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Abstract

Thermal conductivity of the skin has been measured by in vivo procedures since the 1950s. These devices usually consist
of temperature sensors and heating elements. In vivo measurement of skin thermal conductivity entails several difficulties.
It is necessary to adequately characterize the excitation produced by the measurement. In addition, the thermal penetration
depth of each instrument is different. These factors have led to the development of a multitude of techniques to measure the
thermal conductivity or related magnitudes such as thermal conductance. In our case, we have built a calorimetric sensor
designed to measure this magnitude directly and non-invasively. The device implements the basic principles of calorimetry
and is capable of characterizing the thermal magnitudes of a 2x 2 (4) cm? skin region. The sensor consists of a measuring
thermopile with a thermostat cooled by Peltier effect. Several skin measurements performed under different conditions
resulted in a thermal conductance ranging from 0.017 to 0.050 WK~'. This magnitude, measured in vivo, is different in each
studied area and depends on several factors, such as physical activity and the physiological state of the subject. This new
sensor is a useful tool for studying the human body thermoregulatory response.

Keywords Direct calorimetry - Medical calorimetry - Skin heat loss - Skin thermal properties - Thermal conductance

Introduction Indirect calorimetry consists of relating the volumes of O,

absorbed and CO, released with the heat generation of the

Human body's heat dissipation is of great interest in physiol-
ogy. Human body temperature regulation depends on surface
heat dissipation. This heat loss is controlled by systems that
act in coordination, such as sweating, vasoconstriction, or
vasodilation. The human body's heat dissipation is highly
variable. For example, during physical activity, dissipation
can increase from 3.8 to 77 mWcm™2. Currently, indirect
calorimetry is often used to assess the metabolic rate of the
human body at rest [1, 2] or during physical activity [3, 4].
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human body by empirical expressions. Heat flow can also
be locally measured on specific areas of the human body,
by using different contact sensors, mainly heat flow sensors.

Contact sensors have also been developed to measure
thermal properties of the skin such as thermal diffusivity,
specific heat capacity, or thermal conductivity. Knowledge
of the human body's thermal properties is also of great inter-
est. Several in vitro measurements have been performed
using different procedures [5, 6]. However, in vivo meas-
urement is particularly problematic, as it involves studying
a control volume that is not fully defined.

In this work we will focus on the in vivo measurement
of thermal conductance in localized areas of the human
skin. Thermal conductance is a macroscopic magnitude
that defines the amount of energy dissipated by a given
skin area, and depends directly on thermal conductivity.
Thermal conductivity measurements have been performed
for more than 60 years. Generally, to obtain a property
that relates the heat dissipation change with the tempera-
ture change, it is necessary to simultaneously measure the
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variation of these two quantities. For this reason, meas-
uring devices usually consist of temperature sensors and
heating systems. This is the basis of most instruments,
although there are methods based on digital thermography
[7] or zero-heat-flux (ZHF) thermometry. As a conse-
quence of the growing interest in this field, several novel
procedures have been developed in recent years. In 2016,
Grenier E, et al. [8] studied the effects of compression
stockings on cutaneous microcirculation by assessing skin
thermal conductivity. In 2018, Wang et al. [9] studied
the phenomena of vasoconstriction and vasodilation at
different room temperatures by assessing skin thermal
resistance. For this purpose, they used heat flow sensors
and applied modeling of the tissue under study. Likewise,
Okabe T, et al. [10] measured thermal conductivity in
different areas of the skin using a power pulse technique.
Using the same instrument, later in 2019, Okabe et al.
performed measurements on cancerous tissue [11].

This paper presents a calorimetric sensor for the
measurement of the thermal conductance (in WK™!) of
a 2x2 (4) cm? area of skin. This sensor has two impor-
tant advantages: (1) the direct and non-invasive measure-
ment of the skin thermal conductance, (2) incorporates
a programmable thermostat that allows to control the
thermal disturbance of the sensor on the skin, allowing
the detailed study of the heat transfer phenomenon by
conduction between the human body and the thermostat
of the sensor.

