushioned 
seat inside an air-conditioned vehicle and being driven with low-frequency motions. From the HRV 
analysis, it was found that the PNS was increased (increment in RMSSD) pointing to the presence 
of sopite-related syndrome (e.g., sleepiness, drowsiness) which is also one of the main symptoms 
of motion sickness [47]. However, it is often not recognized as such [48]. Recently, a study was 
done by [49] whose setup was similar to the current study and investigated the symptoms of 
motion sickness related to sopite syndrome. In the study, the participants were asked to 
comfortably sit upright on a chair with a vacuum cushion and foam blocks. The chair was fixed on 
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a movable platform that moves back and forth in low-frequency sinusoidal linear accelerations. 
Although no statistically significant differences were also found, it was discovered that something 
similar in which the RMSSD values was higher in the exposure stage compared to the RMSSD values 
in the baseline condition. 

Moreover, in this study, there was no measurement of sympathetic nervous system (SNS) 
activities. Therefore, it cannot be concluded that while the changes in the PNS were being 
measured to indicate the development of motion sickness, nothing happened to the SNS. 
Measuring SNS is not a straightforward task as there is no direct indicator from the HRV analysis. 
Ruth et al. [19] explained that PNS withdrawal is a response in preparation for a defensive stance 
or escaping a potential threat such as motion sickness. He further mentioned that the flow of the 
blood would be directed to the other parts of the body (e.g., the heart) following the “flight or 
fight” response (activation of the SNS). Some of the past studies (i.e., [50], [51]) used the 
understanding that SNS is highly correlated with the low-frequency (LF) component of HRV, and 
the ratio of LF/HF is the autonomic balance between the PNS and SNS. However, experts from HRV 
analysis, such as [21] and [49] criticized the loose relationship between the LF-component and the 
activities of the SNS. It is because the LF-component is not merely composed of the SNS’s activity 
but also a mixture of other markers such as the thermoregulation’s activity and PNS’s activity [21], 
[52]. Billman, [52] has also pointed out that the relationship between the PNS and SNS is not always 
linear. Both the PNS and SNS can affect each other when operating [19] and co-activate and co-
deactivate at the same moment of time [53]. Therefore, within this study, although the activities 
of the PNS have been shown to increase, there is a possibility that the SNS was also activated, but 
it cannot be proven since it was not measured.  

4. Conclusion  
In summary, the analysis of heart rate variability (beats per minute, root means square of 

successive differences, and high-frequency component) indicated no statistically significant 
changes (p < 0.05) in motion sickness found with HPIS and VPIS when performing reading when 
being driven in automated mode. However, the results were mixed and inconclusive. Still, most 
findings showed that motion sickness was experienced higher during the automated driving stages 
than in the baseline stage for all three conditions. The level of motion sickness measured using 
heart rate variability (HRV) for the passengers inside a fully automated vehicle can be assessed 
using electrocardiograms (ECG). However, a higher motion sickness dosage might need to be 
imposed on the participants to yield a significant result. For this study, one of the limitations was 
that the RMSSD was analyzed with a time segment of 5-minutes, but a recent study found that 
typical 5-minute time segments might lose the dynamical information of the HRV [54]. Future 
research can implement rigorous 1-minute time segments analysis to provide a more accurate 
dynamical change in cardiac activity. 

Acknowledgements 
The authors fully acknowledged Universiti Teknikal Malaysia Melaka (UTeM) and Eindhoven 

University of Technology (TU/e) for the approved fund that makes this vital research viable and 
effective. This research is fully supported by an international grant, ANTARABANGSA-
TUE/2019/FKM-CARE/A00023. 

Authors’ Declaration 
Authors’ contributions and responsibilities - Conceived and designed the experiments (J.K, N.M.Y, 
J.T, F.D, M.R); Performed the experiments (J.K, N.M.Y); Analysed and interpreted the data (J.K, 
N.M.Y); Wrote the original paper (J.K, N.M.Y, J.T, F.D, M.R); and Wrote the revised manuscript (J.K, 
N.M.Y, J.T, F.D, M.R).  

Funding – This research is funded by the Eindhoven University of Technology (TU/e), Netherlands 
and Universiti Teknikal Malaysia Melaka (UTeM). 

Availability of data and materials - All data are available from the authors.  

Competing interests - The authors declare no competing interest. 

Additional information – No additional information from the authors. 



Juffrizal Karjanto, et al  

 

Mechanical Engineering for Society and Industry, Vol.2 No.2 (2022) 79 

 

References 
[1] J. Dokic, B. Müller, and G. Meyer, “European roadmap smart systems for automated driving,” 

European Technology Platform on Smart Systems Integration, vol. 39, 2015. 

