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Abstract
In this study, we present a new calibration method for a skin calorimeter that allows continuous measurement on the skin 
without the need for baseline correction. This approach is essential for practical applications that require immediate and 
uninterrupted monitoring, such as in clinical and physiological studies. The skin calorimeter, designed to measure heat flux, 
heat capacity, and thermal resistance of a 2 × 2 cm2 skin area, is calibrated using a small aluminum block with a built-in 
resistor and temperature sensor. Calibration was performed over a range of thermostat temperatures (26–32 ºC) and Peltier 
currents (25, 75, and 125 mA), resulting in an accurate model, with a root mean square error (RMSE) of less than 0.15 mW 
in power measurements. The calorimeter's performance was validated through experiments on human subjects, demonstrating 
accurate and reliable heat flux measurements without baseline correction. This method simplifies the measurement process 
and enhances the practical utility of skin calorimetry in various applications.
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Introduction

In calorimetry, we measure energy or heat power by observ-
ing how these values change from an initial stable state. 
Once the process we want to study begins, the initial state 
is considered as reference [1]. If the instrument used is dif-
ferential, the initial baseline is nearly zero. However, if it is 
not differential, the baseline is not zero [2]. In both cases, it 
is necessary to correct the calorimetric signal by subtracting 
the baseline, which is constructed from the initial and final 
steady states of the measurement, which may coincide or 
not. Baseline variations may be caused by several factors and 
require an accurate study to make the appropriate correction, 
which may be different in each case [3].

In this paper we present a calibration process without 
baseline correction. Before going into the problem, we 
illustrate a common process in which baseline correc-
tion is necessary (titration calorimetry); and the case of a 

non-differential skin calorimeter used for assessment of ther-
mal magnitudes of the human skin.

One of the fields where careful management of the base-
line is crucial is isothermal titration calorimetry [4]. In our 
laboratory we have a classical Isothermal Titration Calo-
rimeter (TAM 2277 from Thermometric), that we used for 
an illustrative experiment. In this experiment, the enthalpy 
of mixing of ethanol + water is determined. The mixing cell 
and injection system are prepared, and agitation is set to 
120 rpm. Once steady state is reached, ten pulses of 0.15 mL 
ethanol are injected into 1 mL of initial water. A homogeniz-
ing coil maintains the temperature of the liquid to be injected 
at the same temperature as the thermostat. Figure 1a shows 
the calorimetric signal corresponding to three identical Joule 
dissipations (J1–J3) performed to verify the consistency of 
the calorimeter's sensitivity (396 mVW−1). The response to 
the 10 injections (M1-M10) is also shown. By inspecting the 
calorimetric signal when is vertically expanded (blue line 
in Fig. 1b), a baseline correction is necessary to determine 
the energies developed in each process. For this, a polyno-
mial which passes through all the initial and final points 
of each Joule or injection pulse is constructed (red line in 
Fig. 1b). Once the correction is made (Fig. 1c), the signal 
is integrated, divided by the sensitivity, and the energy of 
each process is determined. Note that the baseline variation 
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is consistent with the variation recorded in the thermostat 
temperature of the calorimeter (Fig. 1d). Table 1 shows the 
energies calculated for each Joule or injection pulse. With 
this discussion, we aim to illustrate that a reference is always 
used when studying an energetic process. In this case, the 
reference is provided by the baseline.

Despite the great interest of titration calorimetry, in the 
last years, our group focused on the development of calori-
metric sensors, also known as skin calorimeters. This device 
is a combination of different concepts, including heat con-
duction calorimeters and differential scanning calorimeters 
designs. The skin calorimeter is able to determine the heat 
flux, the heat capacity and the thermal resistance of a 2 × 2 
cm2 skin area, for different temperatures of the calorimeter 
thermostat. This paper discusses a new calibration method 
that allows to operate the calorimeter without correcting its 
baseline. Before getting into the subject, it is necessary to 

note the two main measurement procedures that have been 
used until now:

