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This study explores the relationship between ambient temperature and skin resistance in a vehicle cabin during winter. Using
1 Hz sensor data collected from four participants in Skoda Kodiag, key environmental factors, including temperature and comfort
features, were analysed. Strong negative correlations (up to -0.88) were found between skin resistance and temperature, especially
near the body or airflow sources. The physiological response was nonlinear, with faster reactions to cooling. Heated seats influenced
skin resistance trends, while particulate matter had no effect. The results suggest skin resistance as a potential indicator for thermal

comfort and adaptive climate control.
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The human body is equipped with a complex
thermoregulatory ~ system that maintains internal
temperature within a narrow range (approximately

36.5-37.5°C), despite varying external conditions. This
homeostatic mechanism is essential for the proper
functioning of physiological processes and overall organism
survival. In cold environments, mechanisms that reduce
heat loss are activated, primarily the vasoconstriction of
peripheral blood vessels, reduced skin perfusion, and in
extreme cases, muscle shivering. These processes lead to an
increase in skin resistance as the skin surface cools down,
dries out, and becomes less conductive (Partin et al., 2006).
Conversely, when exposed to heat, the body activates heat
dissipation mechanisms through vasodilation, increased
blood flow through the skin, and especially sweating, which
results in decreased skin resistance due to the moistening
of the skin surface and increased electrolyte concentration
(Montagu, 1964).

However, the body’s thermoregulatory responses are
influenced not only by ambient temperature but also by
a combination of environmental and internal factors. These
include air humidity, airflow direction and speed, clothing
insulation, individual thermal sensitivity, and psychological
state (e.g., stress while driving), all of which can affect
the measured physiological response (Paulov, 1995).

Skin resistance (electrodermal activity, EDA) has been
increasingly used as a non-invasive physiological parameter
reflecting changes in autonomic nervous system activity.
It is particularly sensitive to emotional and thermal stimuli
and has been proposed as a proxy for comfort, thermal
perception, and even stress level in enclosed environments
such as vehicle cabins.
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Our previous studies (Kollarik and Vitazek, 2024; Kollarik
et al., 2024) indicated a moderate correlation between
skin resistance and ambient temperature. However, based
on our latest measurements, we identified inconsistencies
in this relationship, suggesting the influence of additional
variables. These findings underscore the need for a more
comprehensive investigation that accounts for factors such
as airflow distribution, localised heating, cabin air quality,
and precise temperature sensor placement.

Understanding the interaction between ambient
conditions and physiological responses inside a vehicle has
significantimplications not only for optimising cabin climate
control systems but also for future applications in driver
monitoring, adaptive comfort algorithms, and autonomous
vehicle development. This article presents the results of
a pilot study focused on exploring the relationship between
physiological responses and microclimatic conditions inside
a vehicle. In this article, we demonstrate that seat heating
shows a direct proportional relationship with skin resistance,
in contrast to the effects of other comfort features and
environmental factors.

Material and Methods

Based on a detailed analysis of the methodology and
experimental conditions of both current and previous
measurements (Kollarik et al., 2024), we formulated four key
hypotheses presented in this study. Given the pilot nature
of this study, the experimental conditions were designed to
assess the feasibility of the measurements and to identify
potential correlations.
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The goal of these measurements is to evaluate
the correlation between skin resistance and ambient
temperature while eliminating or quantifying the influence
of other environmental and systemic factors.

The main factors that may influence measurement
results include:

— Particulate matter (PM) concentration in the air.

- Uneven temperature distribution within the vehicle
interior.

- Impact of comfort features such as heated seats, heated
steering wheel, and AirCare function.

- Placement of the temperature sensor inside the vehicle
cabin.

Equipment used

Skin resistance was measured using the same system as
in the study by Kollarik et al. (2024). Additional sensors
included the following.

Temperature sensors:

- DHT11 sensor for measuring temperature and humidity,
operating within 20-90% relative humidity (RH) and
0-50°C, with £5% RH humidity accuracy and +2°C
temperature accuracy. It was placed approximately 5 cm
from the solar plexus to monitor temperature conditions
near the body.

- TMP36 temperature sensor (range from -40 to 125 °C,
+2°C accuracy, and 0.5°C accuracy at constant
temperature). This sensor was mounted on the inner side
of the sun visor to reflect the air temperature in the upper
part of the cabin. An aluminium foil insulation layer was
applied to the opposite side of the visor to mitigate
the effects of solar radiation.

