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Abstract

Skin temperature measurement is a complex issue. Skin tissue is one of the main ther-
moregulatory organs and takes major responsibility for heat exchange in the organism.
Accurate skin temperature measurement may contribute to better estimation of deep core
temperature, which is why enhancing possibilities of skin temperature measurement is
considered substantial. However, the real value of the skin temperature can be influenced
by many biological and non-biological factors. Some of the external factors such as exten-
sive wind or extreme ambient temperature may significantly influence the raw value of the
skin temperature regardless of the choice of the measuring point. Despite that, abnormal
thermoregulatory behaviour can occur due to internal body stresses and reactions. Whilst
internal influence is even more difficult to track than external factors, it is crucial to monitor
and identify the thermal stresses in a correct way. The paper proposes a wrist temperature
measurement system. The system consists of a sensory part placed in a housing adapted
to the shape of the wrist. The sensory component enables contact measurement of wrist
skin temperature under the assumed experimental conditions. The housing is designed to
provide stable positioning of the sensory component relative to the wrist while simultane-
ously isolating it from external conditions. The paper presents the results of a case study
concerning human thermoregulation, quantifying the thermal response of the hand under
low-temperature exposure in temperature chamber and during the subsequent rewarming
phase after removal. During the experiment, temperature measurements of both hands
were recorded. One of the co-authors participated in this case experiment. The temperature
measurement results were compared between the hand subjected to thermal stress and the
hand not exposed to low temperatures. Differences in the participant response to repeated
thermal stress are demonstrated. The results highlight the complexity of the human body’s
thermoregulation process in extremely cold environments.

Keywords: skin temperature; correlation; varying environmental conditions; thermal stress

1. Introduction

Temperature plays a significant role in the human body. A significant change in
deep core temperature can suggest various diseases. In a healthy body, the deep tissues
maintain a constant temperature in the range of (37 & 0.5) °C regardless of the ambient
temperature [1]. This is due to the thermoregulatory mechanisms developed in the process
of evolution [1,2]. The major part of the body heat exchange takes place in three parallel
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processes: radiation, convection, and evaporation [3]. Since the most popular non-invasive
ways of estimating deep core temperature include measuring skin surface temperature, it
is important to explore skin thermal behaviour and routines [4-8].

The skin takes partial responsibility for all the aforementioned processes, while being
indispensable in heat exchange by evaporation [3]. The contribution of radiation heat
dissipation to overall heat transfer varies in the range of (40-60)% and directly depends
on the difference between the surface temperature of the skin and the temperature of the
surrounding medium [3,7,9]. About (15-20)% of the heat is transferred based on the convec-
tion phenomenon due to the flow of air molecules around the body [3,7]. Evaporation from
the skin and lungs is the last of the major heat exchange mechanisms [3]. It is responsible
for about (15-20)% of all heat transfer [1]. The phase transition energy of the fluid must be
delivered from the body simultaneously lowering its energy [1-3].

The substantial role of the skin in these processes may, and should, cause its temper-
ature to vary considerably over time [7,10]. The complex fundamentals underlying the
mechanism make it necessary to take into account multiple biological, physiological and
non-physiological factors in order to explain the origin of the variability [3,10]. The skin
temperature (Ts) may also vary a lot based on the choice of the measurement point. In the
distal (placed relatively far from the heart) regions of the body (e.g., hands, feet) Ts is in
general lower than in the proximal regions (e.g., chest, forehead), especially when taking
into account vasomotion in peripheral cutaneous vascular plexuses [1,2].

So far, there has been a lot of research done, concentrated on Ts measurement in
proximal areas for clinical applications. This parameter can effectively estimate deep core
temperature in stable, favorable environmental conditions, with the method inaccuracy
even below 0.1 °C [4,8,11]. However, it may be problematic in terms of application. That is
why it is crucial to develop measuring systems with more appealing application possibilities
such as wrist temperature sensors [12].

Nowadays, the knowledge on distal Ts is wide [13]. There are many publications prov-
ing that correlation of distal Ts with other quantities can enhance the accuracy of deep core
temperature accessible estimation [1,11-15]. The relationship does not have to be neither
deterministic nor direct; however, it gives a valuable insight especially in multimodal sys-
tems. The technological advancement of Ts measuring devices has recently moved forward,
presenting a possibility of a contact, non-battery, non-chip measurement with an electronic
skin-thin device [16]. Despite the great innovation these solutions brought to biomedical
engineering, the accuracy of e-skin temperature measurement remains unverified due to
its direct exposure to surroundings, especially in varying environmental conditions [17].
In order to fully understand the variability of Ts and be able to interpret it correctly, the
behavioural principles of Ts under stresses needs to be verified and unambiguously proved.
This can be done only by supporting a sensing device which goal is a correct, conditions
insensitive Ts measurement. Some of the recent publications regarding Ts response to
thermal stresses are described below.

In [18] the authors observe the body’s response to wrist thermal stress. The volunteers
put their hands into cold, 15 °C water while sitting in room temperature for 1 min. Then
the thermal response and recovery time were monitored with IR camera. The limitations of
this study arise from the measurement method which is not vastly accurate. However, it is
a good point of reference for evaluating heating recovery time.

In [19] very similar research was done but after taking the wrist out of the water, the
hand was irradiated with an optical radiation. The external heat source caused the wrist to
heat up more quickly; however, the results strictly depended on the research subject and
were mostly divergent.
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The authors of [20] presented an evaluation of human perceptions of heat and cold
during the exposure to different thermal stimuli. They studied hand palm thermal response;
however, they measured it only in the beginning and in the end of the study. The main
focus of this work was to establish a conclusion about temperature sensation, not the mea-
surement itself. However, the research shows that evaluation of human body behaviours
and reaction to stresses is an actual issue.

