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Abstract

In previous studies, we used a method for detecting stress that was based exclusively on heart rate and ECG for differentiation 
between such situations as mental stress, physical activity, relaxation, and rest. As a response of the heart to these situations, we 
observed different behavior in the Root Mean Square of the Successive differences heartbeats (RMSSD). This study aims to analyze
Virtual Reality via a virtual reality headset as an effective stressor for future works. The value of the Root Mean Square of the 
Successive Differences is an important marker for the parasympathetic effector on the heart and can provide information about 
stress. For these measurements, the RR interval was collected using a breast belt. In these studies, we can observe the Root Mean 
Square of the successive differences heartbeats. Additional sensors for the analysis were not used. We conducted experiments with 
ten subjects that had to drive a simulator for 25 minutes using monitors and 25 minutes using virtual reality headset. Before starting 
and after finishing each simulation, the subjects had to complete a survey in which they had to describe their mental state. The 
experiment results show that driving using virtual reality headset has some influence on the heart rate and RMSSD, but it does not 
significantly increase the stress of driving.
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1. Introduction   

Awareness about health is of great importance in modern society. Collecting bio vital data became an essential part 
of it, and as a result, it changed the perception and understanding of stress [1]. Nowadays, there are several 
approximations for the estimation of stress. Currently, the most common approaches for detecting stress implement 
three different principles: The first one uses surveys or self-report questionnaires to evaluate the mental state; the 
second approach uses laboratory biomarkers like adrenaline and cortisol [2], behavior pattern analysis [3], and the 
latter approach uses physiological parameters like heart rate or skin conductivity [4] for stress detection. The approach 
that was used in this experiment uses a reduced data set that separates between more or less stress while using the 
simulation via monitors or virtual reality headset. 

The main challenges of detecting stress belong not only to its detection itself but also its separation from other 
situations like relaxation, physical activity. Currently, there is a big choice of consumer devices and portable EGC 
devices that measure heart rate and monitor activity, which could be used for stress detection. Nevertheless, the 
challenge of separation remains. It is well known that there are some long-term effects of stress on the cardiovascular 
system [5, 6, 7], stress affects the immune response of the body [8], it can trigger panic attacks [9], and it lowers the 
life quality [10, 11]. Additionally, stress makes it difficult to cope with physical and mental demands [12, 13, 14], and 
it has a harmful influence on the development of brain structures [10]. Simplifying, stress could be considered to be a 
negative influence on health and life quality, so it is important to preserve and quantify it and reduce the amount of 
stress that we experience. As an additional complication, we can name the misdetection of physical activity as stress. 
By contrast with stress, physical activity has positive long-term effects such as change of the lipase composition of the 
body [15] and improvements in the cardiovascular system. Like stress, physical activity has short-term effects. As we 
could observe in previous works, many additional stressors or influencers change the heart's behavior. As an example, 
relaxation changes the heart rate and systolic blood pressure [16, 17]. This makes it essential to find stressors that we 
can use to collect different datasets and improve stress detection.  

For this work, it is essential to understand and to define stress. In this case, we define stress not as the peak of a 
dramatic event but as a reaction to the situations that require a fast response or elevated activity or just in unusual 
situations. We can consider that stress is a part of our daily life; it is a mechanism that helps us to evaluate unknown 
and dangerous situations and give faster responses by increasing the efficiency of our reactions. As an example, in 
'fight or flight' situations, stress reduces the time for reacting and decision-making, and as a consequence, in a 
dangerous situation, we choose between confrontation or escape [18].  

Driving is a typical daily activity for many of us. A large amount of studies shows that driving efficiency and safety 
are strongly influenced by emotions and stress levels of the driver [19, 20, 21] . Several studies prove a strong 
relationship between traffic accidents and stress [22, 23]. That is why we have chosen this use case for the current 
study, as it is a common activity that is easy and safe to simulate.   

2. Methods and materials 

In the following section, we describe the protocol followed during the experiment and the materials used. To record 
the heart rate, ECG, and stress, two devices were used: the chest band Polar H101 and the wristband Empatica E42. 
Additionally, to measure surrounding conditions such as temperature, humidity, and C02 levels during the experiment, 
we applied the Netatmo3 sensor. The environment conditions were not used in the measurement of stress because the 
conditions while the simulation where similar and did not change much. 

 

 
1 https://www.polar.com/de/produkte/accessoires/herzfrequenz_sensor_h10. 
2 https://www.empatica.com/research/e4/ 
3 https://www.netatmo.com/en-us/weather/weatherstation/indoor-module 
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2.1. Heart rate and ECG signal 

The heart signal's advantage is that it can be acquired in a non-invasive way, and the Heart Rate Variability (HRV) 
correlates with stress. In this study, two sensors were used to measure stress: the chest band Polar H10 and the 
wristband Empatica E4. There are two domains of how the heart rate variability can be analyzed: by time domain and 
by frequency domain. 

