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In non-differential calorimeters, the ambient temperature, the thermostat temperature, and the thermostat
cooling system affect the measured heat flux. For this reason, the modelling and calibration procedures should
take into account all the variables that affect the heat flux transmitted through the calorimeter. In this work, we
present the complete calibration of three non-differential skin calorimeters designed to measure the heat flux, the
heat capacity and the thermal resistance of a localized skin surface. In addition, the incorporation of the skin into
the calorimetric model allows the determination of the core temperature of the tissue where the measurement is

performed. The electrical calibration is validated with measurements with the three calorimeters on the volar
and dorsal areas of the wrist of a healthy 30-year-old male subject.

1. Introduction

Nowadays, calorimetry is an essential technique for measuring the
energy or the power developed in any thermal process, as well as for
determining the thermal properties of materials [1]. The technology
used depends on the process under study (e.g., liquid-liquid, solid-gas,
liquid-gas, etc.) and adaptations are required for each case. However, all
calorimeters share a common characteristic: the process is performed in
a purpose-built environment under controlled conditions of pressure
and temperature. Hansen [2] proposes a classification of calorimeters
according to the method of operation and other characteristics.

The skin calorimeters presented in this work are applied on the skin,
and their principle of operation involves measuring the heat flux
transmitted by conduction from the skin to the calorimeter. This mea-
surement allows the determination of the thermal properties of the
localized human skin region [3]. In Hansen’s classification, these in-
struments are included in the group of heat conduction calorimeters [2].

Two types of models are commonly used in heat conduction calo-
rimeters: 1) empirical input-output models defined by a transfer func-
tion (TF models) [4], and 2) models derived from decomposing the
calorimeter into different domains connected by thermal couplings (RC
models) [5]. The parameters of both TF and RC models can be related,
since it is the same instrument and share the same input and output

signals. TF models are mainly used in isothermal calorimeters whose
purpose is to determine the energy or the power developed in a thermal
process. However, when there are factors that can modify the Transfer
Function, the RC models are used instead because these effects can be
easily incorporated. For example, in flow calorimeters, the effect of
liquid injection must be included in the equations [6]. In titration cal-
orimeters, in addition to the effect of liquid injection, the rise in the
liquid level inside the measuring cell alters the conductances between
the cell and the neighbouring domains. This produces calorimetric
signal changes that can be assessed through these RC models [7].

The conduction heat transfer process is also modelled with the dif-
ferential form of the Fourier equation [8]. Additional phenomena can be
incorporated into this equation, for example, the blood perfusion pro-
cess in the case of skin [9]. The integration in each domain can be
carried out with the finite element method (FEM) using the boundary
conditions between domains. Several works have been conducted to
study the spatiotemporal evolution of temperature in materials [10].
This method is not the most appropriate for modelling the operation of a
calorimeter, since these instruments are designed to provide a direct and
simple relationship between the variables measured and the thermal
quantities to be measured. However, calorimetric results (heat capacity
and thermal conductivity of materials) are indispensable in thermal FEM
modelling.
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Heat conduction calorimeters typically operate in a differential
setup, using two identical cells. One cell contains the thermal process
under study, while the other is used as a reference. This differential
setup prevents the measurement baseline from being affected by the
variation of the thermostat and the ambient temperature. However, the
skin calorimeter presented in this work is non-differential, so the vari-
ations of the ambient and the thermostat temperature affect the
measured signals. For this reason, a specific modelling for these skin
calorimeters is necessary. This is the main objective of this paper. This
study is also highly relevant for the development of other calorimetric
devices that, due to their specific applications, must operate as non-
differential systems [11]. In this work, we propose a model that takes
into account the external temperatures of the calorimeter and in-
corporates the internal thermal resistance of the skin. The model allows
quantifying all heat fluxes through the calorimeter, without baseline
correction. In addition, the incorporation of the thermal resistance of the
skin allow to determine the internal temperature in the area where the
measurement is made. Thus, this work is a clear advance over previous
work in which the calorimetric model related the calorimetric variables
after a baseline correction to an initial steady state [12].

This skin calorimeter has two main functions. First, it is used to
determine the thermal resistance and the heat capacity of a localized
skin area. These parameters have been used to monitor the short-term
recovery of minor skin injuries through daily measurements [13]. Sec-
ond, it measures the skin heat flux at the studied region, both when the
subject is at rest or performing physical exercise. In all cases, these
calorimeters are attached to the skin using an adapted holding system.
Having outlined the problem to be addressed, we first describe the
experimental system and the operating model. This is followed by a
detailed study of the calibration process of three similar skin calorime-
ters. Finally, some applications on human skin are presented.