The problem of hand Ts measurement and the interpretation of its variability is an
important and current issue. This research paper proposes measuring system for stable,
accurate and wireless wrist Ts measurement, capable of reliable identification of wrist
Ts response to cold stress. Subsequently, it carries out an experiment testing skin thermal
response to harsh environmental conditions. In order to meet the legal requirements of
ethical committee regarding research including human volunteers in Poland, the author
was the only subject of the study [21]. The document has been divided into three sections.
Section 2 of the document introduces the complete design of the system and experimental
protocol. Section 3 presents complete results of the experiment, the discussion and the
comparison with current state-of-the art in the field of skin temperature measurements.

2. Methodology

This case study aims to verify the usage of a proposed system to identify thermal
response variability of both wrists in varying thermal conditions. Author himself was the
only object of the study. The research covered an observation of both wrists” Ts during two
environmental cases. In one case the author was sitting in a room with a stable ambient
temperature (T4) at room temperature level. The second case considered assumption that
one wrist (left) was exposed to low temperatures (from —10 °C to 2 °C) in a thermostatic
chamber, whereas the torso and the other wrist (right) remained in a room temperature.
The design of the system and the conduct of an experiment are described below. The
operation algorithm of the system is described in Figure 1.
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Figure 1. Operation algorithm of the measurement system and PC application. There are two auxiliary
variables implemented (T as timer value in seconds and MEA as a boolean variable controlling
measuring state).
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2.1. Electronical Design

Figure 2 shows the complete electronics schematic of the circuit. The data acquisition
was done by a capacitive humidity and temperature sensor prod. by Sensirion of type
SHT45-ADI1B. It is a digital sensor communicating via the I>C bus with a manufacturer-
declared accuracy of 0.1 °C in the temperature range (5-70) °C with the resolution of 0.01 °C.
However, owing to the executed calibration, the system can be effectively used outside
of the manufacturer-declared temperature range. The system uses BLE (Bluetooth Low
Energy) protocol for starting and stopping acquisition as well as data transfer between
the system and PC. It was used due to its low energy consumption comparing with
WiFi in ESP32 family microcontrollers. Due to the assumed minimization of the number
of components, it was decided not to use additional external memory. An external PC
application was designed, to provide live data storage and presentation. The control was
designed based on ESP32-C3-Mini microcontroller using a ESP32-DevkitM-1 development
board. The system was powered by a 3.7 V Li-Po battery prod. by Cellevia Batteries with
a capacity of 1850 mAh.

The system performs temperature acquisition every 2 s, simultaneously updating the
current temperature on the PC display.
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Figure 2. Scheme of the electronic part of the proposed system.

2.2. Mechanical Design

The complete system consisted of the electronic circuit (Figure 3) and the wristband
housing (Figure 4). The PCB was designed to fit in the wrist case and was printed on
FR4 board. The housing was designed to allow highest possible accuracy and stability
of the system, simultaneously remaining easy in application and comfortable to wear.
Additionally, the goal was to ensure thermal isolation from the air. Conforming to these
limitations, flexible, all-purpose silicone was used as a housing material. However, regard-
ing low thermal conductivity of the silicone (approx. (0.2-0.6) % [22]) it was necessary to
improve thermal conduction between the surface of the wrist skin and the housing-sensor
structure. To enhance the heat transfer, two copper wires were embedded into the silicon
band and the bottom part of the housing. The wires were formed into a flat wick with
a cross-sectional area of 1 mm? and placed along the entire length of the band. The case was
designed to fit the electronic circuit and the battery. Since both the electronic circuit and
the battery generate heat during operation, there was a strong likelihood of the sensory
setup self-heating. To prevent this and allow best possible heat exchange between the
processing and battery system part and the air, the housing did not contain upper lid. To
ensure stability and accuracy, the housing had a sensor slot on the bottom allowing the
sensor to be at a tiny distance from the wrist skin surface. The assumed heat flow diagram
of the system is presented in Figure 5. The assumed diagram is a conceptual model of the
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extensive heat flow. It was based on mathematically validated heat flow models of other
skin-related devices [13,23,24].
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(a) Top view. (b) Bottom view.

Figure 3. View of the measuring system PCB.
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Figure 4. View of the: (a) silicone casting mold, (b) filling for side-wall casting, (c) physical imple-
mentation of the housing. (d) Cross-section of the housing and skin layers.

2.3. Calibration

Prior to the experiment both systems were calibrated in order to ensure that they have
convergent indications. A comparative method was used for calibration, by encapsulating
both systems and a laboratory reference measurement standard in a custom modified
thermostatic chamber dedicated for thermometer calibration, which is a property of an
ILAC MRA signatory accredited laboratory with a CMC (Calibration and Measurement
Capability) of 0.06 °C [25]. The results of the calibration are listed in the Table 1 as the
measurement errors of the both systems against the measurement standard indication in
a given calibration setpoint. The results are provided along with the standard deviation of
the mean SD (SD7, and SDr, for left and right wrist system respectively) and the expanded
uncertainty U (k = 2) established using the method used for thermometer calibration in
an ILAC MRA signatory laboratory. The given uncertainty value corresponds to all the
established errors. The calibration was executed for 30 min under repeatable conditions
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with sampling interval of 2 min. The temperature reading of left (cold) wrist system is
labeled as T, whereas the temperature reading of right (warm) wrist system is labeled

as TR-
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Figure 5. Conceptual heat flow diagram with cross-section view of the system; where: Qp—source
representing human body heat generation, Qi;—source representing proposed system heat gener-
ation, Rgq/p—thermal resistance of the air for the heat generated by the body/electronic system,
Ro1,/2—thermal resistance of the silicon band for the heat generated by the body/electronic sys-
tem, R y—thermal resistance of the air for the heat generated by the body, Is—heat transferred to
the sensor.