Particulate matter concentration sensor:

- Sharp GP2Y1010AUOF dust sensor (effective for detecting
particles such as smoke, dust, and pollen, with a detection
range of 0.5-10 um). The sensor operates based on an
infrared LED and phototransistor positioned diagonally
to detect reflected light from airborne particles. It is
sensitive to real-time changes in dust concentration and
provides an analogue voltage output corresponding to
particle density. In this study, the sensor was positioned
near the vehicle’s air vents to monitor PM levels entering
the cabin. To reduce ambient light interference and
airflow disturbances, the sensor housing was partially
shielded using matte black tape and foam insulation.

All sensors were connected to an Arduino Mini

microcontroller, which transmitted data to a portable
computer for further processing (Kousis et al., 2022).
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The test vehicle was 2019 Skoda Kodiaq, equipped with
a heated steering wheel, heated seats, three-zone climate
control, and AirCare function. Measurements took place on
the premises of Mendel University in Brno, ensuring highly
consistent conditions.

Experiment description

Each participant completed a 30-minute drive along
the same route. Prior to each session, the vehicle was
pre-heated to operating temperature. After every
measurement, the vehicle interior was ventilated for
5 minutes at the same location in a garage to ensure
consistent starting conditions for the next participant
(Buchecker et al.,, 2022). The climate control system was left
in automatic mode with target temperature settings listed
inTable 1.

Four participants took part (age: 20-28 years; weight:
65-92 kg; height: 163-183 cm). All were healthy adults with
no signs of acute illness. The gender ratio was balanced
1 : 1. All participants experienced a similar level of mental
load, as the measurements took place within the premises
of the university campus, ensuring consistent conditions
for all drives. This controlled environment helped maintain
uniform experimental parameters and minimised external
influences that could affect skin resistance values.

Skin resistance signal analysis

To evaluate changes in skin resistance and its relationship
to temperature, we used the same measurement device
(Kollarik and Vitazek, 2024), with electrodes attached to
participants’ palms using adhesive conductive gel.

The sampling frequency for skin resistance was 1 Hz. The
following analytical methods were applied:

— Outlier removal.

- Normality testing (Anderson-Darling, Shapiro-Wilk,
Kolmogorov-Smirnov, D’Agostino & Pearson) to
determine the appropriateness of parametric vs
nonparametric tests.

- Spearman correlation analysis — used to confirm
a monotonic relationship between skin resistance and
temperature where linearity could not be assumed.

- Segmented signal analysis — signal divided into segments
based on changing conditions (e.g., comfort feature
activation, temperature change) to better identify local
trends and physiological responses.

- Moving average method (window of 30 values, one-point
step) to smooth the signal and identify long-term trends.

- Time-delay analysis to detect the lag between
temperature changes and physiological response.

Table 1 Experimental measurement settings
Set temperature (°C) Time interval (min) Heated seat Heated steering wheel AirCare
18 5 off off off
18 5 off off on
22 5 off on off
22 5 off on on
24 5 on off off
24 5 on on on
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- By comparing median skin resistance values under
different thermal conditions, we could characterise
bodily responses to heating and cooling. Data analysis
was performed using GNU Octave.

Hypotheses

H1: The correlation between ambient temperature and
skin resistance is affected by the placement of
the temperature sensor. The closer the sensor is to
the subject, the better it reflects thermal load and
the stronger the observed correlation.

H2: The relationship between temperature and skin
resistance is nonlinear and shows different dynamics
during heating versus cooling. We expect that
temperature effects on skin resistance will have varying
delays and intensities depending on the direction of
change.

H3: The use of comfort features (heated seats, heated
steering wheel) has a measurable effect on skin
resistance, even at identical cabin air temperatures.

H4: Changes in PM concentration in the vehicle cabin do
not have a significant effect on skin resistance.

To test these hypotheses, we designed an experimental
methodology that minimises undesirable factors and
enables precise quantification of the studied relationships.

Unlike in previous measurements (Kollarik et al., 2024),
where temperature was recorded at one-minute intervals,
this study used a much denser sampling frequency for
temperature sensors (Naeimi et al., 2024), matching that of
skin resistance measurements (1 Hz) (Herceg and Herceg,
2020). This enabled more precise detection of rapid changes
and time lags in physiological responses (Xie et al., 2020).
These experimental measurements build upon our
previous studies conducted during summer but were
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performed in winter conditions at outside temperatures
between -2 °Cand 2 °C. Due to the cold climate, participants
wore long-sleeved clothing and trousers, which may have
affected the timing of their physiological responses to
interior temperature changes (Xie et al., 2020).