2. Experimental system
2.1. Skin calorimeter

The skin calorimeters presented in this work are based on a
measuring thermopile (13.2 x 13.2 x 2.2 mm) placed between an
aluminum measuring plate (20x20x1 mm) and an aluminum thermo-
stat (14x14x4 mm). The thermostat contains a PT-100 temperature
sensor and a heating resistor. This thermostat incorporates a cooling
system based on another thermopile, a heatsink and a fan (see Fig. 1).

Three prototypes with a measuring area of 2 x 2 cm? have been built;
the first one (S0) in 2016 and the others (S1 and S2) in 2024 [3]. The
main difference between these prototypes lies in the thermopiles and the
heatsink used. The differences are clearly reflected in the calibration
results. S1 and S2 calorimeters have more sensitive thermopiles and a
wider operating range (programmable thermostat temperature)
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compared to the SO calorimeter. For each experimental setup, we built a
calibration base with an electrical heating resistor. Thermopiles are
from Laird Thermal Systems [14]. The PT-100 temperature sensor and
the constantan wire used to build the calibration base and thermostat
resistors are from Omega Engineering [15].

2.2. calorimetric model and operating diagram

We use a common approach for the modelling of calorimeters [5].
This approach, called RC model, consists of decomposing the experi-
mental system into N domains of heat capacity C;, connected to the other
domains by thermal couplings of conductance Pj. Each domain is
assumed to have infinite thermal conductivity, so the temperature at all
points in that domain can be considered the same. Under this assump-
tion, the power developed in each domain (W;) is equal to the power
required to change its temperature (C;-dT; /dt) plus the sum of the
conduction losses to the other domains, including the heat losses to the
outside of the calorimeter (Ty;). In conduction calorimeters, the thermal
process under study occurs in the measuring zone. This zone is covered
by a thermostat whose temperature is known and well controlled.

The number of N domains is directly related to the signal-to-noise
ratio of the measured signals. In practice, N is determined from pre-
liminary calibration measurements that allow the determination of the
minimum number of poles of a Transfer Function that is able to repro-
duce the calorimetric signal provided by the measuring thermopile
(output signal) from a known power that passes through the measuring
thermopile (input signal). This input power is dissipated by an electrical
calibration resistor.

In our calorimeters, we have found that a two-pole Transfer Function
is enough to reproduce the behavior of the system. Thus, we decompose
the calorimeter into two domains. The first one represents the heat
source, the measuring plate and the layer of the thermopile that contacts
this measuring plate. When the calorimeter is placed on the calibration
base, the power dissipated in this domain is the power dissipated in the
calibration resistor Wj. The second domain represents the thermostat
and the layer of the thermopile in contact with the thermostat. In this
domain, W is the power dissipated in the heating resistor located in the
thermostat, whose purpose is to maintain the programmed temperature
T,. Thus, the system of equations will be as follows:

dT:
W, = Cld—t1+P12(T1 —Ty) +Py(Ty — Toy)
(€]
dT.
W, = CZTZ +P13(Ty — T1) + Po(To — Toz)
The heat capacities of the domains are C; and Cs. Py is the thermal
conductance of the measurement thermopile, which thermally connects
the two domains. P; is the thermal conductance between the first

domain and the environment, which is at a temperature Ty;, and Py is
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Fig. 1. Skin calorimeter scheme. Temperatures: ambient (T,o0m), thermostat (T,), measurement plate (T;), external (Tp;), and cold focus (Tyz). Calorimetric signal

(), heating powers (W;, Wy), and Peltier current ().
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the thermal conductance between the thermostat and the cooling sys-
tem, which is at a temperature Tp,. We assume that the calorimetric
signal provided by the measuring thermopile is linearly related to the
temperature difference between the two domains, through the Seebeck
coefficient:

y=k(T —Ts) 2

By solving Eq. (2) for T; and substituting it into Eq. (1), we obtain the
system of equations (Eq. (3)) which represents the calorimetric model
and relates the input powers Wy (t) and W5 (t) with the output signals y
(t) and T> (t).

C d P, +P dT:

w, =Y D2y B2 P (T, Ty
k dt k dt @)
P dT.

W, = *%y*‘r CQT;+P2(T2 — Toz)

Fig. 2 shows a diagram of the skin calorimeter operation principle.
The cooling system modifies the temperatures outside the calorimeter.
The temperature T of the side of the cooling thermopile in contact with
the thermostat is reduced by Peltier effect, as a function of the supply
current Ipg. This causes a temperature increase on the other cooling
thermopile side, which has to be cooled by the heatsink and the fan,
causing the outside temperature Tq; to rise slightly. Thus, the external
temperatures Ty; and T will depend on the ambient temperature Troom
and the current I,;. When the skin calorimeter is placed on the cali-
bration base, the power Wj is the power dissipated by the calibration
resistor. But when the calorimeter is applied on the skin, Wj is the heat
flux transmitted by conduction from the skin. The power W3 is deter-
mined by a PID controller [16] to achieve the set thermostat tempera-
ture Toggr. The calorimetric signal y, the room and thermostat
temperatures Tr,om & T2, are acquired with a Data Acquisition System
(Keysight 34970A & 34901A). The cooling thermopile supply current
L, the power dissipated in the calibration base W;, and in the ther-
mostat Wy, are provided by a triple programmable power supply (Key-
sight E3631A). The acquisition program is written in C++ and controls
the instruments via the GPIB bus (Keysight 82357B), with a sampling
period of At =1 s (see Fig. 1).