For the time domain analysis, quantifying the mean and the standard derivation of two consecutive heartbeats 
intervals has to be done. A heartbeat interval is defined as RR Interval, and an R peak represents the highest peak of a 
heartbeat on the QRS complex. An RR interval is the time between two heartbeats. The used measurements for the 
time domain are the following: average RR in milliseconds (ms), standard derivation of consecutive RR during the 
experiment (SDNN), average heart rate (HR) in ms, standard derivation heart rate (STD HR), the root mean square of 
successive differences (RMSSD) and the pNN50 (%) that indicates the proportion of consecutive RR intervals with 
the difference of more than 50ms. This value decreases when stress increases.  

For the frequency domain analysis, we have to calculate the power of the respiratory dependent higher frequency 
and the lower frequency components of the heart rate. For this, we use the following measurement: LF/HF indicates 
the ration of the low-frequency power (0.04-0.15 Hz) that is modulated by the sympatric and parasympathetic nervous 
system and the high-frequency power (0.14-0.4 Hz) related to parasympathetic activity. This value indicates a global 
sympatric vagal balance [24]. High results for LF/HF indicate that the sympathetic system is dominant. This happens 
when there is elevated stress.    

Nowadays, there is available a wide range of devices that enable the non-invasive recording of the heart. One of 
the most popular methods that are used in wearable devices is photo-plethysmography. This kind of device measures 
the blood volume pulse. The main drawback of this method is the sensitivity to movement and the changes in the 
device's contact pressure. [25]. An alternative that also allows the non-invasive measurement of the heart rate and, at 
the same time, provides higher accuracy are the chest bands with electrodes and ECG function. [26] .  

Polar H10 that was used for this study belongs to the second group of the devices and offers similar functionality 
as an ECG Holter [27].   

2.2. Driving simulator 

For this study, we used the driving simulator 'City Car Driving' [28]. The main reasons for choosing this simulator 
were the following: realistic driving experience based on advanced car physics, real traffic rules, adjustable traffic 
conditions, realistic pedestrian and car simulation, and high-quality graphics simulator. For this experiment, we have 
chosen the scene 'Old district' because it characterizes with narrow streets, simple crossing, clear traffic patterns. The 
software simulator was executed on a driving simulator with characteristics, as shown in Table 1. For driving without 
virtual Reality, three 27-inch screens were used. To operate simulation and to provide a realistic driving experience, 
we used the steering wheel Logitech G24 with gearbox and pedals. This steering wheel also offers force feedback. 
This allows us to achieve an immersive experience in the virtual environment. 

Table 1. Specifications of the PC in which the driving simulator is run 

Model Alienware Area-51 R4 

Processor Intel Core i7-7800X 

Chipset Intel X299 PCH 

Memory 16 GB DDR4 2666 MHz 

GPU 2 X Geforce 1080 TI SLI 

Storage 128 GB  SanDisk  M.2 
SSD 

 
The driving performance was recorded with a specially developed program that captures the rotation of the steering 

wheel, the pressure applied on the pedals, and the number of traffic infractions the test subjects realized. 
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2.3. Music tempo 

Music can influence human behavior. Several studies show that e.g., fast music reduces the amount of time that 
customers spend in supermarkets; in pubs, it makes people drink their beverages faster [29, 30] or while driving fast 
music can increase the readiness to drive faster [31]. 

For this study, the participants listened to the music using noise-canceling headsets, increasing the immersion into 
a simulation, and reducing external influences. Each participant could configure the volume individually according to 
their personal preferences. Two playlists were created for the participants. The first playlist consists of low tempo 
compositions (65-71 bpm), and the second playlist included songs with a faster tempo (155-188 bpm). The audio was 
reproduced with a quality of 320 bps. Aditional to the music, the driver hears the sounds of the virtual environment of 
the driving simulator. 

2.4. Survey  

Before starting to drive, an initial survey had to be completed by the participants, as well as the second survey after 
driving. The first survey gives information about the emotional state, physical state, and the experiences of the 
participants. The final survey is aimed to collect the data about the emotional and physiological state of the participants 
after completion of the driving exercise and to observe if the driving task had any influence on the driver. Additional 
questions in the final survey refer to the realism of the simulation, own perception of the driving performance, and the 
environment perceptions such as temperature and noise. These additional questions allow us to compare their 
subjective perception of the situation with the measured data and to find out whether the simulator is realistic enough 
and usable as a tool for collecting data.        