As shown in Table 2, the correlation between skin
resistance and temperature increased when the sensor was
placed closer to the body (Fig. 1), especially within direct
airflow from the A/C system (Kristanto and Leephakpreeda,
2018). While sensors at more distant locations (e.g., (580,
200, -560)) showed correlations around -0.4991, sensors
placed directly on the subject (0,0,0) showed values as high
as -0.8818. This supports Hypothesis 1 regarding sensor
placement affecting correlation strength.

Normality tests (Anderson-Darling, Shapiro-Wilk,
Kolmogorov-Smirnov, and D’Agostino & Pearson)
consistently showed significant deviations from a normal
distribution (Beloev et al., 2021). Thus, Spearman correlation
was chosen as the primary method, confirming a strong
negative monotonic relationship between temperature and
skin resistance (Zhang and Ruan, 2025). Normality was also
rejected in segmented data, categorised by comfort feature
activation.

The inclusion of the PM sensor enabled testing
Hypothesis 4. The results (Fig. 2) indicate that cabin
particulate levels (Tolis et al., 2021) have minimal impact on
skin resistance, supported by weak Spearman correlations
(r = 0.2205) and the assumption that short-term exposure
to low PM concentrations does not elicit immediate
physiological responses (da Graca and Martins, 2021).

An interesting phenomenon was observed during
heated seat activation (from 1200 s), where the polarity
of the correlation changed from a negative to a positive
relationship between temperature and resistance (Mercier
et al., 2022). This effect was consistent across participants,
with moderate to strong correlations (r = 0.5-0.8),
supporting Hypothesis 3 about the measurable impact of
comfort features. In contrast, the heated steering wheel

Fig. 1 Spatial location of sensors relative to the subject




Table 2 Spearman’s coefficient from actual and our previous measurements with other parameters
Sensor no. Sensor position from Temperature sampling Duration (s) Spearman’s coefficient
subject (x, y, z) (mm) frequency (s)
1 (580, 200, -560) 60 900 -0.4991 t0 -0.6706
2 (380,430, 510) 60 5400 -0.6256
3 (0,400, 450) 1 1800 -0.5606 to -0.7502
4 (0,0,0) 1 1800 -0.8020t0-0.8818

did not show the expected effect (from 600 s to 1200 s and
from 1500 s to the end), despite its physical proximity to
the measurement site. This is further analysed in Fig. 3
and Fig. 4. In the following figures, only the temperature
from sensor no. 4 is presented, as it exhibited the highest
correlation with skin resistance.

In the graphical representations of skin resistance and
temperature over time (Fig. 3 for male participants and

Fig. 4 for female participants), one of the first noticeable
differences lies in the range of skin resistance values. Female
subjects exhibited significantly higher resistance levels
compared to their male counterparts (M from 35,000 to
80,000 Q; F from 100,000 to 460,000 Q). For both genders,
a polarity shift in skin resistance is evident upon activation
of heated seats.
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Fig.4 Time-based graph of skin resistance and cabin temperature — female participants

As shown in Table 1, during the time interval from 900 s
to 1,090 s, a slight increase in skin resistance was observed
alongside rising temperature when both the heated steering
wheel and AirCare function were activated. This is attributed
partly to a decrease in relative humidity due to AirCare
operation and partly to the effect of localised heating from
the steering wheel. The resistance trend began to decline
again approximately 200 s later.

It is important to note that, in the final five minutes
of measurement for the female subjects, the intensity of
heating functions was reduced in response to reported
discomfort caused by excessive seat and steering wheel
temperatures. Additionally, one participant from each
group was selected for a temperature drop test: in the final
three minutes, the cabin temperature was decreased to
19°C to confirm the expected increase in skin resistance
with decreasing ambient temperature.

The analysis of temporal responses revealed that
the body reacted more quickly and strongly to temperature
drops than to increases. This asymmetry in thermoregulatory
response dynamics supports Hypothesis 2. Due to
insulation, clothing, and the delayed heat distribution in
the cabin (Plesner and Pomianowski, 2021), the skin may
cool more effectively than it warms, explaining the varying
response intensities. Same conclusions are also mentioned
by D'’Angelo and Liith (2012) .

With sufficient calibration and known conditions (Mehel
etal.,, 2023), it may be possible to estimate cabin temperature
dynamics based on skin resistance data (He et al., 2024). This
hypothesis will be the subject of future research.