3. Calibration
3.1. Experimental calibration measurements

To identify the calorimetric model, we conducted measurements for
different values of the thermostat temperature T», the power dissipated
in the calibration base Wj, and the cooling thermopile supply current
Lo The selected values represent an appropriate order of magnitude for
human skin applications. Fig. 3 shows an experimental measurement in
which the thermostat temperature (T2) is initially set at 28 °C. Once
steady state is reached, the temperature is increased to 33 °C,
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Fig. 3. Calibration measurement with variation of thermostat temperature (T)
and calibration base power (W;). The calorimetric signal (y) and the power
dissipated in the thermostat (W>) for the cases of cooling thermopile current
(Ipen) of 0.03, 0.12 and 0.21 A are shown. Calorimeter SI (Trpom = 21.2 °C).

maintained for 5 min, and then lowered back to the initial value of 28 °C,
at a heating/cooling rate of 3 K/min. Simultaneously, a power of W; =
200 mW is dissipated at the calibration base. This power decreases to
100 mW when the thermostat temperature increases, then returns to 200
mW, and finally, is stopped. This measurement is repeated for I cur-
rents values: 0.03, 0.06, 0.09, 0.12, 0.15, 0.18, and 0.21 A. In Fig. 3,
0.03, 0.12 and 0.21 A cases are shown. In these measurements, we can
observe the dependency of the calorimetric signal and the thermostat
power on the I value used.

3.2. Calibration with baseline correction

Calibration measurements are programmed to ensure that the initial
and final steady states are identical. This is possible because the ambient
temperature is essentially constant during the measurement time, and
the cooling system’s supply current (Ip¢) is constant. Therefore, we can
assume that the reference temperatures To; and Ty are constant in that
measurement. Under this conditions, we correct the baselines of the
signals and obtain the system of equations (5), which relates the varia-
tion of the calorimetric signal Ay with the variation of the thermostat
temperature ATz and the input powers variations AW; and AW,.

Z—;OOI}I
Ty,
Cooling
b = system T
w; ()
—_—

)

W, (1) Calorimetric
- Model

+
Toper (1) —-(E— PID

T(1)

Fig. 2. Skin calorimeter operating diagram.
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CidAy P +P dAT

AW, =Y AP L 0980 L paT,
k dt k dt @
P dAT:

AW2 = —%Ay-i— C2 dtz +P2AT2

The calibration process consists of determining the parameters Cy,
Ca, Py, Py, P15 and k of the proposed model (Eq. (4)), using an iterative
algorithm. From the known input powers W; and W, and the model
parameters obtained in each iteration, the output variables Ay and AT,
are determined. The identification process consists of an error minimi-
zation method based on the Nelder-Mead simplex algorithm [17]
developed by Langarias et al. [18], and implemented in MatLab’s
fminsearch function [19]. The criterion to be minimized is the root mean
squared error (RMSE) between the experimental curves (exp subscript)
and the calculated ones (cal subscript):

E=¢€ +é€r

np np
= l Z (yexp(i) _.ycal(i))z + l \/Z (T2exp(i) - T2ml(i))2 )
np i=1 np i=1

In this expression, &, and e7, are the RMSE of the calorimetric signal
(y) and the thermostat temperature (T2), and np is the number of record
points used. Fig. 4 shows the fit between the experimental and model-
calculated curves in a calibration measurement, with the correspond-
ing RMSE values indicated. Table 1 shows the results of this first step in
the calorimeter calibration. Note that all model parameters are invariant
except C;, which depends on the heat capacity of the heat source.