2.5. Procedure description 

The study is composed of 6 parts. First, the participant answers the survey and places the chest band and writs band. 
Then, the participant sits on a seat and places the headset and starts to listen to Mozart's Sonata for Two Pianos in D 
major. This first phase is used to relax the participant and stabilize the sensors and devices. After this, the participant 
starts driving for 25 minutes, and the heart signal, environment characteristics, and driving are recorded. As soon as 
the participant starts driving, the system proposes a route that he has to drive. The proposed route always has a length 
of 5 km. The amount of traffic is always the same and comparable. A counter starts at 20 points, for each infraction a 
point is taken, and if the counter reaches 0 points, the route has to be restarted. After 25 minutes, the participant can 
rest for 1-2 minutes. After the participant has set up comfortably and started the VR, the VR headset a new route is 
initialized with the segments of 5 km and 25 minutes. After this, the participant can rest 1-2 minutes and has to answer 
the final survey.    

3. Results 

A total of 10 drivers with an average age of 25.4 (max: 33, min: 20; std. dev.: 3.47) and driving experience of 7 to 
8 years (max 15, min: 2, std. dev: 3.62) participated in the experiment. First, the participant put on the sensors, 
completed the initial survey, and then listened to Mozart's Sonata for Two Pianos in D major using headphones. This 
track has been selected because it improves mental function [32]. The objective of this phase is to be relaxed before 
the driving test and to stabilize the sensors. 

Participants drove for 25 minutes. The drivers had to complete the routes proposed by the GPS of the driving 
simulator. Each route has a length of 5 km, and its level of difficulty is comparable because the concentration of 
vehicles and pedestrians is the same in all cases. The driving simulator assigns points to the participant at the beginning 
of the route. Each time an infraction is committed, points are deducted. When the score is zero, he or she must repeat 
the route. This allows the participant to focus on the driving task as if in a real environment [33]. The driving time is 
25 minutes to ensure that there is enough time for the stress data to be valid [34]. Afterward, the participants relaxed 
for 5 minutes and started the same test again, but in this case, using virtual Reality. 
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We have used the Sympathetic Tone Index (SNS) [35] to compare the stress suffered by the participant when they 
are driving using the driving simulator with and without virtual Reality. SNS index is calculated using Mean HR 
(bpm), Baevsky’s stress index, and LF power normal unit (n.u.). Figure 1 captures the values obtained by the 
participants without and with virtual Reality. The results show that there are no significant differences in the stress 
level when drivers do not use virtual reality (average SNS index = 0.898, SD = 1.23) with when they do use it (average 
SNS index = 0.784, SD = 1.16), t (9) = 1.210, p> 0.05. An SNS index value of zero means that the parameters reflecting 
sympathetic activity are, on average equal to the normal population average. Non-zero SNS index values describe 
how many SDs below (negative values) or above (positive values) the normal population average the parameter values 
are. 
 

 

Fig. 1. Comparison of Sympathetic Tone Index (SNS). 

Table 2 shows the results of the analysis of heart rate variability in time and frequency. We can observe that the 
participants who manifested a high level of stress during the driving test without virtual Reality also presented it when 
they used virtual Reality. This is the case of drivers 3, 5, 6, 7, and 10.  

Figure 2 captures the results of the survey completed by the participants before starting the driving test. Participants 
were asked about the level of stress they normally feel when driving in a real environment and the quality of sleep the 
last night. We have used a Likert type scale where ‘1’ has a very positive meaning (the driver says that he does not 
suffer stress when driving or he slept very well the night before) and ‘5’ is considered very bad (the driver suffers a 
lot of stress when driving in the real environment or did not sleep well the last night). The responses have been grouped 
according to the SNS index obtained when using the simulator. There are two groups, those that obtain an SNS index 
less than or equal to 0.76 (relaxed drivers) and those that obtain an SNS index higher than 0.76 (stressed drivers). In 
both cases, we are considering the values obtained with and without virtual Reality. The data indicates that there is a 
significant difference between both groups F (9) = 24.20, p <0.05 second the ANOVA test when we consider the stress 
question. The drivers who feel the most stress when driving in the real environment are the ones who show the most 
stress in the virtual environment, using virtual Reality and without it. In the case of the question about sleep quality, 
the drivers who presented the highest stress level during the driving test were the ones who slept the worst the night 
before. The difference between the two groups is significant. The ANOVA test result is F (9) = 12.25, p <0.05. 
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Table 2. Heart Rate Analysis 

Driver Virtual Reality Average RR 
(ms) 

SDNN 
(ms) 

Average 
HR (bpm) 

STD HR 
(bpm) 

