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Highlights

« Flight simulator directly induces stressful stimuli that affect the subject’s body.

« Activation of the sympathetic nervous system increases proportionally with rising mission difficulty.
« Visual-motor reaction time decreases as mission difficulty increases.

Abstract

Objectives: The aim of this article is to investigate the psychophysiological responses of unmanned aerial vehicle (UAV) pilots during flight simulations
with high mission complexity. In particular, it focuses on the responses of the sympathetic and parasympathetic parts of the autonomic nervous system.
Material and Methods: Fourteen pilots aged 26-31 years took part in the study. The research was conducted using a UAV flight simulator. During
the test, data was collected from electrocardiogram sensor and piezoelectric (lead zirconate titanate — PZT) respiration sensor as well as the pilot’s mis-
sion performance was assessed. In addition, the test subjects were subjected to a simple reaction speed test after the completed exercise. Results: For
missions classified as having low difficulty, the mean RR interval (meanRR) was 1004.03 milliseconds, with a standard deviation (SD) = 18.5 ms. This
corresponds to an mean heart rate of about 59.8 bpm (SD = 1.1), which is 16.9% longer than the RR intervals observed during high difficulty missions
(meanRR+SD 859+59.75 ms). The values of respiratory rate per minute for the different levels of difficulty were M+SD 17.3+0.87 for low, 18.1+1.04 for
medium, and 18.8+0.41 for high mission difficulty. Conclusions: A correlation between the effects of an unmanned aircraft flight simulator and the pi-
lot’s body was proven. By means of tests using electrocardiogram, PZT and reaction time measurements, it was proven that the flight simulator directly
induces stressful stimuli that affect the subject’s body. By analyzing the individual results, it was also proven that the sympathetic part of the nervous
system is activated as the level of mission difficulty increases. Int ] Occup Med Environ Health. 2025;38(4)
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INTRODUCTION

The development and popularization of unmanned aerial
vehicles (UAVs) have revolutionized many fields. Both
military missions and civilian operations are carried out
with their help. With the increasing number of UAVs and
the complexity of the missions performed by pilots, the
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need to understand the psychophysiological reactions in
the pilots’ bodies has been recognized. Understanding the
aspects involved appears to be key to optimizing the per-
formance and safety of the flights performed. This article
focuses on the responses of the sympathetic and parasym-
pathetic parts of the autonomic nervous system to the im-
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pact of a flight simulation of an unmanned aircraft with
a high level of mission complexity [1-4].

The research is important because of its potential implica-
tions for drone pilot performance and accident prevention
in general. Activating the sympathetic or parasympathetic
nervous system is important for stress response, decision-
making, and cognitive function. Understanding these re-
sponses regarding UAV piloting can provide clues to the
physiological factors contributing to drone accidents and
help develop accident prevention strategies.

Most research focuses on analyzing pilots’ physiological
responses during manned flight. Research targeting un-
manned aerial vehicle pilots needs more attention with
the increased frequency of UAVs use and future co-func-
tioning with manned aviation.

The extant literature contains a paucity of research specifi-
cally addressing UAVs pilots, and, in particular, the response
of their autonomic nervous systems to simulation-generated
stimuli. A number of studies have been conducted on driving
simulators [5-7], however, in this instance, the nature of
the simulation is distinct. The simulator sessions, which are
characterized by their monotony, do not accurately reflect
the exercises that involve the use of simulators to pilot un-
manned racer aircraft with first person view (FPV) imaging.
As indicated in the literature, references to the psychophys-
ical state of pilots during flight simulator training princi-
pally pertain to pilots of manned aircraft [8,9]. A plethora
of studies have been conducted on the effects of flight simu-
lators on various physiological parameters, including heart
rate (HR), heart rate variability (HRV), respiration, and elec-
troencephalogram (EEG). However, the majority of these
studies have concentrated on the changes in these param-
eters in response to the workload levels of pilots [10,11],
rather than on the difficulty level of the mission itself [8].
This study aims to fill these gaps in the literature. The au-
thors assessed and compared the sympathetic and para-
sympathetic nervous system responses of drone pilots

flying missions of varying difficulty levels. Through this re-
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search, the authors want to highlight the psychophysiolog-

ical challenges that drone pilots face in their daily work.