The order of this work is as follows. First, a brief
description of the experimental system and the measure-
ment and calculation methods of the skin thermal con-
ductance is given. Next, results from two experiments
are presented: (1) on different areas of the skin with sub-
jects at rest and (2) on the inner thigh area with subjects
performing a physical activity. The practical utility of
the sensor for assessing the degree of vasoconstriction
or vasodilatation of a localized region of skin, especially
during intense physical activity, is demonstrated. Finally,
our results are compared with those of other authors.

Fig. 1 Calorimetric sensor
placed on a thigh and b temple
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The calorimetric sensor

The calorimetric sensor consists of a measurement thermo-
pile placed between a programmable thermostat and an alu-
minum plate. This aluminum plate is in contact with the skin
when the sensor is applied on the human body. The ther-
mostat is made of aluminum and contains an RTD sensor
(resistance temperature detector) and a heating resistor. The
cooling system is based on a Peltier element, a heatsink, and
a fan. Calibration and operation of the sensor are detailed
in previous work [12, 13]. Figure 1 shows the calorimetric
sensor applied on the thigh and the temple. In the first case
(Fig. 1a), the sensor is applied manually. In the second case
(Fig. 1b), an adapted attachment is used.

The experimental system includes a calibration base
which has two functions: (1) to calibrate and verify the sen-
sor operation and (2) to provide the initial sensor baseline. A
triple power supply (E3631A by Agilent) powers the Peltier
element, the thermostat heating resistor, and the calibra-
tion base resistor. A data acquisition system (34970A with
34901A by Agilent) reads the calorimetric signal and the
ambient, skin, thermostat, and calibration base temperatures.
Both instruments are connected to a laptop via GPIB bus
(82357B by Agilent). The acquisition and control program
is written in Microsoft Visual C + + and the sampling period
is 0.5 s. In steady state, the oscillation of the signal provided
by the measuring thermopile is +0.2 mV, the oscillation of
the thermostat temperature is +5 mK, and the oscillation of
the thermostat power is +5 mW. Thus, the uncertainty of the
power measured by the sensor is+5 mW [12-14].

Thermal conductance measurement
methods

This calorimetric sensor was initially developed for meas-
uring the heat dissipation of the skin as a function of the
sensor’s thermostat temperature. To determine the heat dis-
sipation, an error minimization method is used (MatLab
fminsearch function [15]). In the calculation, we consider
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that the heat dissipation is defined by a power function (W)
that takes into account the stationary power values for each
temperature of the thermostat and the transient caused by the
instantaneous contact between the sensor and the skin [13].
The calculation method determines the parameters of the
power function (W) that provide the minimum error in the
reconstruction of the calorimetric signal [12, 13]. For this
reconstruction, we use a model that relates the heat power
through the sensor (W) and the power dissipated in the sen-
sor thermostat (Wy,.,) with the calorimetric signal (y) and
the thermostat temperature (7y,.,). Equation 1 relates these
variables in steady state with corrected baselines.

= . ()
ATther K21 K22 A‘/Vther

The sensitivity matrix is determined from calibration
measurements: K;; = 109.4 mVW!, K, = — 56.12
mVW', K,; = 9.15KW!, and K, = 12.00 KW' [15].

Figure 2 shows the heat dissipation, the thermostat power,
and calorimetric signal of three consecutive measurements,
for constant sensor thermostat temperatures of 28, 32, and
36 °C. Each of the measurements in Fig. 2 is performed by
the same procedure. The sensor is initially on its calibration
base, and when steady state is reached, it is applied to the
skin, keeping the thermostat temperature constant. When
the calorimetric signal reaches steady state on the skin, the
sensor is placed back on the calibration base. In the heat
dissipation graph, two power peaks can be observed. These

Thermostat at 28 °C

Thermostat at 32 °C

peaks are a consequence of the instant application of the
sensor on the skin and the relocation of the sensor on its
base. In the measurements shown, the sensor was manually
held on the skin (Fig. 1a), and the baseline corresponds to
the location of the sensor on its calibration base.

The calorimetric sensor can be operated in different ways
by varying the thermostat temperature setting. See for exam-
ple, the result is shown in Fig. 2: depending on the sensor’s
thermostat temperature, the skin reacts emitting different
dissipations. Due to this feature of the sensor, we can meas-
ure the thermal conductance by different methods. The four
methods used until now are described below.