[2] M. Oonk and J. Svensson, Automation in Road Transport, no. October. 2012. 

[3] C. Diels and J. E. Bos, “Self-driving carsickness,” Applied ergonomics, vol. 53, pp. 374–382, 
2016. 

[4] C. Diels, “Will autonomous vehicles make us sick,” Contemporary ergonomics and human 
factors, pp. 301–307, 2014. 

[5] M. Turner and M. J. Griffin, “Motion sickness in public road transport: the relative importance 
of motion, vision and individual differences,” British Journal of Psychology, vol. 90, no. 4, pp. 
519–530, 1999. 

[6] S. Saruchi et al., “Lateral control strategy based on head movement responses for motion 
sickness mitigation in autonomous vehicle,” Journal of the Brazilian Society of Mechanical 
Sciences and Engineering, vol. 42, no. 5, pp. 1–14, 2020. 

[7] S. A. Saruchi et al., “applied sciences Novel Motion Sickness Minimization Control via Fuzzy-
PID Controller for Autonomous Vehicle,” Applied Sciences (Switzerland), 2020. 

[8] C. Diels and J. Bos, “Great expectations: On the design of predictive motion cues to alleviate 
carsickness,” in International Conference on Human-Computer Interaction, 2021, pp. 240–
251. 

[9] O. X. Kuiper, J. E. Bos, C. Diels, and E. A. Schmidt, “Knowing what’s coming: Anticipatory audio 
cues can mitigate motion sickness,” Applied ergonomics, vol. 85, p. 103068, 2020. 

[10] A. Löcken et al., “Towards adaptive ambient in-vehicle displays and interactions: Insights and 
design guidelines from the 2015 AutomotiveUI dedicated workshop,” in Automotive user 
interfaces, Springer, 2017, pp. 325–348. 

[11] J. Mankoff, A. K. Dey, G. Hsieh, J. Kientz, S. Lederer, and M. Ames, “Heuristic evaluation of 
ambient displays,” in Proceedings of the SIGCHI conference on Human factors in computing 
systems, 2003, pp. 169–176. 

[12] P. S. Cowings, K. H. Naifeh, and W. B. Toscano, “The stability of individual patterns of 
autonomic responses to motion sickness stimulation.,” Aviation, space, and environmental 
medicine, 1990. 

[13] C. R. Gordon et al., “Seasickness susceptibility, personality factors, and salivation.,” Aviation, 
space, and environmental medicine, 1994. 

[14] L. Alexandros and X. Michalis, “The physiological measurements as a critical indicator in users’ 
experience evaluation,” in Proceedings of the 17th Panhellenic Conference on Informatics - 
PCI ’13, 2013, pp. 258–263, doi: 10.1145/2491845.2491883. 

[15] C.-T. Lin, C.-L. Lin, T.-W. Chiu, J.-R. Duann, and T.-P. Jung, “Effect of respiratory modulation on 
relationship between heart rate variability and motion sickness,” in 2011 Annual International 
Conference of the IEEE engineering in medicine and biology society, 2011, pp. 1921–1924. 

[16] P. S. Cowings, S. Suter, W. B. Toscano, J. Kamiya, and K. Naifeh, “General autonomic 
components of motion sickness,” Psychophysiology, vol. 23, no. 5, pp. 542–551, 1986. 

[17] S. Hu, W. F. Grant, R. M. Stern, and K. L. Koch, “Motion sickness severity and physiological 
correlates during repeated exposures to a rotating optokinetic drum.,” Aviation, space, and 
environmental medicine, 1991. 

[18] L. T. LaCount et al., “Dynamic cardiovagal response to motion sickness: A point-process heart 
rate variability study,” Computers in Cardiology, vol. 36, pp. 49–52, 2009. 

[19] E. R. Muth, “Motion and space sickness: intestinal and autonomic correlates,” Autonomic 
Neuroscience, vol. 129, no. 1–2, pp. 58–66, 2006. 

[20] N. Isu, T. Hasegawa, I. Takeuchi, and A. Morimoto, “Quantitative analysis of time-course 
development of motion sickness caused by in-vehicle video watching,” Displays, vol. 35, no. 
2, pp. 90–97, 2014. 

[21] S. Laborde, E. Mosley, and J. F. Thayer, “Heart rate variability and cardiac vagal tone in 
psychophysiological research - Recommendations for experiment planning, data analysis, and 
data reporting,” Frontiers in Psychology, vol. 8, no. FEB, pp. 1–18, 2017, doi: 



Juffrizal Karjanto, et al  

 

Mechanical Engineering for Society and Industry, Vol.2 No.2 (2022) 80 

 

10.3389/fpsyg.2017.00213. 