(a)	 In the first procedure, the measurement begins with 
the calorimeter on its calibration base. When the calo-
rimeter reaches a steady state at a constant thermostat 
temperature, it is placed on the skin. Then, the calorim-
eter is returned to the calibration base. Figure 2 shows 
the calorimetric signal and the thermostat temperature 
of a measurement performed on the dorsal area of the 
right hand of a healthy 24-year-old male subject, seated 
and at rest. The ambient temperature was 23.2 °C. In 
this procedure, the power transmitted by conduction 
between the skin and the thermostat is given by the 
expression A0 + ΣAi·exp(− tτi

−1) [5]. In this case, the 
zero power reference corresponds with the time when 
the calorimeter is on its calibration base. For this case, 

Fig. 1   Illustrative experiment 
performed in an isothermal 
titration calorimeter. a calori-
metric signal corresponding 
to Joule dissipations (J1–J3) 
and 0.15 mL ethanol injec-
tion pulses over 1 mL water 
(M1—M10), b calorimetric 
signal zoom (blue line) and 
baseline adjustment (red line), 
c calorimetric signal zoom with 
baseline corrected, d thermostat 
temperature during measure-
ment
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Table 1   Calculated energies from the measurement shown in Fig. 1

System ethanol (1) + water (2); nt = n1 + n2; x1 = n1 nt−1; Enthalpy of mixture: HE = ∑Ai nt−1

Measurement J1 M1 M2 M3 M4 M5 J2 M6 M7 M8 M9 M10 J3

x1(ethanol) 0.044 0.085 0.122 0.156 0.188 0.217 0.244 0.270 0.294 0.317
nt /mol 0.058 0.061 0.063 0.066 0.068 0.071 0.074 0.076 0.078 0.081
Ai/J 1.989 14.82 17.98 10.90 5.229 2.096 2.002 0.597 − 0.076 − 0.411 − 0.572 − 0.633 2.000
∑Αi /J 14.82 32.79 43.69 48.92 51.02 51.61 51.54 51.13 50.55 49.92
HE Jmol−1 254.9 540.2 690.5 743.0 745.7 727.0 700.6 671.5 642.3 614.2
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at a thermostat temperature of 28 °C and when the cal-
orimeter was on the skin: A0 = 156.6 mW, A1 = 779.3 
mW, A2 = 25.4 mW, τ1 = 3.1 s, τ2 = 20.0 s. According 
to Hansen's classification [6], this operating mode is 
characteristic of isothermal non-differential heat con-
duction calorimeters.

(b)	 The second procedure involves permanently placing 
the calorimeter on the skin, using a holding system 
(see Fig. 3). When steady state is reached at the initial 
thermostat temperature, a linear thermostat tempera-

ture change is programmed. When the new temperature 
steady state is reached, the temperature is returned to 
the previous value in the same way. Figure 3 shows 
the calorimetric signal and the thermostat tempera-
ture. This type of measurement allows the determi-
nation of the skin heat capacity, thermal resistance 
and heat flux change when the thermostat tempera-
ture changes [7]. Figure 3 shows a measurement per-
formed on the volar area of the left wrist of a healthy 
64-year-old male subject. The values obtained in this 
case were Cskin = 2.3  kJ−1, Rskin = 32.4 KW−1, and 
ΔWskin =  − 194.2 mW. According to Hansen's classifi-
cation [6], this method corresponds to a non-differential 
heat conduction calorimeter with a programmable ther-
mostat, similar in operation to the DSC but in this case 
non-differential.

In clinical practice, it is necessary that the calorimeter is 
securely attached to the skin area to be measured, but this 
measurement procedure only allows the determination of the 
variation of the heat flux relative to the initial state. This is 
because the calibration is done from a steady state in which 
the baselines of all input–output variables of the calorimeter 
have been corrected. These variables are four: the skin and 
thermostat powers, the calorimetric signal and the thermo-
stat temperature. To determine the calorific powers at each 
instant—without correcting the baselines—it is necessary to 
perform a system identification that takes into account all the 
variables that affect the operation of the calorimeter, includ-
ing those that are constant during the measurement and are 
therefore not considered in classical calibrations [8, 9].