Table 1. Calibration results.

Measurement Error Calibration Point [°C]
[°C] —10 0 35
Tr 0.36 0.24 0.26
Tr 0.34 0.23 0.26
SDrT, 0.004 0.002 0.002
SD7, 0.004 0.001 0.002
u 0.06

Since the designed circuit is not intended for use for fixed point measurements, three
point calibration was executed covering the entire useful temperature range. Calibration
data was then used to establish 2nd order polynomials for measurement error interpolation.
The data presented below is already corrected for errors according to the established
formulas for left wrist (Tyyr) and right wrist (Tiyr) measuring systems.

Ty = —0.0003 - T; % + 0.0086 - Ty, — 0.2421 (1)

Twr = —0.0003 - Tg% 4 0.0078 - Tg — 0.2313 2)

2.4. Robustness Against Environmental Disturbances

In order to verify the system’s overall dynamic performance it tested against environ-
mental disturbances. The idea behind this experiment was to verify the thermal response
of the system placed on a constant temperature cylindrical object with dimensions similar
to the human wrist during thermal steady state and environmental disturbances.

For this purpose, a section of brass pipe was selected with the diameter of 70 mm and
wall thickness of 2 mm. It was equipped with additional calibrated surface temperature
sensor. The pipe was placed inside the thermostatic chamber, with a temperature setting
of 20 °C, while the system remained outside until reaching the thermal steady state of the
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pipe and itself. Afterwards, the system was mounted on the pipe and remained still until
reaching the thermal equilibrium—the state in which the temperature reading of the system
did not vary more than 0.1 °C for more than one minute.

Then, the additional heat and airflow disturbance was introduced to the system. The
hairdryer was used to enforce the additional airflow around the pipe. The enforced airflow
speed and temperature were monitored and equaled (18.0 £ 0.3) m/s and (31.03 £ 7.05) °C
respectively. To prevent uncontrolled heat exchange between the inner chamber and the
environment, the chamber doorway was modified and the 3 cm thick polystyrene foam
with a forearm wide hole in the middle was mounted to cover the entire entrance. The
disturbance was enforced for around 30 s and the response of the pipe and the system
was observed until reaching the thermal equilibrium afterwards. The same procedure was
executed for the PCB without the designed housing and the PCB placed inside the designed
housing. The experiment allowed for the recognition of response and recovery times and
identification of the gain in the resistance to external disturbance. The entire course of
the test is presented in the Figure 6 where Trgr is the pipe temperature and Thr4s is the
temperature measured by the tested system.
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Figure 6. Thermal variability of the pipe and the designed system during external heat flow distur-
bance trial: without (a) and with (b) the housing.

The entire protocol analysis can be clearly divided into two separate sections: before
introducing the additional heat flow and after. First section analysis gives the information
about the 90% rise time. Although the raw rise time value is much different between (a) and
(b) cases, starting system temperatures were different at the beginning of the protocol. The
slope is more informative in these circumstances and it can be seen that compared to the
raw PCB, the introduced system lost around 25% of dynamics in terms of the response time.
On the other hand, the results provided by the system with the housing were significantly
closer to the pipe temperature after the disturbance occurred. Moreover, the Maximum
Absolute Temperature Difference (M ATD) between Trrr and Tygas was notably lower.
As the final indicator of disturbance resistance Mean Absolute Error of Reading (M AE)
was calculated for the second part of the study according to (3). Finally, at the expense of
the dynamic response, the system’s MATD decreased over 10 times with MAE improved
by over 55% comparing to the raw PCB circuit. The key test results were summarized in
Table 2.
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Table 2. Environmental disturbance experiment key results.

P ¢ Results
arameter
Without Housing With Housing
Slope [Ti] 0.42 0.30
MATD [°C] 4.86 0.42
MAE [°C] 0.74 0.33

2.5. Experimental Protocol

To verify the thermal behaviour two types of measurement series were done, both
including two measuring systems (each mounted on one wrist). Firstly, the subject re-
mained still in the room temperature, sitting on the chair. After 10 min of stabilization
period the measurements began. This protocol was used two times to verify both wrists’
unilateral temperature variability and compare systems’ performance in stable, favorable
environmental conditions. These series are called the test series. Subsequently, the main
protocol was executed by conducting seven measuring series of Ty and Tyr enclosing
left wrist in a thermostatic chamber. The chamber used in the study incorporated the
doorway modification described in Section 2.4, allowing the hand to be inserted without
keeping the chamber opened. The experiment began with a 10 min stabilization period of
Twi, and Ty in room temperature prior to the beginning of measurements. During that
time the temperature of —10 °C was already maintained inside the chamber. Given the
similar environmental conditions during the trials, the initial external conditions can be
considered comparable across the trials. Due to thermal losses through the polystyrene the
temperature inside the chamber built up to about (1-2) °C during every measurement series.
The inner chamber temperature variability was monitored with the external calibrated
temperature sensor placed within 5 cm distance from the wrist. Although the variability
was considerable, the conditions were both repeatable and reproducible, and therefore do
not influence the conclusions.