Conclusion

In the present pilot study, we focused on identifying
the relationship  between skin resistance and
ambient temperature in a vehicle cabin, while
also considering the influence of additional environmental
and comfort-related factors. The preliminary findings
confirmed that the accuracy of assessing thermal load
on the body is significantly affected by the placement

of the temperature sensor: the closer the sensor was to
the subject or to the air stream, the stronger the correlation
with skin resistance.

In contrast, air quality measured via particulate matter
concentration did not show a significant influence on skin
resistance, thereby refuting the hypothesis of its impact.

The hypothesis of a nonlinear bodily response to
temperature changes was only partially confirmed in
the preliminary analysis and requires more detailed
investigation of time delaysand the dynamics of theresponse
during heating and cooling. Individual psychological and
physiological variability was not explored in this study.

The findings of this study open avenues for future
research in which it may be possible to reconstruct cabin
temperature changes retrospectively based on the analysed
skin resistance trends. Such an approach could, in the future,
serve as a supplementary tool for evaluating driver thermal
comfort without the need for extensive environmental
sensing.

BELOEYV, I. - KINANEVA, D. - GEORGIEV, G. - HRISTOV, G. - ZAHARIEV,
P.2021. Artificial intelligence-driven autonomous robot for precision
agriculture. In Acta Technologica Agriculturae, vol. 24, no. 1, pp. 48—
54. DOI: https://doi.org/10.2478/ata-2021-0008

BUCHECKER, F. - LOOS, H. M. - BUETTNER, A. 2022. Smells like new
car or rather like an old carriage? Resolution of the decay behavior of
odorants in vehicle cabins during usage. In Indoor Air, vol. 32, article
no.e13112. DOI: https://doi.org/10.1111/ina.13112

DA GRACA, G. C. - MARTINS, N. R. 2021. Ventilative cooling and air
pollutants. In CHIESA, G. - KOLOKOTRONI, M. — HEISELBERG, P. (eds).
Innovations in Ventilative Cooling. PoliTO Springer Series. Cham :
Springer, pp. 79-124.

DOI: https://doi.org/10.1007/978-3-030-72385-9 5

D'ANGELO, L.T.— LUTH, T.C. 2012. Integrated systems for distraction —
free vital signs measurement in vehicles. In Auto Tech Review, vol. 1,
no. 9, pp. 34-38. DOI: https://doi.org/10.1365/540112-012-0121-x
HE, L. — LI, P — ZHANG, Y. - JING, H. - GU, Z. 2024. Intelligent
control of electric vehicle air conditioning system based on deep



https://doi.org/10.2478/ata-2021-0008
https://doi.org/10.1111/ina.13112
https://doi.org/10.1007/978-3-030-72385-9_5
https://doi.org/10.1365/s40112-012-0121-x

reinforcement learning. In Applied Thermal Engineering, vol. 245,
article no. 122817.

DOI: https://doi.org/10.1016/j.applthermaleng.2024.122817
HERCEG, b. - HERCEG, D. 2020. Arduino and numerical mathematics.
In Informatics in Education, vol. 19, no. 2, pp. 239-256.

DOI: https://doi.org/10.15388/infedu.2020.12

KOLLARIK, R. — VITAZEK, I. 2024. Utilizing skin resistance as
an indicator of microclimate changes in technical systems:
A correlational analysis. In 31° International Conference MendelNet
2024, pp. 23-24. DOI: https://doi.org/10.11118/978-80-7701-007-8

KOLLARIK, R. - VITAZEK, I. - JANCA, J. - JUKIC, Z. 2024. Development
and verification of microclimate control system for enhanced driver
comfort and safety based on skin resistance measurements. In Acta
Technologica Agriculturae, vol. 27, no. 4, pp. 227-233.

DOI: https://doi.org/10.2478/ata-2024-0030

KOUSIS, I. = MANNI, M. - PISELLO, A. L. 2022. Environmental mobile
monitoring of urban microclimates: A review. In Renewable and
Sustainable Energy Reviews, vol. 169, article no. 112847.

DOI: https://doi.org/10.1016/j.rser.2022.112847

KRISTANTO, D. - LEEPHAKPREEDA, T. 2018. Effective dynamic
prediction of air conditions within car cabin via bilateral analyses
of theoretical models and artificial neural networks. In Journal of
Thermal Science and Technology, vol. 13, no. 2, pp. JTST0020.