RMSSD 
(ms) pNN50 LF/HF 

1 
No 813.11 23.90 73.79 2.21 24.72 4.10 3.36 

Yes 743.71 42.41 80.67 4.72 31.80 10.56 2.48 

2 
No 860.17 32.67 69.75 2.66 24.38 3.98 3.96 

Yes 862.86 30.54 69.53 2.47 22.49 2.57 4.76 

3 
No 674.51 51.95 88.95 6.85 32.15 8.72 6.29 

Yes 686.20 61.92 87.48 7.86 40.04 13.53 5.04 

4 
No 813.95 43.33 73.71 4.02 35.54 13.96 3.35 

Yes 884.46 58.33 67.83 4.57 46.81 22.78 2.78 

5 
No 625.47 29.776 95.92 4.57 19.29 1.88 2.93 

Yes 650.04 30.624 92.30 4.31 20.15 1.53 2.38 

6 
No 693.55 28.961 86.51 3.63 18.07 1.01 7.62 

Yes 697.13 37.552 86.06 4.58 20.12 2.65 8.78 

7 
No 700.52 55.332 85.65 6.80 47.19 16.23 1.78 

Yes 740.45 40.64 81.03 4.36 33.94 13.20 2.05 

8 
No 1175.90 77.084 51.02 3.37 81.18 48.88 2.11 

Yes 1133.00 82.77 52.91 3.92 83.59 50.36 2.17 

9 
No 804.11 44.07 74.61 4.11 32.63 9.91 5.93 

Yes 769.06 68.41 78.01 6.87 48.95 19.22 5.27 

10 
No 729.06 28.20 82.29 3.19 19.32 1.09 3.56 

Yes 743.37 28.34 80.71 3.09 20.15 2.20 3.36 
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Table 2. Heart Rate Analysis 

Driver Virtual Reality Average RR 
(ms) 

SDNN 
(ms) 

Average 
HR (bpm) 

STD HR 
(bpm) 

RMSSD 
(ms) pNN50 LF/HF 

1 
No 813.11 23.90 73.79 2.21 24.72 4.10 3.36 

Yes 743.71 42.41 80.67 4.72 31.80 10.56 2.48 

2 
No 860.17 32.67 69.75 2.66 24.38 3.98 3.96 

Yes 862.86 30.54 69.53 2.47 22.49 2.57 4.76 

3 
No 674.51 51.95 88.95 6.85 32.15 8.72 6.29 

Yes 686.20 61.92 87.48 7.86 40.04 13.53 5.04 

4 
No 813.95 43.33 73.71 4.02 35.54 13.96 3.35 

Yes 884.46 58.33 67.83 4.57 46.81 22.78 2.78 

5 
No 625.47 29.776 95.92 4.57 19.29 1.88 2.93 

Yes 650.04 30.624 92.30 4.31 20.15 1.53 2.38 

6 
No 693.55 28.961 86.51 3.63 18.07 1.01 7.62 

Yes 697.13 37.552 86.06 4.58 20.12 2.65 8.78 

7 
No 700.52 55.332 85.65 6.80 47.19 16.23 1.78 

Yes 740.45 40.64 81.03 4.36 33.94 13.20 2.05 

8 
No 1175.90 77.084 51.02 3.37 81.18 48.88 2.11 

Yes 1133.00 82.77 52.91 3.92 83.59 50.36 2.17 

9 
No 804.11 44.07 74.61 4.11 32.63 9.91 5.93 

Yes 769.06 68.41 78.01 6.87 48.95 19.22 5.27 

10 
No 729.06 28.20 82.29 3.19 19.32 1.09 3.56 

Yes 743.37 28.34 80.71 3.09 20.15 2.20 3.36 
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In conclusion, virtual Reality did not cause additional stress when the participants drove in the driving simulator. 
The main advantage of this technology is that the simulation seems more realistic. However, its main drawback is that 
it causes dizziness. Participants filled out a survey where they evaluated using a Likert scale if they felt dizzy after 
completing the driving test. On this scale, '1' meant that they were not dizzy and '5' that they were very dizzy. The 
mean value was 3.1 ± 0.73 for drivers who used virtual Reality. In the case of 21 drivers who carried out the same test 
but without using virtual Reality, the mean value was 1.33 ± 0.96. Therefore, virtual Reality can be a headset learning 
tool for drivers to improve driving from an ecological and safety point of view. However, virtual reality devices must 
improve to avoid dizziness that discourages their use and reduces training time. 

4. Conclusions and future work  

In previous studies, we collected data in four different situations, and we tried to describe stress using heart signals 
detection. In this study, we only observed the heart signals while driving a simulator with and without VR. The aim 
was to analyses the use of virtual reality headset as a possible stressor. For this, we compared the HRV of 10 
participants while driving with and without virtual Reality. The obtained data showed that the participants had a 
slightly higher heart rate and other physiological parameters, but a proof that VR induces more stress could not be 
observed in such small group although we could observe some stress response and dizziness by some participants 
while using the VR.   

Future research should consider the potential effects of virtual Reality as a possible stressor more carefully, for 
example, by expanding the study to a bigger group of participants. If the results do replicate in a bigger study, different 
applications for the VR could be considered, such as teaching driving or other applications. 
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