The break criterion was the discomfort threshold of the author. Although it is not
a standardized, repeatable criterion, this protocol allows the comparison of adaptation to
cold exposure among different physiological well-being series. After the cooling period, the
initial part of thermal recovery process was recorded, and then the acquisition was stopped.

3. Results and Discussion
3.1. Experimental Results

In the paper, some key parameters were monitored or calculated in order to examine
the thermal behaviours of the sole subject’s body. The indicators taken into consideration
are listed in Table 3 along with the qualitative relevance of the individual factors to the
study. The relevance was assessed based on physiological features represented by the
following parameters. Based on the aim of the study the highest priority was given to
the features describing any kind of impact or correlation of Ty to Tiyr, especially that
Twr variability trend has never been examined in similar conditions before. Low relevance
was assigned to the factors that do not describe the relation between Ty and Tyr but
focus on only one of the parameters instead.
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Table 3. Research evaluation factors and their relevance to the study.

No Factor Relevance

Difference between Ty in the beginning and the end of the study =~ HIGHEST
2 Direct correlation of Ty and Twgr HIGH

Twr changes character (i.e., monotonicity, reaction time) after the left

wrist removal from the thermostatic chamber MEDIUM

4 Ty first derivative settling time during cooling and heating period LOW

Environmental conditions, covering ambient temperature (T4) and ambient humidity
(RH4) were monitored during the study. The room was a property of a calibration labo-
ratory, T4 did not change by more than 0.5 °C and RH 4 did not change by more than 5%
during an hour. Additionally, the well-being state of the subject was noted before the be-
ginning of the study. The physiological data is collected in order to enhance possibilities of
identifying the outlier behaviours. Physiological parameters measurement and correlation
is not the subject of the study. All the additional data are listed in Table 4.

Table 4. Environmental conditions and psychophysical state of the research subject before each study.

No Ta [°C] RHyj [%]  Psychophysical State
No signs of disease, relative pressure feeling normal, not feeling tired, 25 min
1 21.5 57.4 .
after drinking a coffee
Observable signs of disease (mild runny nose), not enough sleep at night,
2 22.1 52.8 relative pressure feeling normal, elevated heart rate (reading from
a smartwatch prod. by Garmin of type Venu 3)
Maintaining running nose and blockage of the airways, relative pressure
3 21.7 56.2 .
feeling normal, heart rate normal
4 22.0 49.8
5 22.4 54.3 Good well-being, relative pressure feeling normal, heart rate normal,
6 20.9 51.9 minor wound on the left wrist
7 19.4 51.2

During both test series the object sat still in a room temperature. The left hand
remained completely still, lying on the table during the measuring period whereas the right
hand conducted some basic activities such as checking the phone or surfing on the Internet.
In the second series, both hands were lying on the table without performing any additional
activities. Both test series lasted about 35-40 min. The resulting temperature variability is
shown in Figure 7.

During proper study, the left hand was put into the thermostatic chamber. The
measuring series differed in time due to the varying condition of the organism and pain
threshold. The exemplary variation in Ty and Tyg is shown in Figure 8 along with their
first derivatives. In order to minimize measurement noise in the derivative plot, a moving
average filter was used on the original signal, averaging four consecutive data points.
Additionally, to smooth out the derivative of both signals, the high frequency noise was
reduced by using maximal overlap discrete wavelet transform. Decomposition was done
using symlet8 wavelet, decomposing it into five frequency components. The data presented
regards only the residual, low frequency part. As Figure 8 depicts, the preprocessing does
not change the signal overall trends and shape but significantly improves the readability
and decreases noise.
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Figure 7. Temperature variability during the test series T1 (a) and T2 (b).
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Figure 8. Ty, Twr and their derivatives variability during the exemplary time series (No. 7) before
DWT filtration (upper plot) and after (lower plot).

The key evaluation factors listed in Table 3 were assessed separately for every mea-
surement series.

Differences in the Tyyr readings were calculated by picking the highest and the lowest
value of Ty measured in a time interval from 10 s before putting the hand into the chamber
until 1 min after taking the hand out of the chamber. Ty, variability was assessed from the
during cooling period. The comparison between both test series and the measuring series is
presented in the Table 5 along with the cooling time and Ty as well as Ty variability. The
maximum variability has been highlighted in green. The test series in the table were sorted
by the cooling time in the ascending order. To have a better insight into the relationship
between Ty and Twgr pearson correlation coefficient was calculated and presented in
a Table 6.
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Table 5. Analysed variability of Ty /Twr before and after the cooling period (series 1-7) and
Twr during both test series (T1, T2).

Twr [°C] Twy [°C]
Max Min AT
T1 32.51 31.45 1.06 Before  After AT
T2 31.55 30.82 0.73

No

Cooling Time [s]

1 32.38 31.55 0.83 33.58 16.55 17.03 1610
6 32.56 31.16 1.40 32.46 17.00 15.46 1720
4 31.46 29.69 1.77 31.36 14.48 16.88 1840
2 31.67 30.35 1.32 31.59 13.73 17.86 1900
5 32.90 31.27 1.63 33.50 14.91 18.59 1940
7 31.32 30.23 1.09 30.70 13.72 16.98 2030
3 30.77 29.16 1.61 32.26 13.56 18.70 2240

Table 6. Pearson correlation coefficients between Ty and Tyyg time series.