DOI: https://doi.org/10.1299/jtst.2018jtst0020

MEHEL, A. - CAVELLIN, L. D. - JOLY, F. - SIOUTAS, C. - MURZYN, F. -
CUVELIER, P. - BAUDIC, A. 2023. On-board measurements using two
successive vehicles to assess in-cabin concentrations of on-road
pollutants. In Atmospheric Pollution Research, vol. 14, no. 2, article
no. 101673. DOI: https://doi.org/10.1016/j.apr.2023.101673

MERCIER, M. R. - DUBARRY, A.-S. — TADEL, F. - AVANZINI, P. -
AXMACHER, N. - CELLIER, D. - DEL VECCHIO, M. - HAMILTON, L. S. -
HERMES, D.-KAHANA, M.J.—KNIGHT, R.T.-LLORENS, A.- MEGEVAND,
P. — MELLONI, L. - MILLER, K. J. - PIAl, V. - PUCE, A. - RAMSEY, N.
F. — SCHWIEDRZIK, C. M. = SMITH, S. E. ... OOSTENVELD, R. 2022.
Advances in human intracranial electroencephalography research,
guidelines and good practices. In Neurolmage, vol. 260, article no.
119438. DOI: https://doi.org/10.1016/j.neuroimage.2022.119438

MONTAGU, J. D. 1964. The psycho-galvanic reflex: A comparison of
d.c. and a.c. methods of measurement. In Journal of Psychosomatic
Research, vol. 8, no. 1, pp. 49-65.

DOI: https://doi.org/10.1016/0022-3999(64)90022-4

NAEIMI, E. F. - GURDIL, G. A. K. - GALIK, R. - DEMIREL, B. 2024.
Evaluating required heat flow by software analyses in greenhouses:
Case study of Iran. In Acta Technologica Agriculturae, vol. 27, no. 2,
pp. 108-115. DOI: https://doi.org/10.2478/ata-2024-0015

PARTIN, D. - SULTAN, M. - THRUSH, C. — PRIETO, R. - WAGNER, S.
2006. Monitoring driver physiological parameters for improved
safety. SAE Technical Paper 2006-01-1322.

DOI: https://doi.org/10.4271/2006-01-1322

PAULOV, S. 1995. Animal and Human Physiology 2. 1* ed. Bratislava,
Slovakia : Comenius University Bratislava, 207 pp. ISBN 80-223-0661-
4 (In Slovak)

PLESNER, C. - POMIANOWSKI, M. 2021. Ventilative cooling in
standards, legislation and compliance tools. In CHIESA, G. -
KOLOKOTRONI, M. - HEISELBERG, P. (eds). Innovations in Ventilative
Cooling. PoliTO Springer Series. Cham : Springer, pp. 53-78.
DOI: https://doi.org/10.1007/978-3-030-72385-9 4

TOLIS, E. 1. - KARANOTAS, T. - SVOLAKIS, G. - PANARAS, G. - BARTZIS,
J. G. 2021. Air quality in cabin environment of different passenger
cars: Effect of car usage, fuel type and ventilation/infiltration
conditions. In Environmental Science and Pollution Research, vol. 28,
pp.51232-51241.DOI: https://doi.org/10.1007/s11356-021-14349-9
XIE,Y.-LIU, Z.- LIV, J.- LI, K.- ZHANG, Y. - WU, C. - WANG, P. - WANG,
X. 2020. A self-learning intelligent passenger vehicle comfort
cooling system control strategy. In Applied Thermal Engineering,
vol. 166, article no. 114646.

DOI: https://doi.org/10.1016/j.applthermaleng.2019.114646
ZHANG, J. - RUAN, X. 2025. Inferring jump dynamics from weekly
options: A non-parametric method. In Finance Research Letters, vol.
76, article no. 106965. DOI: https://doi.org/10.1016/}.fr.2025.106965

O



https://doi.org/10.1016/j.applthermaleng.2024.122817
https://doi.org/10.15388/infedu.2020.12
https://doi.org/10.11118/978-80-7701-007-8
https://doi.org/10.2478/ata-2024-0030
https://doi.org/10.1016/j.rser.2022.112847
https://doi.org/10.1299/jtst.2018jtst0020
https://doi.org/10.1016/j.apr.2023.101673
https://doi.org/10.1016/j.neuroimage.2022.119438
https://doi.org/10.1016/0022-3999
https://doi.org/10.2478/ata-2024-0015
https://doi.org/10.4271/2006-01-1322
https://doi.org/10.1007/978-3-030-72385-9_4
https://doi.org/10.1007/s11356-021-14349-9
https://doi.org/10.1016/j.applthermaleng.2019.114646
https://doi.org/10.1016/j.frl.2025.106965