The autonomic nervous system

The autonomic nervous system is divided into the sympa-
thetic and parasympathetic systems. These systems occur
both at rest and during stressful situations. Their reactions
are reciprocal; when one is activated, the other becomes
quieter [12,13].

Mechanisms of action of the sympathetic nervous system

The sympathetic nervous system is responsible for the
body’s responses in stressful and threatening situations.
It works on a fight-or-flight basis and influences many
physiological functions, including breathing and the car-
diovascular system [14-16]:

- neurotransmitters

o norepinephrine is the sympathetic nervous system’s
primary neurotransmitter, released from nerve end-
ings, and affects various adrenergic receptors in
target tissues,

o adrenaline is released from the adrenal medulla into
the bloodstream, enhancing norepinephrine’s action,
adrenergic receptors,

o a-adrenergic receptors are responsible for vasocon-
striction, leading to increased blood pressure,

o P-adrenergic receptors have different functions de-
pending on the type f,-adrenergic receptors (,-AR):
increases heart rate (chronotropic), the strength of
heart contractions (inotropic), and conduction of
impulses (dromotropic), B,-adrenergic receptors
(B,-AR) causes bronchodilation (bronchodilation)
and smooth vascular muscle relaxation (in skeletal
muscle areas),

- changes in respiratory parameters

o bronchodilation: the effect on $,-AR causes bron-

chial smooth muscle relaxation, leading to increased

airflow through the airways,
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o increase in respiratory rate: an increase in sympathetic
activity increases respiratory rate, allowing faster de-
livery of oxygen to the tissues and removing carbon
dioxide,

- changes in cardiovascular parameters

o increase in heart rate: norepinephrine acting on
B,-AR in the heart leads to accelerated heart rate
(tachycardia),

o increased strength of heart contractions: the action
of norepinephrine on 3 -AR increases the strength of
heart contractions, leading to an increase in stroke
volume and cardiac minute volume,

o vasoconstriction: norepinephrine acting on a-adre-
nergic receptors causes vasoconstriction, increasing
peripheral resistance and blood pressure,

o redirection of blood flow: the vasoconstriction of
blood vessels in areas that are not relevant at the mo-
ment (e.g., skin, digestive system) and the vasodi-
lation of vessels in key areas (e.g., skeletal muscles,
heart) enables the body to use its energy resources

in stressful situations optimally.

Mechanisms of action of the parasympathetic nervous system
The parasympathetic nervous system acts in opposition to
the sympathetic nervous system. It is responsible for re-
storing and maintaining the body’s homeostasis and the
“rest and digest” response [14-16]
- neurotransmitters
o acetylcholine is the parasympathetic neurotrans-
mitter released from nerve endings and affects cho-
linergic receptors in target tissues,
- cholinergic receptors
o muscarinic receptors are responsible for most of
the effects of acetylcholine in the parasympathetic
system,
o nicotinic receptors can be found mainly in auto-
nomic ganglia and skeletal muscles,

o changes in respiratory parameters,

o bronchospasm is an action on muscarinic receptors
that causes bronchial smooth muscle contraction, de-
creasing airflow through the airways,

o decrease in respiratory rate: a decrease in sympathetic
nervous system activity and an increase in parasympa-
thetic activity results in a decrease in respiratory rate,
contributing to energy conservation and recovery,

— changes in cardiovascular parameters

o decrease in heart rate: acetylcholine acting on mus-
carinic receptors in the heart leads to a slowing heart
rate (bradycardia),

o decrease in the strength of heart contractions: the ac-
tion of acetylcholine on muscarinic receptors causes
a decrease in the strength of heart contractions,
leading to a decrease in ejection volume and car-
diac minute volume,

o vasodilation: acetylcholine acting on muscarinic re-
ceptors in blood vessels causes smooth muscle relax-
ation, leading to vasodilation and decreased periph-
eral resistance,

o increased blood flow to the digestive organs: an in-
crease in parasympathetic activity redirects blood
flow to the digestive system, promoting digestion

and nutrient absorption.