1) As we can see in Fig. 2, as the temperature of the ther-
mostat increases, the skin dissipation decreases. The
relationship between the sensor thermostat temperature
change (AT) and the skin heat dissipation change (AW)
allows the definition of a thermal conductance (AW/AT)
of the skin region affected by the measurement (4 cm?).
The procedure initially developed required at least three
successive measurements of heat dissipation, with a total
duration of one hour [14].

2) However, making several successive measurements
has disadvantages due to the sensor movement and the
time required for the measurement. Therefore, a new
method was proposed, in which the sensor remains on
the skin while the temperature of the sensor thermostat
changes [12]. This procedure reduces the time required
to 15 min, in a single application to the skin.

Thermostat at 36 °C
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Fig.2 Calorimetric signal, thermostat power, and heat dissipation of the skin, in three consecutive measurements at different sensor thermostat

temperatures of 28, 32, and 36 °C. Baselines have been corrected
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Figure 3 shows an example of this type of measurement.

The calorimetric signal, the thermostat temperature, and the
calculated dissipation are shown. In this case, the thermostat
temperature changes from 26 to 36 °C (at 4 Kmin'!) while
the sensor is placed on the skin. Before and after the appli-
cation of the sensor on the skin, the sensor is located on the
calibration base, so the baseline corresponds to the situation
of the sensor on its calibration base. In this measurement, the
sensor was manually held on the skin (Fig. 1a).
3) Another method consists of holding the sensor on the
skin with an adapted strap (Fig. 1b) during the entire
measurement. The advantage of this procedure is that
the initial and final baselines correspond to situations
where the sensor is on the skin. The disadvantage is
that it is not possible to calculate the heat dissipation in
absolute value; only its variation can be calculated.

In other words, this procedure allows to determine the
variation of the heat dissipation (W, —W,) as a function of
the variation of the thermostat temperature (7, —T5). As a
consequence, it allows to determine the thermal conductance
of the skin area where the sensor is applied. This method
requires more time of the sensor on the skin (25 min) but
provides better results. An example of this type of meas-
urement is shown in Fig. 4. When the sensor reaches the
thermal equilibrium with the skin, a variation of the thermo-
stat temperature is programmed. In this case, the thermostat
temperature varies linearly from 28 to 37 °C (at 3 Kmin™}),
and when it reaches steady state at 37 °C, it returns to the
original temperature of 28 °C at the same rate.

26 L . L L i 1
0 100 200 300 400 500 600 700

Time/s

Thermostat temperature/°C ~ Calorimetric signal/mV

The ratio between the heat dissipation change and the
thermostat temperature change defines a thermal conduct-
ance P, which is a combination of the sensor conductance
(Ps ~ 0.1 WK™!) and the tissue conductance (Ppoay)- To
determine the thermal conductance, only the stationary
values of heat dissipation and thermostat temperature are
needed. Equation 2 shows this measurement principle,
which is common to the methods mentioned above.
= I 3 T, =T, = ATy,

1/Pg +1/Pyoqy

B T2 _Tl

@
In this equation W, and W, are the steady-state heat
powers corresponding to the thermostat temperatures 7
and T,. In these measurement methods, all the reference
temperatures (7, and T,) are in the sensor itself (in our
case, in the thermostat). For this reason, we could classify
these methods as Sensor Temperature Referenced Methods
(Tgensor Referenced Methods). Some authors employ similar
procedures, using instruments that emit controlled dissipa-
tions and measure the temperature; being the dissipations
stationary [16, 17], sinusoidal (3w method) [18], or pulsed
[10, 11]. Similarly, other authors use instruments that con-
trol temperature and measure power [11].