As mentioned above, these skin calorimeters are used in two appli-
cations. In the first one, heat capacity and thermal resistance of a
localized skin area can be determined by programming a thermostat
temperature variation. This requires knowing all the parameters of the
calorimetric model. In a second application, the thermostat is set to a
constant temperature to monitor heat flux variations (AW;) in a specific
skin area during rest or physical exercise. In this case, if the power AW;
does not significantly affect the temperature of the thermostat, we can
define a TF that allows us to compare different calorimeters and heat
flux sensors. This TF is derived from the first equation (for constant Tz
value) of the system (5) and is defined by the equation:

Ay /mV

AT/°C

AW, /W AW, /W

0 5 10 15 20 25
time / min

Fig. 4. Identification process, having corrected the baselines, for calorimeter
S1, g = 0.03 A and Troom = 21.2 °C. Calorimetric signal (Ay), thermostat
temperature (AT>), calibration base power (AW;) and thermostat power (AW>).
Experimental curves (in blue) and model-calculated curves (in red). RMSE of
each signal is indicated (Eq. (5)).
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Table 1

Calibration results by correcting the baselines. RC model for S0, S1 and S2 skin
calorimeters. Number of measurements = 35. Number of points for each mea-
surement = 1750. Sampling period = 1 s. Average value (Mean) and standard
deviation (Std). RMSE: ey & €12 (Eq. (5)).

S0 S1 S2

Mean Std Mean Std Mean Std units
C; 3.960 0.060 4.020 0.090 3.910 0.090 J/K
Cz 4.800 0.100 3.800 0.200 3.700 0.300 J/K
Py 0.033 0.001 0.029 0.002 0.029 0.002 W/K
P, 0.053 0.002 0.057 0.005 0.055 0.005 W/K
P12 0.128 0.005 0.092 0.008 0.089 0.009 W/K
k 23.10 0.500 23.70 1.100 23.00 1.400 mV/K
ey 14.10 0.800 16.50 2.500 16.20 2.400 uv

€72 4.300 0.600 3.900 2.000 3.800 2.000 mK

AY(s)  k/(Pr+P1z) K
AW](S) a 1 +SC1/(P1 +P12) B 1-+st

TF(s) = (6)

Table 2 presents the sensitivity (K) and time constant (t) for each
calorimeter. Although the calorimeters are similar, S1 and S2 exhibit
higher sensitivities than SO (+35 %) and higher time constants (+32 %).

3.3. Calibration without baseline correction

The calibration method described in Section 3.2 allows the deter-
mination of the heat flux variation in a given area, as the model relates
power variations (AW; and AW) to calorimetric signal (Ay) and ther-
mostat temperature variations (ATz). However, this model does not
provide the heat flux values at the initial and final states. To address this
limitation, the external temperatures Ty; and Ty from the model
equation (Eq. (1)) must be known. For this purpose, we define the pa-
rameters ATy; and ATpy:

ATOl = TOl - Troom
7
AToz = Toz — Troom )

Now, for each calibration measurement, these parameters (ATp; and
ATypg) are determined, while maintaining the parameters of the previ-
ously determined RC model (Table 1). For this purpose, we adopt the
error minimization algorithm used previously [17-19]. Then, the
calculated calorimetric signal and thermostat temperature curves are
determined with the full calorimetric model given by Eq. (1), incorpo-
rating Eq. (7).

Fig. 5. illustrates an example of this calibration process, showing the
fit between the experimental curves and those calculated by the model.
The RMSE of the fit are also provided. Fig. 6. presents the values of the
parameters ATp; and ATz as a function of the cooling thermopile supply
current (I,¢). Table 3 shows the coefficients of the linear fit for each skin
calorimeter.

ATOl = To + alpel (8)
AToy = To + Blpa

An analysis of the results shows that skin calorimeters S1 and S2
dissipate the heat flux from the hot side of the cooling thermopile better
than SO calorimeter. Additionally, S1 and S2 have a wider operating
temperature range than SO, as they can reach lower cooling tempera-
tures (ATp, = -19 °C) compared to SO (ATyz = -9 °C). It is important to
note that the parameter Ty (Eq. (8)) has been determined for the case in

Table 2
TF model of the studied calorimeters, for a constant thermostat temperature (Eq.

(6)).

Skin calorimeters N S1 S2 Units
Sensitivity K 144 196 194 mV/W
Time constant T 25 33 33 S
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Fig. 5. Calibration measurement without baseline correction to determine the
parameters ATy; and ATy, Calorimetric signal (y), thermostat temperature
(T2), calibration base power (W;) and thermostat power (W,). Experimental
curves (in blue) and model-calculated curves (in red) are plotted, indicating the
RMSE of the fit (Eq. (5)). Case of calorimeter S1 with I,q = 0.03 A, Troom =
21.2 °C.
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Fig. 6. Representation of ATy; (in blue) and ATy, (in red) (Eq. (10)) obtained
from the calibration as a function of the cooling system supply current I,

Table 3

Coefficients of the linear fit of the parameters ATy; and ATy, (see Fig. 6).
Pearson coefficient r, number of points, np. Cooling system supply current I, in
amperes (A).