MATERIAL AND METHODS

Experimental participants

The study was conducted on a group of 14 male UAVs pi-
lots, individuals with varying piloting skills. However, in
order to create the study group, an effort was made to se-
lect individuals with similar experience of flying UAVs.
Furthermore, it was observed that the pilots primarily
flew UAVs of the same type. The mean age of the subjects
was 27.1 years old, with the youngest pilot being 26 years
old and the oldest 31 years old. Each subject reported no
psycho-physical complaints at the time of testing that
could potentially affect test results. The test subjects never

experienced symptoms of motion sickness. The subjects

1JOMEH 2025;38(4)
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Figure 1. BITalino PsychoBIT module used in the research on group
of 14 male unmanned aerial vehicles pilots, Military University
of Technology, Warsaw, Poland, April 2025

were rested on the day of testing, had not taken any med-
ication or alcohol, and had not exercised before testing
(so as not to artificially affect cortisol levels). In addition,
all had previous experience flying unmanned quadcopter
aircraft using the FPV system and the Liftoft simulator.

The execution of the study was preceded by the issuance of
consent to conduct the study by the Bioethics Committee
at the Military Medical Chamber in Warsaw (Resolution
No. 20/23 of the Bioethics Committee at the Military Med-
ical Chamber in Warsaw dated July 14, 2023 on issuing an

opinion on the medical experiment project).

Software and apparatus used in the study

The study used Liftoff, an existing UAV racing drone sim-
ulator. The system uses advanced drone models validated
through empirical testing and computational fluid dy-
namics (CFD) simulations. In addition, the simulated
drones are configurable, and their components are de-
signed according to factual specifications, which makes
the simulated flights highly realistic [17,18].

The drone simulator was run on a Dell Precision laptop (Dell,
Round Rock, TX, USA) (13th generation Intel(R) Core(TM)
i9-13950HX 2.20 GHz [Intel, Santa Clara, CA, USAJ;
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64 GB RAM; NVIDIA RTX 3500 [NVIDIA Corporation,

Santa Clara, CA, USA]) with Windows 11 Pro (Microsoft,

Redmond, WA, USA) operating system.

The BITalino PsychoBIT kit (BITalino, Lisbon, Portugal)

was used for biomedical data acquisition (Figure 1).

The tests focused on measuring heart rate variability and

the pilot’s respiratory signals.

Each time after the flight, the pilot performed an ad-

ditional test to check reaction time (visual-motor RT).

The test was conducted using a program available on the

Arealme website [19].

The BITalino PsychoBIT kit consists of a main chip, the

BITalinoCore BT, which allows Bluetooth communication

with a computer to collect measurements. The BITalino-

Core BT has six analog channels that allow the connection

of sensors such as electrocardiogram (ECG) sensor, elec-

trodermal activity (EDA) sensor, piezoelectric (lead zir-

conate titanate — PZT) respiration sensor, pulse sensor,

and others [20].

Electrocardiogram and PZT sensors were used in the

study. Figure 2 shows an example of electrode placement

and the BITalino module.

The basic technical parameters of the ECG sensor

are [21,22]:

- gain 1100 - determines how much the input signal will
be amplified before processing,

- range 1.5 mV - the range of voltages the sensor can
record, with a supply voltage of 3.3 V,

- frequency response 0.5-40 Hz - the minimum and max-
imum frequency of the signals the sensor can record,

- power consumption ~0.17 mA - the current consumed
by the sensor during operation,

- input voltage range 2.0-3.5 V - the supply voltage at
which the sensor operates correctly,

- input impedance 7.5 GQ - the input resistance of the
Sensofr,

- interference suppression index 86 dB - the system’s

ability to attenuate the same noise on both signal inputs.
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Respiratory sensor

The PZT sensor can determine whether the subject inhales
or exhales. It is housed in a flexible band that can be ad-
justed to fit the user’s chest. Its electrical output signal in
proportion to the mechanical stress acting under the rising
or falling of the human chest.

The parameters of the PZT sensor are:

— reinforcement 1,

- range 1.5V,

- frequency response 0.59-0.9 Hz,

— power consumption 35 pA [23-25].