T1 T2 1 2 3 4 5 6 7
0.987 0.979 0.775 0.591 0.043 0.498 0.575 0.605 0.803

After removing the left hand from the thermostatic chamber the temperature was
still monitored. The cold wrist temperature monotonically rised during this period. The
other wrist’s thermal behaviour was varing from series to series. In Figure 9 two divergent
behaviours are shown. Ty in the heating part was neither monotonically rising nor
monotonically decreasing. The general variation trend was not unified through all the
series either. The monotonicity of Tyyg in the heating phase for each study is listed in
Table 7 (I stands for increasing, D stands for decreasing).

Table 7. Evolution trend of Tyyg during the heating part.

1 2 3 4 5 6 7
I D I I D D D

The Ty first derivative settling time was established by calculating the time window
from the beginning of cooling/heating to the time moment in which the derivative was
oscillating around the established value. In some of the series the heating period has not
established an oscillatory constant Ty, derivative value during the measuring period. The
settling times for Ty derivative are presented in Table 8.

Table 8. Ty, derivative heating and cooling settling times.

Settling Time [s]

Phase
1 2 3 4 5 6 7
Heating - - - 380 600 530 560
Cooling 370 380 410 300 400 610 600
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Figure 9. The time course of the end of the cooling phase and the beginning of the heating phase of
the series number: 4 (top chart) and 6 (bottom chart).

3.2. Comparison with Current State of the Art

The system proposed in the paper can be used to conduct an effective, wireless skin
temperature measurement. It is operating in a wide range of external conditions that allows
monitoring Ts in extraordinary situations.

Comparing to current state-of-the art the device does not constitute a technical novelty
in terms of mechanical or electronical advancement. The novel wrist sensors combine
Ts measurement with GSR (Galvanic Skin Response) and heat flow measurement [26-29].
What is more, novel systems allow accurate core body temperature estimation in stable
environmental conditions or in clinical trials with a low estimation error at the level of
0.2 °C [26,28]. However, systems based on heat flux sensors often require stable environ-
mental conditions and focus on deep core temperature estimation from Ts measurement
instead of Tg measurement itself what makes them vulnerable to harsh environmental
surroundings [30,31].

On the other hand, the current research interests lead to development of multimodal
wrist or finger measuring systems, capable of simultaneous measurement of many bio-
logical signals, e.g., PPG, BVP and skin temperature [32,33]. The implementation of such
systems allows multimodal analysis that can bring holistic information about the body
condition, but it usually does not provide a credible Ts value.

The main advantage of the proposed system over the currently available solutions is
the complete focus on accurate Ts value measurement, allowing for a reliable measurement
in difficult external conditions—making the solution suitable for thermal stress response
recognition. It might be of interest for the future studies to replace the sensory element
with a thermoelectric sensor to improve the dynamic response of the system [34].

Referring to commercially available solutions there are a few medical grade, wrist-
worn devices that handle skin temperature measurement [35,36]. However, most of them
are not supposed to be used in a temperature range below 0 °C [37-39]. It is therefore
substantial to further validate the prototype against the medical-grade devices in the future,
with an ambient temperature maintained above 0 °C.

3.3. Discussion

The proposed measuring system has been proven to provide valid skin temperature
readings in difficult environmental conditions. The systematic error components were
diminished by fitting the results to the calibration curves. The custom housing design
significantly improved the system performance by reducing vulnerability to external heat-
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flow disturbances, which reduced the random error components. Moreover, the calibration
standard uncertainty was at the level of 0.03 °C, calibration errors were convergent over the
entire temperature range and the thermal response of the system to heat-flow disturbance
was almost linear to the thermal response of the measured object. All that allows for
assessing the system credibility as high.

The system was used to analyze the distal thermal response of the body to thermal
stress of the left wrist. This is a particularly important need because it gives a pilot insight
into the human thermoregulatory response to long exposure to extreme cold.

The first, apparent conclusion is that without external thermal stresses, the thermal
behaviour of distal areas (wrists) is convergent, on the contrary to the stress situation. In
Table 6 only test series coefficients allow to classify the correlation between both wrists’
Ts as very high. In the other cases it differs from the moderate, to high correlation, excluding
the no. 3 series (negligible correlation).

Secondly, combining the information provided in Tables 4-6 it can be inferred that the
well-being of the organism significantly influences the distal thermoregulatory process. In
the series no. 3 (which corresponds to the worst well-being among all) the measured and
calculated metrics diverge from the others. During this series occur: the biggest temperature
difference between both wrists, the lowest correlation between Tyyg and Ty, and the lowest
obtained Ty value (subjectively the most mild pain perception).

Moreover, the behaviour of Ty after removing the left wrist from the chamber is
ambiguous. As presented in Figure 9, the Ty reaction to Tyyr condition changes differed
amongst measuring series. The overall behaviour regarding full observation time (listed
in Table 7) is non-deterministic and does not correlate to any of the measured quantities.
Hence, the reason of this phenomenon may be rather internal.

Lastly it should be noticed, that the cooling time did not specifically determine the AT
value neither in case of Tyyg nor Tyyr. Table 5 was sorted in the cooling time ascending order
but the values of AT are not aligned in the ascending order. It suggests the contribution
of body internal factors, especially in case of Ty, which was acquired from the wrist,
kept in stable conditions in the thermostatic chamber. Similar conclusion can be drawn in
relation to settling time (Table 8). However, the settling time estimations (especially the
ones regarding heating process) should be established considering a larger time interval, so
its relevance is low (Table 3).