[22] D. S. Quintana and J. A. J. Heathers, “Considerations in the assessment of heart rate variability 
in biobehavioral research,” Frontiers in psychology, vol. 5, p. 805, 2014. 

[23] A. of U. in T. Netherlands, “The Netherlands Code of Conduct for Academic Practice.” 
Association of Universities in the Netherlands (VSNU) The Hague, 2014. 

[24] J. Karjanto, N. M. Yusof, J. Terken, F. Delbressine, M. Rauterberg, and M. Z. Hassan, 
“Development of On-Road Automated Vehicle Simulator for Motion Sickness Studies,” 
International Journal of Driving Science, vol. 1, no. 1, pp. 1–12, 2018, doi: 10.5334/ijds.8. 

[25] J. Karjanto, N. Md. Yusof, J. Terken, F. Delbressine, M. Z. Hassan, and M. Rauterberg, 
“Simulating autonomous driving styles: Accelerations for three road profiles,” MATEC Web of 
Conferences, vol. 90, p. 1005, 2017, doi: 10.1051/matecconf/20179001005. 

[26] N. M. Yusof, J. Karjanto, J. Terken, F. Delbressine, M. Z. Hassan, and M. Rauterberg, “The 
exploration of autonomous vehicle driving styles: Preferred longitudinal, lateral, and vertical 
accelerations,” AutomotiveUI 2016 - 8th International Conference on Automotive User 
Interfaces and Interactive Vehicular Applications, Proceedings, pp. 245–252, 2016, doi: 
10.1145/3003715.3005455. 

[27] N. M. Yusof, J. Karjanto, M. Z. Hassan, J. Terken, F. Delbressine, and M. Rauterberg, “Reading 
During Fully Automated Driving: A Study of the Effect of Peripheral Visual and Haptic 
Information on Situation Awareness and Mental Workload,” IEEE Transactions on Intelligent 
Transportation Systems, 2022. 

[28] J. F. Golding, “Predicting individual differences in motion sickness susceptibility by 
questionnaire,” Personality and Individual differences, vol. 41, no. 2, pp. 237–248, 2006. 

[29] J. F. Golding, “Motion sickness susceptibility questionnaire revised and its relationship to 
other forms of sickness,” Brain research bulletin, vol. 47, no. 5, pp. 507–516, 1998. 

[30] K. Umetani, D. H. Singer, R. McCraty, and M. Atkinson, “Twenty-four hour time domain heart 
rate variability and heart rate: relations to age and gender over nine decades,” Journal of the 
American College of Cardiology, vol. 31, no. 3, pp. 593–601, 1998. 

[31] D. S. Quintana, A. J. Guastella, I. S. McGregor, I. B. Hickie, and A. H. Kemp, “Moderate alcohol 
intake is related to increased heart rate variability in young adults: Implications for health and 
well-being,” Psychophysiology, vol. 50, no. 12, pp. 1202–1208, 2013. 

[32] A. Molfino, A. Fiorentini, L. Tubani, M. Martuscelli, F. R. Fanelli, and A. Laviano, “Body mass 
index is related to autonomic nervous system activity as measured by heart rate variability,” 
European journal of clinical nutrition, vol. 63, no. 10, pp. 1263–1265, 2009. 

[33] S. Sowmya, T. Thomas, A. V. Bharathi, and S. Sucharita, “A body shape index and heart rate 
variability in healthy Indians with low body mass index,” Journal of nutrition and metabolism, 
vol. 2014, 2014. 

[34] F. Shaffer and D. C. Combatalade, “Don’t add or miss a beat: A guide to cleaner heart rate 
variability recordings,” Biofeedback, vol. 41, no. 3, pp. 121–130, 2013. 

[35] R. Digest, “Jokes Section,” https://www.rd.com/jokes/, 2018. . 

[36] S. R. Holmes and M. J. Griffin, “Correlation between heart rate and the severity of motion 
sickness caused by optokinetic stimulation.,” Journal of Psychophysiology, vol. 15, no. 1, p. 
35, 2001. 

[37] J. F. Thayer and R. D. Lane, “A model of neurovisceral integration in emotion regulation and 
dysregulation,” Journal of affective disorders, vol. 61, no. 3, pp. 201–216, 2000. 

[38] R. E. Kleiger, P. K. Stein, and J. T. Bigger Jr, “Heart rate variability: measurement and clinical 
utility,” Annals of Noninvasive Electrocardiology, vol. 10, no. 1, pp. 88–101, 2005. 