4) However, other authors consider that the skin heat flux
is proportional to the heat flux transferred between the
inside of the human body, which is at a temperature

T,.e» and the skin, which is at a temperature T;, [9,

19]. In this case, a heat flux sensor is used, and the tem-
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Fig.3 Calorimetric signal, sensor’s thermostat temperature, and heat dissipation. Measurement on the skin carried out by programming a linear

variation of the thermostat temperature
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Fig.4 Calorimetric signal, sensor thermostat temperature, and heat dissipation variation. Measurement carried out by programming a linear

variation of the thermostat temperature, with an adapted strap

perature difference (skin—core) is obtained externally.
These methods consider the T, and T,

temperatures
as a reference. We can define these methods as T, Ref-
erenced Methods, since one of the references is set at
the internal temperature of the human body. With our
calorimetric sensor, we can apply this method, using
the thermostat temperature and the human body internal
temperature obtained with an additional sensor, as ref-
erence. With a measurement similar to those shown in
Fig. 2, and the knowledge of T,,,,, the thermal conduct-
ance P would be calculated as follows:

w _ 1
Tther_ 1/PS"'I/Pbody

where W is the heat dissipation measured at the thermostat
temperature 7. Equations 2 and 3 are different ways to
determine a thermal conductance between the heat source
(human body) and the sensor's thermostat, and the values
obtained with each equation are similar. Both equations
involve the assumption of steady state of the skin area. This
thermal conductance is of great utility in practice, since a

P=

T 3

core

change in this thermal conductance is usually associated
with the degree of vasodilatation or vasoconstriction in the
area of skin where the measurement is performed.

Results

Two measurement campaigns have been carried out with
the calorimetric sensor. These campaigns correspond to dif-
ferent procedures and objectives. In total, sixteen subjects
participated in these experiments, of which anthropometric
characteristics are shown in Table 1.

Six subjects participated in the first campaign (1-6 in
Table 1). The objective of the campaign was to study the
thermal conductance in different areas of the human body
at rest. For this purpose, a variation of the sensor's ther-
mostat temperature was programmed while it was applied
to the skin (Figs. 2 and 3). Ten subjects participated in
the second campaign (7-16 in Table 1). The objectives
were to study the variation of thermal conductance in the
inner thigh area before and after physical exercise, and to

Table 1 Anthropometric characteristics of the subjects who participated in the studies: age (years), mass (kg), height (m), and sex (M: male, F:

female)

Subject 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Agelyears 62 29 27 57 31 24 25 23 25 24 20 21 21 23 20 29
Mass/kg 71 68 83 68 74 53 - 72 76 79 80 - 54 54 74 88
Height/m 1.60 172 177 166 149 1.61 - 1.68 181 172 168 - 1.60 155 1.68 1.69
Sex M M M F F F M M M M M F F F F F
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study the performance of the sensor by applying a T,
Referenced Method. The T, temperature is determined
by inserting a thermistor into the subject's femoral artery
as described elsewhere [20].

First measurement experiment: rest

In the first campaign, method 2) was used, explained in
Sect. 3. Some measurements have been reproduced with
method 3), resulting in similar values. Measurements
were made on six areas of the human body: temple, hand,
abdomen, thigh, heel, wrist and sternum. Subjects were
resting seated. Temperature and humidity conditions were
controlled: T,.,,=23.5 °C and 55% RH. Sensor thermo-
stat temperatures were 7, =26 °C and T, =36 °C. Table 2
shows the average thermal conductance results obtained
with Eq. 1.

Thermal conductance varied between 0.017 and 0.050
WK~!. The mean value was 0.024 WK~ at the heel, 0.032
WK™! at the hand, 0.022 WK™ at the thigh, 0.029 WK~!
at the abdomen and temple, and 0.040 WEK! at the wrist.
The lowest values were measured at the heel, and the high-
est at the wrist. The standard deviation was on average 7%.
Zones with lower conductance correspond to regions with
higher fat percentage, and zones with higher conductance
are regions with greater blood supply and thinner sub-
cutaneous adipose tissue. Each zone has a characteristic
conductance, although the differences between subjects are
equally marked. For example, the conductance obtained in
the abdomen for each of the six subjects was 0.029, 0.025,
0.031, 0.029, 0.024, 0.034 WK™!, respectively. These
measurements were made for a thermostat temperature
increase of 10 K at a rate of 4 Kmin™'.