3.4. Limitations

The authors identify two major and one minor limitation valuable to address in
future work. The major limitation is the case character of the study. The limited number
of participants prevents from drawing high-fidelity, general conclusions about human
thermal regulation. On the other hand, the single-subject study focused on intra-personal
analysis that could be conducted due to reproducible environmental conditions. Despite
this limitation, the originality of the results highlights a research gap in thermal studies
involving extreme cold exposure.

The second identified limitation is the lack of numerical analysis regarding the pro-
posed heat flow model. Neither the simulations nor the numerical calculations have been
provided to validate the model or estimate the proposed model parameters. The model
is just an assumption and requires future validation. Lastly, the study lacks quantitative
validation of the influence of copper conductors incorporated into the housing. Although
the positive influence of the entire housing on the robustness of the system has been proven,
the influence of the copper conductors themselves requires attention in the future in order
to further optimize the system’s performance.
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4. Conclusions

The paper presents a developed system for continuous monitoring of wrist skin
temperature. This system was used to conduct a case study on human thermoregulation,
determining the thermal response of a volunteer. The study involved placing one of
the volunteer’s hands in a thermal chamber (—10 °C) and then removing it from the
chamber (room temperature). The other hand remained at room temperature. Both wrists’
skin temperature was monitored during the experiment. The temperature measurements
of the hand exposed to thermal stress were compared with the hand not exposed to
low temperatures. Differences in the volunteer’s response to repeated thermal stress
were observed. The measurement results confirm the complexity of the human body’s
thermoregulatory process in an extremely cold environment. This necessitates continued
pilot studies combining the fusion of distal skin temperature measurements and other
biomedical signals involving a larger group of volunteers.
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Ty ambient temperature

RH» ambient humidity

Ts skin temperature

Ty raw left-wrist skin temperature reading

Twi corrected left-wrist skin temperature reading
TR raw right-wrist skin temperature reading

Twr corrected right-wrist skin temperature reading

MATD  maximum absolute temperature difference
MAE mean absolute error

1.  Walker, H.; Hall, W.; Hurst, J. Clinical Methods: The History, Physical, and Laboratory Examinations; NCBI Bookshelf; Butterworths:

Boston, MA, USA, 1990.

2. Marino, E. Thermoregulation and Human Performance: Physiological and Biological Aspects; S. Karger AG: Basel, Switzerland, 2008.

[CrossRef]

3. Gagge, A.P; Gonzalez, R.R. Mechanisms of heat exchange: Biophysics and physiology. Compr. Physiol. 2010, 1994, 45-84.

[CrossRef]

4. Yang, Y. Flexible Temperature Sensors and Their Applications. Highlights Sci. Eng. Technol. 2023, 45, 129-133. [CrossRef]

https://doi.org/10.3390/s26103235


http://dx.doi.org/10.1159/isbn.978-3-8055-8649-8
http://dx.doi.org/10.1002/j.2040-4603.1994.tb01150.x
http://dx.doi.org/10.54097/hset.v45i.7333
https://doi.org/10.3390/s26103235

Sensors 2026, 26, 3235 15 of 16

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Holt, 5.G.; Yo, ].H.; Karschimkus, C.; Volpato, F.; Christov, S.; Smith, E.R.; Hewitson, T.D.; Worth, L.].; Champion De Crespigny, P.
Monitoring skin temperature at the wrist in hospitalised patients may assist in the detection of infection. Intern. Med. J. 2020,
50, 685-690. [CrossRef]

Mikinen, M.T.; Pesonen, A.; Jousela, I; Pédivérinta, J.; Poikajdrvi, S.; Alback, A.; Salminen, U.S.; Pesonen, E. Novel Zero-Heat-Flux
Deep Body Temperature Measurement in Lower Extremity Vascular and Cardiac Surgery. J. Cardiothorac. Vasc. Anesth. 2016,
30, 973-978. [CrossRef] [PubMed]

Romanovsky, A.A. Skin temperature: Its role in thermoregulation. Acta Physiol. 2014, 210, 498-507. [CrossRef] [PubMed]
Rinanto, N.; Kuo, C.H. PCA-ANN Contactless Multimodality Sensors for Body Temperature Estimation. IEEE Trans. Instrum.
Meas. 2021, 70, 1-16. [CrossRef]

Xue, S.; Huang, G.; Chen, Q.; Wang, X.; Fan, J.; Shou, D. Personal thermal management by radiative cooling and heating.
Nano-Micro Lett. 2024, 16, 153. [CrossRef] [PubMed]

Plutchik, R. The psychophysiology of skin temperature: A critical review. J. Gen. Psychol. 1956, 55, 249-268. [CrossRef]
Niedermann, R.; Wyss, E.; Annaheim, S.; Psikuta, A.; Davey, S.; Rossi, R. Prediction of human core body temperature using
non-invasive measurement methods. Int. J. Biometeorol. 2013, 58, 7-15. [CrossRef]

Huan, J.; Bernstein, J.S.; Difuntorum, P.; Masna, N.V.R.; Gravenstein, N.; Bhunia, S.; Mandal, S. A Wearable Skin Temperature
Monitoring System for Early Detection of Infections. IEEE Sens. J. 2022, 22, 1670-1679. [CrossRef]

Du, Y.; Zhou, C.; Feng, Y,; Qiu, L. Flexible, multimodal device for measurement of body temperature, core temperature, thermal
conductivity and water content. NP] Flex. Electron. 2024, 8, 85. [CrossRef]

Eggenberger, P.; MacRae, B.; MacRae, S.; Biirgisser, M.; Rossi, R.; Annaheim, S. Prediction of Core Body Temperature Based on
Skin Temperature, Heat Flux, and Heart Rate Under Different Exercise and Clothing Conditions in the Heat in Young Adult
Males. Front. Physiol. 2018, 9, 1780. [CrossRef]

Ryabchenko, E.V.; Danilov, A.A. Influence of Human Core Temperature on Tissues Heating During Transcutaneous Energy
Transfer. In Proceedings of the 2021 IEEE Conference of Russian Young Researchers in Electrical and Electronic Engineering (EIConRus),
St. Petersburg, Russia, 26—29 January 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 2860-2863.