ATo; = To + & Iper AToz = To + P Iper

To (°C) a (°C/A) r To (°C) p(°C/A) r np
S0 4.65 30.5 0.997 4.65 —65.2 -0.998 35
S1 0.45 13.6 0.971 0.45 —83.5 -0.999 35
S2 0.36 17.4 0.989 0.36 —83.8 -0.999 35

which the calorimeters are placed on a calibration base. When calo-
rimeters are applied on the skin, Ty increases due to the heating effect
caused by proximity to the human body. Therefore, this parameter will
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be determined in each measurement.
4. Application measurements on human body

In calorimetry, electrical calibration is always followed by mea-
surements of a well-known thermal process that is used as a reference
[20]. In the field of human heat dissipation, global heat loss measure-
ments under different conditions are available. These measurements are
used for designing thermal conditioning systems [21] and for assessing
physical activity in healthy individuals or cardiac patients [22,23].
However, there are no standardized local heat dissipation measurements
that can be used as a reference for different skin areas, as the available
data vary significantly and lacked consensus over the past 50 years [3,
24-29]. Skin heat flux is highly variable, as it depends on the temper-
ature of the calorimeter thermostat, as well as on the physical conditions
of the subject and the environment. However, certain thermal parame-
ters of the skin remain in a limited range of values, with temperature
being the most relevant. In this paper, we also focus on the heat capacity
and the equivalent thermal resistance of the skin. To determine these
parameters, the calorimeter is applied on the skin. When the signals
become stationary, the thermostat temperature is changed, and the
calorimetric response is recorded. The dorsal and volar areas of the wrist
were chosen for the study, as they are accessible and easy to measure.
Repeated measurements have shown that the thermal resistance is
generally higher in the volar region than in the dorsal zone [30].

4.1. Determination of heat capacity C; and power W;

To determine the skin heat capacity Cj, it is necessary to induce a
thermal excitation on the skin and analyze the transient response of the
calorimeter. This excitation is performed by varying the temperature of
the calorimeter’s thermostat, that produces a variation of the skin heat
flux W;. Assuming that W; decreases as the thermostat temperature T»
increases, according to the expression given in Eq. (9), both the skin heat
flux W; and the skin heat capacity C; can be determined.

T5(t) — T2(0)

=Wp—A
wy (t) Wio wy AT,

©)

In this equation, T3 (t) is the programmed thermostat temperature,
T2 (0) is the initial stationary value and AT is the maximum difference
of the thermostat temperature. Wy is the initial stationary heat flux for
T2 (0), and AW;j is the heat flux variation produced by the variation of
AT

Using the model equations (Eq. (3)), we can find the values of C; and
W; that accurately reproduce the calorimetric signal y and the ther-
mostat temperature Ty, using an error minimization algorithm similar to
the one used previously [17-19]. In this case, the RC model parameters
of each calorimeter (Table 1) are fixed, except the heat capacity C;. The
parameters a and f of the external temperatures To; and Tpy functions
are also fixed (Egs. (7), Eq. (8) and Table 3). However, the T values are
determined in the measurement.

Fig. 7 shows a measurement performed on the volar wrist area of a
healthy 67-year-old male subject. In this experiment, the thermostat
temperature was programmed to step from 28 to 31 °C, then from 31 to
34 °C, and finally from 34 to 39 °C, with all steps performed at a 3K/min
rate. The figure presents the experimental and calculated calorimetric
signal and thermostat temperature, the determined heat flux W; and the
thermostat power Wj. After thermal excitation, the skin returns to its
initial state. The stepwise changes of the thermostat temperature allow
to check that the determined power Wj also follows a stepwise pattern.
Under this assumption, the fitting of the calorimetric signal and ther-
mostat temperature is acceptable. In this measurement, the obtained
value of C; was 4.7 J/K, and the average value of Ty was 2.3 °C.

To explain the heat transfer process through the calorimeter, Fig. 8A
presents a schematic representation of this mechanism, while Table 4
shows the values of temperatures and heat flows for the measurement
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Fig. 7. Measurement performed on the left wrist volar area of a healthy 67-
year-old male subject. Calorimetric signal (y), thermostat temperature (T2),
determined skin power W; and thermostat power W,. Experimental (in blue)
and calculated (in red) curves are shown, and RMSE values are indicated.
Calorimeter S2, Iq =0.1 A, np = 2210, dt =1 s, Troom = 21.2 °C.

shown in Fig. 7. Initially the thermostat is set at T, = 28 °C. In this
steady-state condition, the heat flux W; is outgoing from the human
body and is divided into two: one part is transmitted through the mea-
surement thermopile (Wy,), while the other part is dissipated to the
surroundings (Wjp). At the same time, the power transmitted to the
cooling thermopile (W) is equal to the power dissipated in the
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thermostat (W5) plus the power transmitted through the measuring
thermopile (W;2). For T2 = 31 °C and T2 = 34 °C, the Wy heat flux sign
remains unchanged, but the sign of the heat flux through the measuring
thermopile Wy, reverses. However, at T2 = 37 °C, both heat fluxes W;
and W15 become negative. These results are consistent with tempera-
tures Ty, To1, T2y Toz.