After this introduction, in which we discuss the interest 
of measuring without baseline correction, we give a brief 
description of the experimental system and the operating 
model. Then, we present the calibration of the instrument, 
showing the difference between the parameters that depend 
only on the instrument and are invariant, and those that 
depend on the skin of each subject. This paper concludes 
with the analysis of two interesting experimental measure-
ments at rest and during physical activity. Although this 
calibration process without baseline correction is complex, 
it may be useful for devices and applications where a fully 
differential setup is not possible, especially for wearable 
thermal sensors.

Experimental system and operating model

The skin calorimeter consists of a measurement thermo-
pile placed between an aluminum measuring plate and a 
programmable thermostat that consists of an aluminum 
block, which contains a heating element and a temperature 
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Fig. 2   Skin calorimeter on the calibration base and on the skin. a) 
Calorimetric signal and b) thermostat temperature. Measurement pro-
cedure in which the calorimeter is on its base (t < 1 min), then applied 
to the skin (t = 1 – 6 min) and finally returned to its base (t > 6 min)

100

50

0

(a)

(b)

Exo

36

34

32

30

28

°C
m
V

5 10 15 20

Time/min

Fig. 3   Calorimeter on the skin with an adapted attachment. a) calori-
metric signal, b thermostat temperature. Measurement procedure in 
which the calorimeter is applied to the skin at all time



	 P. Rodríguez de Rivera et al.

sensor. The other side of the thermostat is connected to a 
Peltier element which provides the cold source necessary for 
temperature control. The Peltier element has an aluminum 
heatsink and a fan. The thermopile and the thermostat are 
laterally insulated with expanded polystyrene and shielded 
from radiation with a layer of reflective aluminum foil. Fig-
ure 4 shows an exploded view of the skin calorimeter, and 
its parts are indicated.

This calorimeter is designed to operate over a wide 
range of ambient (20–30 °C) and thermostat temperatures 
(20–40 °C). The input variables of the system are the skin 
power (W1), the thermostat power (W2), the intensity of the 
Peltier element (Ipel) and the ambient temperature (Troom). 
These two variables are not usually considered in calibration 
because they remain constant during the measurements. In 
this work, we incorporate these variables in the equations 
that define the behavior of the calorimeter. We consider 
a two-body RC model [10]. The first body represents the 
skin region affected by the measurement, and the measur-
ing plate. The second body represents the thermostat. Each 
body is characterized by its temperature and heat capacity 
(Ti and Ci). The bodies are connected with the surroundings 
and together by thermal conductances Pi and Pik. The calo-
rimetric model (Fig. 4b) is the result of applying the heat 
conduction equations to each body (1):

The outputs of the system are the thermostat tempera-
ture (T2) and the calorimetric signal (y) provided by the 
measuring thermopile, which is related (2) with the tem-
peratures of the two sides of the thermopile, trough on the 
Seebeck coefficient (k):

The temperature on the cold side of the Peltier element 
(Tcold) is proportional to its supply current (Ipel). On the 
other hand, the other side of this Peltier element is cooled 
by the aluminum heatsink and its fan. This produce a slight 
temperature rise around the sensor. These phenomena 
translate into two Eq. (3):

Combining the above equations we have the following 
system (4):

(1)
W1 = C1

dT1

dt
+ P12(T1 − T2) + P1(T1 − T �

room
)

W2 = C2

dT2

dt
+ P12(T2 − T1) + P2(T2 − Tcold)

(2)y = k(T1 − T2)

(3)
Tcold = Troom + �Ipel

T �

room
= Troom + �Ipel

Fig. 4   Skin calorimeter 
exploded view and calorimetric 
model scheme. (1) EPS lateral 
insulation, (2) Measurement 
plate, (3) Measurement thermo-
pile, (4) thermostat, (5) Peltier 
element, (6) fastening bolts, (7) 
heat sink, (8) fan, (9) hold-
ing structure, (10) connection 
holder
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These equations form the operating principle of the 
calorimeter, where all the variables can be measured. The 
parameters to be identified in the calibration are: C1, C2, 
P1, P2, P12, k, α and β. The calorimeter's own parameters 
are invariant. However, the parameters C1 and P1 depend 
on the skin, or the calibration base where the calibration 
is performed.