Research procedure

Three maps with difterent levels of difficulty were selected
for the survey. The pilots unanimously labeled each route
profile according to easy, medium, and difficult categories.
Pilot had to pass all the checkpoints as quickly as possible
during each test. Missing any point prevented comple-
tion of the test. Each time the pilot performed a mission,
he was connected to an ECG and a PZT sensor. Data from
the ECG and PZT sensors were recorded during each flight
and entered into computer memory. After completing the
task, the participant performed a visual-motor RT test
5 times. The ECG and PZT were not measured during the
test. This was due to the dynamic nature of the visual-
motor RT test, which could have distorted the results.
It was followed by a 10-minute rest, after which the test
subject was asked to repeat the test at a given level of route
difficulty. Nevertheless, in order to mitigate the potential
impact of pilot fatigue on their ability to pilot the aircraft,
it was imperative to discontinue the tests if the pilot ex-
hibited signs of fatigue or self-reported fatigue. The sub-
sequent day’s tests were scheduled for the afternoon, en-
suring a consistent and uninterrupted evaluation process.
Each pilot performed 10 flights on each of the 3 routes,
which allowed data from 420 flights to be analyzed.
Parameters directly reflecting the heart rhythm were se-
lected to interpret the ECG results. The analysis focused
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Figure 2. The mean RR interval (meanRR) of individual respondents

ata) low, b) medium, and c) high level of mission difficulty, in the research

on group of 14 male unmanned aerial vehicles pilots (mean age 27.1 years),
Military University of Technology, Warsaw, Poland, April 2025

on measurements taken in both the frequency and time
domains. Table 1 shows the parameters analyzed with an

explanation of their significance.
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ORIGINAL PAPER P. WOJCIECHOWSKI ET AL.

Table 1. List of heart rate variability parameters
and their significance [26-29]

Parameter Meaning
Heart rate variability
time domain

minRR minimum temporal interval between consecutive
vertices R [ms]

maxRR maximum temporal interval between consecutive
vertices R [ms]

meanRR mean of the temporal intervals R to R [ms]

SDRR standard deviation of the mean of the temporal
intervals R to R [ms]

meanHR mean heart rate [bpm]

RR20 number of differences between consecutive
Rto Rintervals >20 ms

pRR20 percentage of differences >20 ms [%]

RR50 number of differences between consecutive
N to N intervals >50 ms

pRR50 percentage of differences >20 ms [%]

frequency domain

LF power value of the spectral power density for the low-
frequency band to the total spectral power [%)]
HF power value of the spectral power density for the high-
frequency range to the total spectral power [%]
TOTAL power total spectral power from the distribution [ms?/Hz]
LF/HF ratio of the spectral power value
in the low-frequency range to the spectral power
in the high-frequency range
Respiratory
RESP FREQ respiratory rate based on the entire sensor
signal [breaths/min]
FREQ frequency for the maximum value from the power

density distribution of the signal spectrum

Parameters directly reflecting the respiratory system were
selected to interpret the PZT results. Parameters in the
frequency domain determining respiratory and frequency
from the spectral power density distribution were ex-
tracted as the most authoritative. Table 1 shows the pa-
rameters analyzed with an explanation of their signifi-

cance.
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RESULTS

First, the results are presented by the mission difficulty
level. The following section presents a summary of the re-
sults and how they compare to each other.

A tabular summary of the measurements’ results was
made for each difficulty level. Each pilot is represented by
one row, showing the arithmetic average of the results ob-
tained in the 10 measurement sessions performed at each

mission difficulty level.

Low level of mission difficulty

The mean RR value (meanRR) (Table 2, Figure 2a) from
all measurements was M+SD 1004.1+71.7 ms. It corre-
sponds to almost 60 bpm. The mean value of the spectral
power density for the high-frequency (HF) range to the
total spectral power of 3095.6% and the mean ratio of the
spectral power values in the low-frequency (LF) range to
the spectral power in the HF range of 0.26 indicate para-
sympathetic nervous system activity.

The value of the number of breaths per minute with
the easy path profile was M+SD 17.3+0.87, a level cor-
responding to the number of breaths performed under

normal conditions.

Medium level of mission difficulty

The meanRR (Table 2, Figure 2b) from all measure-
ments was M+SD 955.3+49.7 ms. It corresponds to al-
most 63 bpm. The mean value of the spectral power
density for the HF range to the total spectral power of
859.2%, as well as the mean ratio of the spectral power
values in the LF range to the spectral power in the HF
range of 0.9, indicate a balanced activity of the sym-
pathetic and parasympathetic parts of the nervous
system.