The uncertainty of the determined heat flows depends on the oscil-
lations of the calorimetric signal and the thermostat temperature. For
skin measurements, these steady-state oscillations are 1 mV and 15 mK
peak-to-peak. As a result, the oscillations of the calculated power W7 are
4 mW peak-to-peak.

Measurements were also taken with the calorimeter exposed directly
to the air, without contact with the calibration base or the skin (Fig. 8B).
The thermostat temperature was programed identically to the previous
case (Fig. 7). These measurements allow the determination of the
portion of the measured heat capacity, C;, that corresponds to the
calorimeter itself, and not to the calibration base or the skin.

This offset heat capacity, denoted as Cy, depends on the intrinsic
characteristics of the calorimeter. The calculation process is identical to
the one previously described. Fig. 9 shows the calorimetric signal, the
experimental and calculated thermostat temperatures, the calculated
heat flux W; transmitted through the measurement plate, and the
experimental power Wy dissipated in the thermostat. Table 5 shows the
heat fluxes for this case. After several repeated measurements, we ob-
tained the Cy values for each calorimeter:

e Calorimeter SO: Cp = 3.07 & 0.08 (J/K)
e Calorimeter S1: Cp = 2.31 + 0.07 (J/K)
e Calorimeter S2: Cp = 2.31 & 0.07 (J/K)

Note the validity of the sensor operating model in the three cases
analyzed: (1) calibration on the base, (2) measurement on the skin, and

B
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Fig. 8. Illustrative diagram of the heat fluxes A) when the calorimeter is applied to the skin, and B) when the calorimeter measuring plate is directly exposed to
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Table 4

Values of temperatures and heat fluxes for the Fig. 7 measurement (T,,om = 21.1 °C, Tp = 2.3 °C, calorimeter S2). The positive sign criteria for W;, W12, W1o and Wy is
shown in the diagram Fig. 8. The power dissipated in the thermostat (W) is always positive. Temperature is expressed in °C, calorimetric signal in mV, and power in

mW.
T; To1 T, Toz y w; Wiz Wio W> W2o
28.6 25.0 28.0 15.0 13.2 155 51 104 669 720
30.3 25.0 31.0 15.0 —-16.7 92 —65 157 959 894
32.0 25.0 34.0 15.0 —45.5 27 -177 204 1235 1058
33.8 25.0 37.0 15.0 —72.3 -37 —282 245 1502 1220
28.5 25.0 28.0 15.0 11.4 155 44 111 660 704
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Fig. 9. Measurement performed to determine Cy, with the calorimeter exposed
to the air. Calorimetric signal (y), thermostat temperature (T2), calculated heat
flux (W;), and thermostat power (W,). Experimental curves (in blue) and
calculated curves (in red) are shown, with RMSE values indicated. Calorimeter
S1, I = 005 A, np = 2210, dt =1 s, Treom = 21.2 °C, Co = 2.3 J/K.

(3) measurement in air.

4.2. Determination of heat capacity and the thermal resistance at rest

When the calorimeter is applied on the skin, the measured heat ca-
pacity C; includes a volume of skin whose temperature has been
modified during the measurement process. The skin heat capacity (Cskin)
is obtained by subtracting the previously determined offset Cp from Cj.
The equivalent skin thermal resistance (Rgi,) is defined as the ratio of
the temperature change associated with the heat capacity C; to the skin
heat flux change Wj.

AW, AW,

Csin = C1 — C07 Rin = (10)
In this section, measurements were performed on the dorsal and

Table 5
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volar wrist areas of a healthy 30-year-old male subject (Fig. 10), with a
thermostat temperature from 28 to 37 °C (AT = 9 °C).

Fig. 11 shows the experimental signals of the volar wrist measure-
ment: calorimetric signal y, thermostat temperature Tz and dissipated
power Wy. The calculated curves are the temperature T;, which is
determined with the expression T; = T2 + y/k and the heat flux Wy,
which is determined with Eq. (9) and the calorimetric model. Table 6
shows the ambient temperature (Tryon) and relative humidity (HR %) for
each measurement. The table also includes the obtained skin heat ca-
pacity (Cskin), the power Wi and its variation AW; (see Fig. 11). The
heat flux W; depends on the ambient temperature and on the subject’s
thermal state, which is primarily characterized by the core temperature
in the measured zone (Tcor), the equivalent thermal resistance of the
skin (Rgkin), and its heat capacity (Cskin). The core temperature in the
measurement zone can be determined by the expression:

Tcore = Tl + Wlekin = T2 +)’/k + Wlekin (ll)

As we can see, the heat capacities are 2.3 J/K for the dorsal area and
1.8 J/K for the volar area. However, the thermal resistance ranges from
33 + 4 K/W in the dorsal area and 24 + 2 K/W in the volar area. These
results correspond to a 4 cm? area, and are specific to that region of the
skin. These results appear to be independent of core, ambient and
thermostat temperatures, as expected, which is consistent with previous
works performed at rest and at normal conditions [27-29]. However,
these results may change if the skin exhibits a pathology [30,31], during
exercise [28], or under an induced cooling [26,27]. For example, in
Table 6, two measurements exhibit an abnormally low core tempera-
ture, which is consistent with the subject’s reported sensation of cooling.