Additionally, several measurements were performed on
the wrist of subject 1, applying different increments of the
thermostat temperature of 2.5, 5.0, 7.0, and 9.0 K. Fig-
ure 5 shows the variation of thermal conductance in these
cases. Measurements were also made for different heat-
ing/cooling rates (1, 2, and 3 Kmin~!). These experiments
demonstrated that the measured thermal conductance does
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Fig.5 Thermal conductance variation as a function of thermostat
temperature increase (ATy,.). Measurements performed in the volar
area of the left wrist of subject 1

not depend on the increase or the rate of thermostat tem-
perature change.

Second measurement experiment: exercise

In the second campaign, the measurements were performed
with the thermostat at T, =28 °C. This temperature is
chosen because the steady state is reached earlier (Fig. 2).
Knowing the steady-state heat dissipation W, the thermal
conductance of the skin is determined with Eq. 3. The ambi-
ent conditions varied between 20 and 28 °C. However, the
ambient temperature was practically constant during each
measurement, given its short duration (= 10 min). The pro-
cedure for these measurements was as follows:

— A thermistor is surgically inserted into the subject's
femoral artery to measure blood temperature during the
experiment (Fig. 1a).

Table 2 Thermal conductance

. i Subject Temple Hand Abdomen Thigh Heel Wrist

(in WK™") in the first

experiment (rest), subjects 1 to 1 0.033+8%  0.035+5%  0.029+4%  0.023+7%  0.024+3%  0.037+9%

Sa‘;;;agbiﬁel ;elfrf;g;i;’rzti}“ed 2 0.028+5%  0.030+10% 0025+£7%  0.022+5%  0.022+7%  —

the sensor thermostat (Eq. 2). 3 0.035+£9%  0.030+6%  0.031+£6%  0.024+5%  0.026+6% 0.043+7%

Mean + standard deviation (%) 4 0.028+10% 0.036+18%  0.029+4% 0.023+13%  0.028+1% -

values are shown 5 0.027+7%  0.028+5%  0.024+13% 0.019+£8%  0.023+5% -
6 0.031+6%  0.033+16% 0.034+9%  0.021+11% 0.024+8%  —
Mean+SD  0.029+8%  0.032+10% 0.029+8%  0.022+8%  0.024+5%  0.040 + 8%
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— After arest time, the subject begins an incremental exer-
cise on a cycloergometer. This exercise lasts 20-30 min.
Then, the subject rests in supine position for 90 min.

— Finally, the subject remains at rest and the thermistor
is removed. To avoid excessive blood flow, the protocol
involves compression on the puncture site which almost
impedes the blood flow for 20 min after removal of the
thermistor (occlusion). After the release of the compres-
sion, some reactive hyperemia is observed as reflected by
the reddish color of the skin which lasts few minutes.

Table 3 shows the mean thermal conductance obtained
at different times of the experiment. It can be seen that the
mean value of these results is of the same order of magnitude
as the results obtained with the method of the first campaign
at the same location. However, there are differences, which
may be due to both the method itself and the conditions
of the experiment. It is also remarkable for the high vari-
ability of this method, and the average standard deviation
is greater than 27%. Authors using a similar method, such
as Brajkovic et al. [19], also often obtain results with high
variability. Wang et al. [9] attribute this uncertainty to the
oversimplicity of the model. We agree with this hypothesis:
using a single heat flux value, the accuracy of the thermal
conductance obtained is limited by the oscillation of the heat
flux. Previous work has shown that heat flux can fluctuate
between 10 and 24% in subjects sitting at rest under the same
environmental conditions [14]. Therefore, we conclude that
it is necessary to review the modeling when using the Tcore
Referenced Method to determine the thermal conductance
of the skin.

In the experiments conducted, we can highlight some
observations. Shortly after physical exercise (2-5 min),
thermal conductance increases by 30% compared to the
resting value. As time elapses, thermal conductance slowly
decreases. At the end of the resting time and after the

occlusion of the blood flow, hyperemia occurs, and the ther-
mal conductance increases by 15%. After completion of the
occlusion, the thermal conductance returns to a value close
to the pre-procedure value. These observations are consist-
ent with vasodilatation in the tissues when exercise is per-
formed, and with the accumulation of blood in the skin when
circulation is occluded.