Li, WD.; Ke, K;; Jia, J.; Pu, J.H.; Zhao, X.; Bao, R.Y,; Liu, Z.Y.; Bai, L.; Zhang, K.; Yang, M.B.; et al. Recent advances in
multiresponsive flexible sensors towards E-skin: A delicate design for versatile sensing. Small 2022, 18, 2103734. [CrossRef]
AlShaibani, F.; Grau, V.; Bergmann, J. Assessing the accuracy of human-inspired electronic skin: A systematic review. Bioserns.
Bioelectron. X 2025, 22, 100553. [CrossRef]

Stepanova, I.; Zhorina, L.; Zmievskoy, G. Hand Skin Temperature after Local Cold Test: Thermal Imaging Observation and
Mathematical Computation. In Proceedings of the 2021 Ural Symposium on Biomedical Engineering, Radioelectronics and
Information Technology (USBEREIT), Yekaterinburg, Russia, 13-14 May 2021; pp. 0181-0184. [CrossRef]

Zhorina, L.V,; Stepanova, I.; Kerimov, I. Relaxation Oscillations of the Human Body Surface Temperature after External Impacts. In
Proceedings of the 2020 Ural Symposium on Biomedical Engineering, Radioelectronics and Information Technology (USBEREIT),
Yekaterinburg, Russia, 14-15 May 2020; pp. 0191-0194.

Xu, J.; Hasegawa, S.; Kiyokawa, K.; Ienaga, N.; Kuroda, Y. Integration of Independent Heat Transfer Mechanisms for Non-Contact
Cold Sensation Presentation With Low Residual Heat. IEEE Trans. Haptics 2023, 16, 770-784. [CrossRef] [PubMed]
Matek-Orlowska, M.; Jach, K. Aspekty normatywne i aktualna sytuacja komisji etyki badan naukowych z udziatem ludzi na
polskich uczelniach technicznych. Diametros 2022, 19, 19-35. [CrossRef]

Baudot, A.; Mazuer, J.; Odin, J. Thermal conductivity of a RTV silicone elastomer between 1.2 and 300K. Cryogenics 1998,
38, 227-230. [CrossRef]

Miao, L.; Zhu, S.; Liu, C.; Gao, J.; Zhang, Z; Peng, Y.; Chen, ].L.; Gao, Y.; Liang, ].; Mori, T. Comfortable wearable thermoelectric
generator with high output power. Nat. Commun. 2024, 15, 8516. [CrossRef] [PubMed]

Zhu, S.; Fan, Z.; Feng, B.; Shi, R; Jiang, Z.; Peng, Y.; Gao, ].; Miao, L.; Koumoto, K. Review on wearable thermoelectric generators:
From devices to applications. Energies 2022, 15, 3375. [CrossRef]

Janowicz, J.; Janowicz, M. Thermostatic chamber thermal parameters improvement by mechanical interior modification. In
Proceedings of the MKM 2025, LVII Miedzyuczelniana Konferencja Metrologow, Poznati, Poland, 22-24 September 2025; Materialy
Konferencyjne; Politechnika Poznariska: Poznan, Poland, 2025; pp. 135-151. [CrossRef]

Priego-Quesada, ].I.; MacKay, N.; Adejuwon, D.C.; Keir, D.A. Effect of aerobic fitness on the validity of the Calera Research™
sensor to estimate core temperature during exercise. J. Therm. Biol. 2025, 127, 104067. [CrossRef]

Khan, S.; Kim, J.; Kang, T.U.; Park, G.; Lee, S.; Park, ].W.; Kim, W. Compact vital-sensing band with uninterrupted power supply
for core body temperature and pulse rate monitoring. ACS Sens. 2024, 9, 5885-5895. [CrossRef]

Panunzio, N.; Diamanti, A.; Marrocco, G. Flexible multi-layer sensor for the wireless implementation of dual-heat-flux monitoring
of body temperature. In Proceedings of the 2022 IEEE International Conference on Flexible and Printable Sensors and Systems (FLEPS),
Vienna, Austria, 10-13 July 2020; IEEE: Piscataway, NJ, USA, 2022; pp. 1-4.