5. Final discussion

This section focuses on the application of the calorimeter—skin model
equations and the assumptions considered for each use case. Two sce-
narios are distinguished: the subject at rest, and during physical
exercise.

In the first case (at rest) we assume that the internal temperature
(Tcore) remains constant, and the heat flux from the skin to the calo-
rimeter’s measurement plate (W;) varies with thermostat temperature,
according to Eq. (9). Under these assumptions, the internal thermal
resistance is defined by Eq. (10). Once this resistance is known, the in-
ternal skin temperature can be determined using Eq. (11). In these
conditions, a thermostat temperature change is programmed, and the

Values of temperatures and heat fluxes for the Fig. 9 measurement, to determine the offset heat capacity Cy (see diagram Fig. 8B). (Troom = 21.1 °C, It = 0.05 A)
Positive sign criteria for the heat fluxes W3, Wy5, Wy and Wy are as shown in the sketch in Fig. 8. The power dissipated in the thermostat (W) is always positive.

Temperature is expressed in °C, calorimetric signal in mV, and power in mW.

T; To1 T, Toz y W Wiz Wio 2] W2o
26.4 22.2 28.0 17.5 —-38.3 —-25 —-149 124 762 613
28.6 22.2 31.0 17.5 —56.4 -38 —220 182 999 779
30.8 22.2 34.0 17.5 -75.3 -50 —294 244 1240 946
33.0 22.2 37.0 17.5 —-94.9 —63 -370 307 1480 1110

Fig. 10. Calorimeters SO and S1 placed on the dorsal and volar areas of the wrist.
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Fig. 11. Calorimetric signal (y), temperatures T; and T, and powers W; and

W3, from a measurement performed on the volar wrist area of a healthy 30-
year-old male subject at rest, using the S2 calorimeter.

values C; and Wj are obtained. Finally, W; is used to calculate the in-
ternal thermal resistance of the skin. The heat capacity C; depends on
the thermal penetration depth, which depends on the duration of the
heating cycle. To ensure that the measurements are comparable, we
always use the same timing protocol: the thermostat temperature is held
at the modified value for 5 min and then returned to its original value
over 10 min. According to previous studies [12], this protocol allows us
to reach approximately 80 % of the maximum measurable value of Cj.
However, since C; only affects the transient state and not the steady
state, and because the internal thermal resistance of the skin is deter-
mined from steady state values, the estimation of the internal temper-
ature remains reliable.

Regarding uncertainty, we identify three main sources: instrumental,
contact-related (between the calorimeter and the skin), and biological
variability. The first has been assessed based on the fluctuations in the
calorimetric signal and the temperatures involved in the model equa-
tions. An analysis of these variables under steady-state conditions yields
uncertainties of + 2 mW in the heat fluxes and + 1 K/W in the thermal
resistance. As for the calorimeter—skin contact, the use of any interme-
diate paste is not recommended. After disinfecting the contact surfaces,
good thermal contact must be ensured through an appropriate fixation.
No pressure greater than that of a standard medical bandage is needed.
However, during physical activity, the fixation must be firm enough to
prevent any relative movement between the skin and the calorimeter.
Finally, since the human body is not a static system, the subject’s
physiological state affects the results. This variability is precisely what
the method aims to capture and analyze, in order to define the normal
range of values for the measured parameters.

In the second application case, the subject is performing physical

Table 6
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exercise. In this situation, the thermostat of the calorimeter is main-
tained at a constant temperature. The main assumptions are that the
variation in the body’s heat flux is caused by changes in the internal
temperature, and that the internal thermal resistance remains constant.
Of course, the constancy of the internal resistance of the skin cannot be
guaranteed, but by performing measurements at rest before and after
exercise, an average value for the thermal resistance can be considered.
Under these assumptions, and with T held constant, the skin—calorim-
eter model equation is as follows:

Cidy  P1+Pi3+Pyin

TeorePskin :? ar k ¥+ (P +Pgin) T2 — Py (Troom +To +a1pel)
Py

dT.
Wy=—2y4+c,—2

k dt +P2T2 7P2 (Troom +TO +ﬂIpel)