Discussion

Since the 1950s, attempts have been made to measure the
thermal conductivity of skin in vivo [16]. Thermal conduc-
tivity, 4 (in WK™! m_l), is the most commonly used thermal
quantity by authors to characterize skin. Other authors use
the thermal resistance per unit area, r (in KW~! m?) [9, 19].
We use the thermal conductance P (in WK™!) because it
is the quantity directly measured by the calorimetric sen-
sor. There is an equivalence between these quantities, which
depends on the geometry of the heat-affected zone. Con-
sidering a prismatic geometry of surface (A) and thermal
penetration depth (d), we can relate these quantities with the
following simplified expression:

AT d r

W,
body é _ é ( 4)

In general, the area of the tissue under study (A) is known.
However, the thermal penetration depth (d) is not initially
known. Different magnitudes can only be compared when
the geometry of the heat-affected zone or the thermal pen-
etration depth is known. Some authors calculate this param-
eter in different ways. Van de Staak et al. carried out a study
of the thermal penetration depth by measurement on inert
solids [16] using Burton's method. In this way, he obtained a
relationship between the thickness of the solid used and the

Table 3 Thermal conductance in the thigh (in WK™!) in the second experiment (exercise), subjects 7-16 in Table 1. Result obtained with Eq. 3

Subject Atrest After exercise 5-10 min After exercise After exercise While occlusion After occlusion
20-60 min 80-90 min
0.024 0.028 0.027 - - -
0.016 0.025 0.024 0.023 0.027 0.022
0.016 0.024 0.025 0.022 0.028 0.024
10 0.018 0.029 0.031 0.030 - -
11 0.026 0.018 0.020 0.016 - -
12 0.025 0.028 0.030 - - -
13 0.008 0.013 0.015 0.014 0.018 0.018
14 0.015 0.023 0.023 0.026 0.030 0.024
15 0.014 0.016 0.020 0.019 0.022 0.021
16 0.011 0.013 0.016 0.012 0.014 0.014
Mean +SD 0.017 + 34% 0.022 + 28% 0.023 +24% 0.020 + 31% 0.023+27% 0.020 +20%
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percentage of thermal conductivity measured with his con-
ductivity meter. He obtained an exponential curve, a func-
tion of distance, of which length constant is 0.6 mm. Webb
et al. obtained a depth of 0.5 mm [17] using the expression
of Silas [21], and Tian et al. obtained a maximum depth
of 0.1 mm [18] using the expression of David [22]. On the
other hand, Okabe et al. define the thermal penetration depth
as the depth at which the temperature increases more than
0.1 K [10], obtaining a value of 0.9 mm. In our case, in order
to express our results in units of thermal conductivity, we
consider a prismatic heat-affected zone of 4 cm2 and 4 mm
thermal penetration depth. This depth is determined from
the heat capacity measurement [12] and contrasted using
the Silas expression [21].

Figure 6 shows the thermal conductivity A calculated
from the thermal conductance obtained with our calorimet-
ric sensor, and those obtained by other authors, in each area
of the human body at rest. Each point corresponds to a mean
value and the line through it to its standard deviation. The
rectangles define the maximum and minimum measured
values. The wide range indicates the large variability of the
thermal conductivity of the skin, which makes it difficult to
study and understand. These results show the normal range
of this thermal property. As a reference to these measure-
ments, we can highlight that the thermal conductivity meas-
ured in vitro is 0.17 to 0.24 Wm™' K™ for fat, 0.28 to 0.36
Wm~! K~! for cortical bone, 0.32 to 0.50 Wm~! K~! for
skin, and 0.48 to 0.56 Wm™' K™ for blood [23].
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Fig.6 Thermal conductivity (1) measured in vivo in different areas of the human body, by different authors, while subjects are at rest

Table 4 Measurement
conditions of Fig. 6. Author,
sensor used, year, number of

Author

Sensor

year n T,

subjects (n), T, thermal

room?
penetration depth (d), and area

van de Staak WIBM [16]

Ring flat conductivity meter 1968 102 25.0 0.6 88

Grenier E [8] Hematron 2014 30 22.0 - 254
of the sensor (A)