https://doi.org/10.3390/s26103235


http://dx.doi.org/10.1111/imj.14748
http://dx.doi.org/10.1053/j.jvca.2016.03.141
http://www.ncbi.nlm.nih.gov/pubmed/27521967
http://dx.doi.org/10.1111/apha.12231
http://www.ncbi.nlm.nih.gov/pubmed/24716231
http://dx.doi.org/10.1109/TIM.2021.3112778
http://dx.doi.org/10.1007/s40820-024-01360-1
http://www.ncbi.nlm.nih.gov/pubmed/38478150
http://dx.doi.org/10.1080/00221309.1956.9920316
http://dx.doi.org/10.1007/s00484-013-0687-2
http://dx.doi.org/10.1109/JSEN.2021.3131500
http://dx.doi.org/10.1038/s41528-024-00373-5
http://dx.doi.org/10.3389/fphys.2018.01780
http://dx.doi.org/10.1002/smll.202103734
http://dx.doi.org/10.1016/j.biosx.2024.100553
http://dx.doi.org/10.1109/USBEREIT51232.2021.9455118
http://dx.doi.org/10.1109/TOH.2023.3324754
http://www.ncbi.nlm.nih.gov/pubmed/37843996
http://dx.doi.org/10.33392/diam.1811
http://dx.doi.org/10.1016/S0011-2275(97)00146-X
http://dx.doi.org/10.1038/s41467-024-52841-1
http://www.ncbi.nlm.nih.gov/pubmed/39353932
http://dx.doi.org/10.3390/en15093375
http://dx.doi.org/10.21008/b.978-83-7775-811-3.10
http://dx.doi.org/10.1016/j.jtherbio.2025.104067
http://dx.doi.org/10.1021/acssensors.4c01456
https://doi.org/10.3390/s26103235

Sensors 2026, 26, 3235 16 of 16

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Eisenkraft, A.; Goldstein, N.; Fons, M.; Tabi, M.; Sherman, A.D.; Ben Ishay, A.; Merin, R.; Nachman, D. Comparing body
temperature measurements using the double sensor method within a wearable device with oral and core body temperature
measurements using medical-grade thermometers—A short report. Front. Physiol. 2023, 14, 1279314. [CrossRef]

Yamakoshi, T.; Rolfe, P.; Yamakoshi, K.i. A new noninvasive technique for heat-flux-based deep body thermometry together with
possible estimation of thermal resistance of the skin tissue. Med. Biol. Eng. Comput. 2024, 62, 1229-1246. [CrossRef] [PubMed]
Daanen, H.A.; Kohlen, V.; Teunissen, L.P. Heat flux systems for body core temperature assessment during exercise. J. Therm. Biol.
2023, 112, 103480. [CrossRef] [PubMed]

Ferreira, N.D.P,; Gehin, C.; Massot, B. A review of methods for non-invasive heart rate measurement on wrist. Irbm 2021, 42, 4-18.
[CrossRef]

Cheol Jeong, I.; Bychkov, D.; Searson, P.C. Wearable devices for precision medicine and health state monitoring. IEEE Trans.
Biomed. Eng. 2018, 66, 1242-1258. [CrossRef] [PubMed]

Chen, M,; Song, Z.; Liu, S.; Wang, Y.; Bao, Y.; Ma, Y; Liu, Z.; Niu, L. Thermal-Conductivity-Driven Dual-Wedge Thermoelectric
Architecture for Intelligent Thermal Perception and Material Identification. Adv. Funct. Mater. 2026, 36, €29573. [CrossRef]
Empatica S.rl. FDA 510(k) Summary: Empatica Health Monitoring Platform; Empatica S.r.l.: Milano, Italy, 2022. Available online:
https:/ /www.accessdata.fda.gov/cdrh_docs/pdf24 /K242737 pdf (accessed on 17 February 2026).

Qu, Y. Validation Study of the Empatica EmbracePlus Wristband for Physiological Monitoring. Master’s Thesis, University of
Twente, Enschede, The Netherlands, 2024.

Empatica S.r.l.. EmbracePlus User Manual; Empatica S.r.l.: Milano, Italy, 2021. Available online: https://fcc.report/FCC-ID/
2AGGH-EMBPLUS/5892431.pdf (accessed on 17 February 2026).

Withings. ScanWatch: Installation and Operating Instructions; Withings: Issy-les-Moulineaux, France, 2023. Available online:
https:/ /support.withings.com/hc/article_attachments/13743798632977 (accessed on 17 February 2026).

Masimo Corporation. Masimo W1 User’s Guide; Masimo Corporation: Irvine, CA, USA, 2024. Available online: https:
/ /techdocs.masimo.com/globalassets/techdocs/pdf/lab-12208a_master.pdf (accessed on 17 February 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/s26103235


http://dx.doi.org/10.3389/fphys.2023.1279314
http://dx.doi.org/10.1007/s11517-023-02991-z
http://www.ncbi.nlm.nih.gov/pubmed/38163835
http://dx.doi.org/10.1016/j.jtherbio.2023.103480
http://www.ncbi.nlm.nih.gov/pubmed/36796923
http://dx.doi.org/10.1016/j.irbm.2020.04.001
http://dx.doi.org/10.1109/TBME.2018.2871638
http://www.ncbi.nlm.nih.gov/pubmed/31021744
http://dx.doi.org/10.1002/adfm.202529573
https://www.accessdata.fda.gov/cdrh_docs/pdf24/K242737.pdf
https://fcc.report/FCC-ID/2AGGH-EMBPLUS/5892431.pdf
https://fcc.report/FCC-ID/2AGGH-EMBPLUS/5892431.pdf
https://support.withings.com/hc/article_attachments/13743798632977
https://techdocs.masimo.com/globalassets/techdocs/pdf/lab-12208a_master.pdf
https://techdocs.masimo.com/globalassets/techdocs/pdf/lab-12208a_master.pdf
https://doi.org/10.3390/s26103235

	Introduction
	Methodology
	Electronical Design
	Mechanical Design
	Calibration
	Robustness Against Environmental Disturbances
	Experimental Protocol

	Results and Discussion
	Experimental Results
	Comparison with Current State of the Art
	Discussion
	Limitations

	Conclusions
	References