12)

The conductance Pg;, is the inverse of the thermal resistance (Pskin =
1/Rgin).- The ambient temperature Tyoon, is measured with a specific
sensor, and its local increase near the calorimeter (Tp) is determined
using a second equation (Eq. (12)) in which all parameters and variables
are known. Using the model equations, we simulated this exercise sce-
nario considering Ry, = 25 K/W, and an initial internal temperature of
Teore = 33 °C, which increases exponentially by 3.5 °C with a time
constant of 4 min. After exercise, the return to baseline is modeled with
the same time constant. The values used in simulation were: T; = 35 °C,
Troom = 24 °C, Top = 2.5 °C, Iy = 0.1 A, and a heat capacity C; = 6 J/K.
These values are based on a preliminary study involving a subject during
physical activity [3]. Fig. 12 shows both the simulated core temperature
and the reconstructed one, calculated using Eqs. 12 and Eq. (13). In Eq.
13, the heat capacity C; is not considered. The comparison shows that
the reconstruction without Cj is still close to the nominal value. This
confirms that the uncertainty in C; has a limited effect on the estimation

37 T T
36
35

T/°C

34

33

10 15 20 25

time / min

30 35 40 45

Fig. 12. Simulation of the skin heat flux (W;) and the internal temperature
(Tcore) for a subject performing exercise. Thermostat temperature was set to 35
°C and ambient temperature T,,om to 24 °C. Both the simulated T,o. and the
values reconstructed using by Eqs. (12) (Tcore) and Eq. (13) are shown (Teorez2)-

Results of measurements performed on the dorsal (D) and volar (V) wrist areas of a healthy 30-year-old male subject at rest (seated). The three calorimeters (S0, S1, and
S2) were used. The thermostat temperature programming was the same for all measurements and is represented in Fig. 11 (ATz =9 °C).

Calorimeter Troom/ °C HR % Teore/ °C AT;/K Wio/W AW /W Cskin J/K Rgkin K/'W
S0-D 19.0 48 37.1 6.1 0.196 0.163 2.3 37.4
S0-V 19.2 48 36.3 5.8 0.235 0.227 1.8 25.7
S1-D* 19.6 53 32.2 5.4 0.144 0.175 2.3 30.8
S2 - D* 19.6 53 30.6 5.3 0.109 0.181 2.4 29.4
S1-V 18.6 49 35.6 5.1 0.267 0.205 1.8 24.7
S2-V 18.6 49 35.1 4.9 0.264 0.214 1.8 22.7

" In these measurements, the subject experienced a sensation of cold.
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of the internal temperature.

(P 1+ P, skin) P,
Ty ———(To+T, I 13
szkin v P, skin 2 Pskin ( 0 + Troom + @ pel) ( )

T Py + P12 + Pyan
core —

Fig. 12 also shows the heat flux, which depends on Tyyom, T2, and Ip.
However, if these conditions remain constant during the measurement,
changes in heat flux reflect changes in internal temperature. This section
highlights the need for additional measurement campaigns involving
different subjects and various conditions of rest and moderate to intense
physical activity, in order to define the normal range of internal thermal
resistance values and internal temperature variations.

6. Conclusions

In this work, a calibration procedure and a calorimetric model were
developed and validated for the thermal characterization of the skin
using non-differential heat conduction calorimeters. Unlike conven-
tional differential calorimeters, the variability of ambient and thermo-
stat temperatures affects the measurements, requiring a specific
modeling approach to correct these effects.

(1) A full calibration of three non-differential skin calorimeters has
been performed, incorporating the effects of ambient tempera-
ture and the cooling system on the calorimeter. The calibration
enables the determination of the heat flux transmitted through
the instrument without requiring baseline correction. The calo-
rimeter’s operating model obtained has been successfully applied
in electrical calibrations, skin measurements and measurements
with the calorimeter applied directly to the air (with no sample).

(2) The operating model and electrical calibration were validated by
measuring the thermal properties of the skin (heat capacity and
thermal resistance) in the dorsal and volar areas of the wrist of a
subject at rest using three different skin calorimeters. The results
obtained were similar and consistent with previous works.
Additionally, a key innovation of this work is the incorporation of
the skin into the calorimetric model. This advancement allows
the measured heat flux to be decomposed into its components and
enables the estimation of the core temperature of the tissue where
the measurement is performed. This feature enhances the utility
of the calorimeter.

(4) This non-invasive instrument is of great interest for studying
human physiology in both resting and exercising subjects. It is
capable of measuring the heat capacity, the thermal resistance of
the skin, the heat flux and the internal temperature of the human
body at the measurement location (2 x 2 cm?). Additionally, the
device can be integrated into multi-sensor instruments for
monitoring human exercise.
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