‘Webb RC [17] Ultrathin conformal array 2015 25 - 0.5 400

Tian L [18] Flexible 3w sensors 2017 2 - 0.1 600

Okabe T [10] G-H thermistor probe 2018 5 26.0 0.9 0.30

This work Calorimetric sensor 2021 6 23.5 34 400
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Table 4 shows the characteristics of the measurements
shown in Fig. 6: the author, the year of the work, the instru-
ment, its thermal penetration depth, d, and its measuring
surface, A, the number of subjects, and the room tempera-
ture. The procedures used in the results shown in Fig. 6 can
be included in the Tsensor Referenced Methods. Although
the values shown in Fig. 6 are at rest, van de Staak [16],
Grenier [8], and Tian [18] performed measurements by alter-
ing the human body in different ways, by occluding blood
flow, applying compression measures, or inducing urticaria,
respectively.

See that there is consistency in the results shown in Fig. 6.
Thermal conductivity obtained on the same skin area is simi-
lar using different instruments. Exceptions to this are the
thigh and volar forearm areas. This may be due to inaccura-
cies in defining the area (the thigh is a large and inhomoge-
neous region), or perhaps to differences in the thermal pen-
etration depth. The lowest thermal conductivity values are
obtained at the heel, and the highest at the nose and cheek.
The most studied locations are the cheek, the forearm, the
wrist, and the heel. On the other hand, in our measurements,
we observed that the difference in thermal conductivity is
greater between subjects than between zones. This predomi-
nant intra-subject variability is consistent with that observed
by Webb et al. [17] and Okabe et al. [10], and it is probably
due to anthropometric differences between subjects.

Skin thermal conductivity can also vary depending on the
environmental conditions. We observed that, for a constant
room temperature, a high thermal conductance implies a
higher skin temperature. Okabe et al. [10] also observed a
similar correlation between thermal conductivity and skin
temperature. If the ambient temperature changes, the ther-
mal conductivity may change. Some authors have character-
ized these changes and related them to vasoconstriction and
vasodilatation [9, 19].

Regarding physical exercise, this activity is associated
with an increase in cutaneous blood circulation [24, 25],
so a change in the thermal properties of the skin is predict-
able. This is proven in our experiment: thermal conductance
increases by 27% after physical exercise. Brajkovic et al. also
observed a similar variation (40%) [19].

Another phenomenon that can modify the thermal con-
ductance of the skin is the restriction of blood flow in a
limb, which can lead to a blood accumulation in the outer-
most layers of the skin [26]. In our experiment, we observed
that, when blood flow occlusion is performed, the thermal
conductance increases by 17%. Van de Staak et al. [16]
applied a similar procedure and also observed an increase
in thermal conductance of 8%. Other authors have carried
out experiments along the same lines. Grenier et al. [8]
detected an increase in thermal conductivity of 16% when
applying compression stockings that promote blood circula-
tion, and in 2017, Tian et al. [18], observed an increase in

thermal conductivity of 32% after producing urticaria on
the forearm.

Conclusions

— We have developed a calorimetric sensor that consists of
a thermopile equipped with a programmable thermostat.
Directly measuring the skin thermal conductance with a
non-invasive method is interesting to study the thermal
properties of the skin and the thermoregulatory responses
in humans.

— From the experiments carried out, we have found that it is
more convenient to apply measurement methods in which
all the temperatures used in the calculation are referenced
to the sensor itself (7., Referenced Methods).

— We have also experimentally verified that the thermal
conductance measured with the calorimetric sensor does
not depend on the amplitude of the thermostat tempera-
ture rise or on the rate of temperature change.

— One difficulty associated with contact sensors developed
in the literature is the necessity to define a heat-affected
zone, often by defining a thermal penetration depth of
the instrument. The calorimetric sensor presented in this
work is able to measure an absolute value of thermal
conductance (in WK™, corresponding to an area of 4
cm? of skin. Therefore, it is not necessary to define a
heat-affected zone to obtain a result.

— Each skin area has a different thermal conductance. At
rest, this magnitude has an average standard deviation
of 7%. After intense physical activity, thermal conduct-
ance increases by 27% and during hyperaemia by 15%. A
change of this property is associated with the degree of
vasodilatation or vasoconstriction in the skin area where
the measurement is taken.
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