The value of the number of breaths per minute with the
mean path profile was M+SD 18.1+1.04, a level cor-
responding to the number of breaths performed under

normal conditions.
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High difficulty

level — cont.
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031+

2.8 18.13
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218+

528.2

896.8

102.3
124.9

285.7

3.0
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562+ 42138+ 248.61= 994.46x

3.49

8900 7974 44.0 258 75.2 85.0 0.1 6.0
786.3 12.0

12.07+
7.98

660.0
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600.71+ 1055.00+ 859.00+ 46.89+ 47.86%

177.74

18.98
18.82+
0.41

269.4

11.0 37.0

76.3
70.18+  90.07=  41.00+

333

36.6

950.0

14

total (M+SD)

0.01

268.10 49035  0.73

279.50

5975 1536 27.79 4.85 35.71 6.35

261.88

rMSSD — root mean square of successive differences.

Other abbreviations as in Table 1.

High level of mission difficulty

The meanRR (Table 2, Figure 2¢) from all measurements
was M£SD 859+46.9 ms. It corresponds to >70 bpm.
The mean value of the spectral power density for the HF
range to the total spectral power of 248.6% and the mean
ratio of the spectral power values in the LF range to the
spectral power in the HF range of 2.2 indicate increased
sympathetic nervous system activity.

The value of the number of breaths per minute with the
mean path profile was M+SD 18.8+0.41, a level cor-
responding to the number of breaths performed under

normal conditions.

Analysis of the results

The meanRR at all levels of mission difficulty was
min. 776.5 ms and max 1037.7 ms (Figure 3a). For the low
mission difficulty level, a RR of M+SD 1004.03+18.5 ms was
obtained. This time reflects approx. 59.8 bpm (SD = 1.1 bpm)
(Figure 3b). It is 16.9% more time than the high mission dif-
ficulty level (M+SD 859+59.75 ms) and 5.1% more for the
medium difficulty level (M+SD 955.29+19.2 ms). The heart
rate per minute increased with increasing mission difficulty
level (Figure 3b). When performing missions with a medium
difficulty level, the mean HR value (meanHR) was 62.8 bpm
with SD = 1.3 bpm, an increase of 4.8% relative to missions
with a low difficulty level. For missions with a high diffi-
culty level, the increase was 17.4% relative to the easy mis-
sion level (M+SD 70.2+4.8 bpm).

The LF/HF ratio reached values 0.1-3.5. The values for
the different difficulty levels were M+SD 0.26+0.12
for low, a 3.5-fold increase in the ratio for medium
(M#£SD 0.91£0.57), and an 8.4-fold increase for high mis-
sion difficulty (M£SD 2.18+0.73) (Figure 3c).

In the study presented here, the respiratory rate per
minute ranged 14.8-19.85. The values for the dif-
ferent levels of difficulty were M+SD 17.3£0.87 for low,
18.1+1.04 for medium, and 18.8+0.41 for high mission
difficulty (Figure 3d).
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Figure 3. a) The mean RR interval (meanRR), b) heart rate (HR), ¢) ratio of the spectral power value in the low-frequency (LF) range to the spectral power
in the high-frequency (HF) range, d) number of breaths per minute, and ) response time according to mission difficulty level in the research
on group of 14 male unmanned aerial vehicles pilots (mean age 27.1 years), Military University of Technology, Warsaw, Poland, April 2025

Average response time

The subjects’ visual-motor RT results ranged 192-259 ms.
The RT for the low difficulty level was M+SD 237+9.9 ms.
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It is 10% slower than for the medium difficulty level
(M+SD 228.1+12.3 ms) and 15% for the high difficulty
level (M£SD 209+8.1 ms) (Figure 3e).
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DISCUSSION

The heart rate increases as the mission difficulty level in-
creases, evident in the meanRR and meanHR parame-
ters. MeanRR decreases from 1004.03 ms at a low diffi-
culty level of the route to 955.29 ms at a high difficulty
level. It is equivalent to an increased bpm as the mission’s
difficulty level increased from an initial 59.8 bpm through
62.8 bpm at a medium difficulty level to 70.2 bpm for the
high difficulty level of the mission.