(4)

W1 + P1Troom + P1�Ipel =
C1

k

dy

dt
+

P1 + P12

k
y + C1

dT2

dt
+ P1T2

W2 + P2Troom + P2�Ipel = −
P12

k
y + C2

dT2

dt
+ P2T2

As noted above, in 2016 we built two skin calorimeters, 
widely used in several experiments [5, 11] on different sub-
jects. Two new skin calorimeters were produced in 2023 
(Fig. 4). These new devices upgrade the previous models 
in some aspects: higher sensitivity thermopiles (ET20-65-
F2A-1312–11-W2.25 from Laird Thermal Systems), a more 
efficient aluminum heatsink, and a lighter skin attachment 
system. In this new version, the thermostat can operate from 
10 °C below the ambient temperature.

Complete calibration

Calibration is performed with the help of a small aluminum 
block (10 × 10 × 4 mm) that contains a calibration resistor 
and a temperature sensor. This block is placed (see Fig. 5) on 
a calibration base made of insulating material (EPS). In this 
section we present the calibration of the new calorimeters, 
called S1 and S2.

For calibration, we performed measurements with control 
of the calorimetric signal (y), the thermostat temperature 
(T2), and with different supplies of the Peltier element (Ipel). 
The goal is to accurately represent the behavior of the calo-
rimeter in various situations, covering its entire operating 
range. Figure 6 shows a calibration measurement in which 
we have programmed thermostat temperature pulses (from 
26 to 32 ºC) and Joule dissipation pulses in the calibration 
base (400 mW). These measurements were performed for a 

Base 1 Base 2

Fig. 5   Skin calorimeters on their calibration base

Fig. 6   Calibration measure-
ment with programming of the 
thermostat temperature (T2) and 
power pulses at the calibration 
base (W1) for different Peltier 
currents (Ipel). a Calorimet-
ric signal (y), b thermostat 
temperature (T2), c) Joule 
dissipation (W1) and thermostat 
power (W2), d) Peltier element 
intensity (Ipel)
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Peltier supply of 25, 75 and 125 mA. The calorimetric signal 
and the thermostat power are the result of all programmed 
excitations. Figure 7 shows a similar measurement, but in 
this case the calorimetric signal is programmed from 0 
to − 50 mV instead of the thermostat temperature. Figure 8 
shows a measurement that combines the two previous pro-
cedures, but with 40 and 80 mA Ipel supply. These three 
figures represent measurements performed for one of the 
calorimeters (S1). For the other calorimeter (S2) the meas-
urements are similar.

For the identification of the model parameters, the 
Nelder-Mead Simplex Method was used with the fminsearch 
function in MATLAB [12, 13]. Using the power curves (W1 
and W2), the ambient temperature (Troom), and Peltier cur-
rent (Ipel); the method calculates the calorimetric signal (y) 
and thermostat temperature (T2) by iteratively adjusting the 
model parameters to minimize the following error criterion:

where experimental values are labeled with the subscript 
exp, and model-calculated values (Eq. 4) are labeled with 
the subscript cal. N represents the number of points used in 
the fitting process, which includes all data from the experi-
mental curves shown in Figs. 6, 7, and 8 (sampling period 

(5)� = �y + �T2 =
�1

N

√

√

√

√

N
∑

i=1

(

yexp[i] − ycal[i]
)2

+
�2

N

√

√

√

√

N
∑

i=1

(

T2 exp[i] − T2cal[i]
)2

Δt = 0.5 s), and ω1, ω2 are ponderation parameters (ω1 in 
mV−1 and ω2 in K−1). Table 2 shows the calibration results 
at the calibration base. From the average value of the model 
parameters, and the curves of the calorimetric signal, ther-
mostat temperature, and Peltier current; we reconstructed 
the powers W1 and W2, obtaining a root mean square error 
of less than 0.15 mW. This result is considered acceptable.

Applications on the skin

Performing a measurement in the calibration base is dif-
ferent from measuring on the skin. In this last section, 
we show two applications of the skin calorimeter on the 
skin. In the first application, the objective is to determine 
the heat flux in a subject that is seated and at rest. In the 

second one, the objective is to measure the heat flux in 
the same subject, while performing moderate exercise on 
a stair stepper (Fig. 9).