[39] L. K. Hill, A. Siebenbrock, J. J. Sollers, and J. F. Thayer, “Are all measures created equal? Heart 
rate variability and respiration,” Biomedical Sciences Instrumentation, vol. 45, no. August, pp. 
71–76, 2009. 

[40] J. Penttilä et al., “Time domain, geometrical and frequency domain analysis of cardiac vagal 
outflow: effects of various respiratory patterns,” Clinical physiology, vol. 21, no. 3, pp. 365–
376, 2001. 

[41] N. Himi, T. Koga, E. Nakamura, M. Kobashi, M. Yamane, and K. Tsujioka, “Differences in 
autonomic responses between subjects with and without nausea while watching an 



Juffrizal Karjanto, et al  

 

Mechanical Engineering for Society and Industry, Vol.2 No.2 (2022) 81 

 

irregularly oscillating video,” Autonomic Neuroscience, vol. 116, no. 1–2, pp. 46–53, 2004. 

[42] C. S. Stout, W. B. Toscano, and P. S. Cowings, “Reliability of psychophysiological responses 
across multiple motion sickness stimulation tests.,” Journal of Vestibular Research : 
Equilibrium & Orientation, vol. 5, no. 1, pp. 25–33, 1995. 

[43] A. J. Camm et al., “Heart rate variability. Standards of measurement, physiological 
interpretation, and clinical use,” 1996. 

[44] M. Malik, “Guidelines Heart rate variability,” European Heart Journal, vol. 17, pp. 354–381, 
1996, doi: 10.1161/01.CIR.93.5.1043. 

[45] A. Mazloumi Gavgani, D. M. Hodgson, and E. Nalivaiko, “Effects of visual flow direction on 
signs and symptoms of cybersickness,” PloS one, vol. 12, no. 8, p. e0182790, 2017. 

[46] A. Sjörs, J. Dahlman, T. Ledin, B. Gerdle, and T. Falkmer, “Effects of motion sickness on 
encoding and retrieval performance and on psychophysiological responses,” Journal of 
Ergonomics., vol. 4, no. 1, 2014. 

[47] P. J. Gianaros, E. R. Muth, J. T. Mordkoff, M. E. Levine, and R. M. Stern, “A questionnaire for 
the assessment of the multiple dimensions of motion sickness,” Aviation Space and 
Environmental Medicine, vol. 72, no. 2, pp. 115–119, 2001. 

[48] J. R. Lackner, “Motion sickness: more than nausea and vomiting,” Experimental brain 
research, vol. 232, no. 8, pp. 2493–2510, 2014. 

[49] M. Foster, “The effects of low-frequency sinusoidal linear acceleration on skin sympathetic 
nerve activity in humans.” Western Sydney University (Australia), 2017. 

[50] S. A. A. Naqvi, N. Badruddin, A. S. Malik, W. Hazabbah, and B. Abdullah, “Does 3D produce 
more symptoms of visually induced motion sickness?,” in 2013 35th annual international 
conference of the IEEE engineering in medicine and biology society (EMBC), 2013, pp. 6405–
6408. 

[51] N. Selvaraj, A. Jaryal, J. Santhosh, K. K. Deepak, and S. Anand, “Assessment of heart rate 
variability derived from finger-tip photoplethysmography as compared to 
electrocardiography,” Journal of medical engineering & technology, vol. 32, no. 6, pp. 479–
484, 2008. 

[52] G. E. Billman, “The LF/HF ratio does not accurately measure cardiac sympatho-vagal balance,” 
Frontiers in physiology, vol. 4. Frontiers Media SA, p. 26, 2013. 

[53] G. G. Berntson, J. T. Cacioppo, and K. S. Quigley, “Autonomic determinism: the modes of 
autonomic control, the doctrine of autonomic space, and the laws of autonomic constraint.,” 
Psychological review, vol. 98, no. 4, p. 459, 1991. 

[54] H. Zhang, M. Zhu, Y. Zheng, and G. Li, “Toward capturing momentary changes of heart rate 
variability by a dynamic analysis method,” PLoS One, vol. 10, no. 7, p. e0133148, 2015. 

 

 


	1. Introduction
	2. Methods
	2.1. Experiment design
	2.2. Equipment – Mobility lab and peripheral information systems
	2.3. Participant and procedure
	2.4. Data collection and analysis

	3. Results and Discussion
	3.1. Results
	3.2. Discussion

	4. Conclusion
	Acknowledgements
	Authors’ Declaration
	References