Heart rate variability analyzed from changes in standard
deviation of the RR interval (SDRR) and root mean square
of successive differences (rMSSD) parameters suggests
sympathetic nervous system activation as the mission dif-
ficulty level increases. At a low level of difficulty, a higher
mean value of the SDRR and rMSSD parameter is notice-
able (SDRR = 71.71 ms, rMSSD = 98.96 ms), suggesting
good body adaptation under low-stress conditions. These
parameters decrease with increasing mission difficulty and
reach SDRR = 49.71 ms and rMSSD = 55.87 ms for me-
dium and SDRR = 46.88 ms and rMSSD = 47.85 ms for
high difficulty, respectively. A decrease in the parameters’
values may indicate increased stress on the body or the
presence of stressful stimuli.

An additional parameter analyzed during the test, which
also indicates the activation of the sympathetic part of the
nervous system, is the LF/HF ratio. In low-level missions, its
low value is noticeable, which suggests a dominance of the
parasympathetic nervous system operation. The achieved
mean values of LE/HF ratio equal 0.26 are typical of relax-
ation conditions. An increase in the LF/HF ratio is cor-
related with an increase in the mission’s difficulty level,
reaching a maximum M = 2.18.

As the strain on the human body increases due to the in-
creased difficulty level of the mission, an increase in respi-
ratory rate is predicted. The results show that an acceler-
ation of the respiratory rate can be observed, but it is in-
significant. It may occur since all subjects were young and

had a high level of physical activity. Therefore, the work of

their respiratory system may be more efficient and not af-
fected by the tests performed.

Reaction time tests were conducted just after the subjects
performed the missions. The average results showed a sig-
nificantly faster reaction when the test was performed
after a high-difficulty mission. The difference is 15% faster
for easy missions and 10% for medium-difficulty missions.
Such results may indicate the persistence of arousal of the
sympathetic part of the nervous system after a completed
test using the simulator. It happens because the body is ex-
posed to stress for more complex missions and needs to
maintain a higher focus.

As indicated in the relevant literature [30], effective learning
is impeded under stress when the response to our actions
is immediate, as is the case in the context of UAVSs piloting.
Furthermore, Porcelli and Degado [31] posit that “chronic
stress may support a shift to habitual responding while pro-
moting an insensitivity to novel goal-directed contingen-
cies” In the context of aviation training, the primary ob-
jective is to optimize efficiency by ensuring that pilots are
able to assimilate new flight activities with maximum ease
and proficiency. Consequently, it becomes imperative to al-
locate a significant degree of attention to the pilot’s stress
levels during the training process. It has been demonstrated
that it is feasible to establish a mission level that is presently
low, high, or of moderate difficulty for the test subject. The
automatic selection of mission difficulty levels commensu-
rate with the activation levels of the pilot’s autonomic ner-
vous system has been posited as a means of enhancing the

efficacy of simulator training.

CONCLUSIONS

In this study, the main objective was to prove the corre-
lation between the impact of an unmanned aircraft flight
simulator and the pilot’s body. It has been proven through
tests using ECG, PZT, and reaction time measurements
that the flight simulator directly induces stress stimuli
that affect the subject’s body. By analyzing the individual
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results, it has also been proven that the sympathetic part
of the nervous system is activated as the level of difficulty
of the missions performed increases.

In future studies, the tests related to reaction time can be
extended by performing them several times in quick suc-
cession after the mission. It allows us to understand how
long the state of arousal of the sympathetic part of the ner-
vous system persists.

Further research into the autonomic nervous system re-
sponse to stimuli from a UAVSs flight simulator is needed.
Expanding the current study to include a more extensive
study group, including people of more diverse ages, gen-
ders, and levels of experience with UAVs flight, as well as
testing how much of an impact flying with FPV goggles
would have, would enable a more comprehensive assess-
ment of the sympathetic as well as parasympathetic parts
of the nervous system.

The data collected and the confirmation of the impact
of the UAV flight simulation allow us to present the hy-
pothesis that it is possible to use the data from the bio-
sensors as mission difficulty controllers, which would
result in the pilot, with each simulator exercise being
trained in conditions with an optimal level of mission
difficulty, adapted to his/her current skills and capabili-
ties. Autonomous selection of the difficulty level would
be feasible with artificial neural networks overseeing the

training processes.
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