Fig. 7   Calibration measure-
ment with programming of 
the calorimetric signal (y) and 
power pulses at the calibration 
base (W1) for different Peltier 
currents (Ipel). Thermostat 
temperature and power (T2 and 
W2). a Calorimetric signal (y), 
b thermostat temperature (T2), c 
Joule dissipation (W1) and ther-
mostat power (W2), d) Peltier 
element intensity (Ipel)
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Measurement at rest

In this case, the measured quantities will be the heat flux, 
the heat capacity and the thermal resistance of the skin 
area where the measurement is performed. The interest 
of these measurements is diverse, for example to moni-
tor the temporal evolution of a skin lesion [14], and also 

to characterize these magnitudes in different areas of the 
skin, which could be useful in physiology and medicine 
[15].

In previous works, we developed a methodology to deter-
mine these three magnitudes. In the first procedures (Fig. 2), 
the calorimeter needed several minutes at the calibration 
base to have a good baseline. This procedure makes it pos-
sible to determine the thermal quantities [11], but lacks 

Fig. 8   Calibration measure-
ment with programming of the 
thermostat temperature (T2) and 
the calorimetric signal (y), and 
power pulses at the base (W1) 
for different Peltier currents 
(Ipel). Thermostat power (W2). a 
Calorimetric signal (y), b ther-
mostat temperature (T2), c Joule 
dissipation (W1) and thermostat 
power (W2), d Peltier element 
intensity (Ipel)
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Table 2   Calibration results for calorimeters S1 and S2. Measurements of the type shown in Fig. 6 (1), Fig. 7 (2) and Fig. 8 (3 and 4)

Root mean square error of the fit for calorimetric signal and thermostat temperature (εy and εT2 in Eq. 5)

C1/JK−1 C2/JK−1 P1/ WK−1 P2/ WK−1 P12/ WK−1 k/ mV K−1 α/KA−1 β/KA−1 εy/ μV εT2/ mK

S1
(1) 4.541 3.449 0.03649 0.06666 0.07471 18.75 − 80.87 11.88 7.4 1.03
(2) 4.496 3.453 0.03498 0.06709 0.06609 17.26 − 79.81 11.60 7.0 0.96
(3) 4.481 3.467 0.03561 0.06652 0.07185 18.27 − 80.99 12.26 5.6 0.77
(4) 4.466 3.455 0.03557 0.06649 0.07158 18.23 − 81.49 11.71 5.5 0.79
Mean 4.496 3.456 0.03566 0.06669 0.07111 18.13 − 80.79 11.86
Std 0.032 0.008 0.00062 0.00028 0.00360 0.62 0.71 0.29
S2
(1) 4.128 3.092 0.03225 0.0565 0.06505 18.16 − 84.70 18.40 7.7 0.99
(2) 3.979 3.034 0.03106 0.05621 0.05664 16.53 − 85.53 17.56 7.2 1.07
(3) 3.996 3.020 0.03219 0.05669 0.06138 17.51 − 83.37 19.51 5.5 0.81
(4) 3.992 3.036 0.03199 0.05623 0.06198 17.61 − 84.59 19.05 5.5 0.80
Mean 4.024 3.046 0.03187 0.05641 0.06126 17.45 − 84.55 18.63
Std 0.070 0.032 0.00055 0.00023 0.00035 0.68 0.89 0.85



	 P. Rodríguez de Rivera et al.

practical utility. The following procedures don't require this 
time in the calibration base (Fig. 3), but at the cost of los-
ing information on one of the measurements, the heat flux. 
In the procedure proposed in this work, the new complete 
calibration allows to determine the heat flux at every instant 
without losing information. In all cases, the signal transient 
responses allow the determination of the heat capacity of the 
skin; and from the steady states for two different thermostat 
temperatures, it is possible to determine the thermal resist-
ance of the skin [7].

Now, we show a measurement designed to determine the 
heat capacity, the thermal resistance and the heat flux of the 
skin. Two calorimeters were placed on the right (S1) and left 
(S2) thigh of a healthy 29-year-old male subject (Fig. 9). In 
this measurement, the thermostat temperature T2 is periodi-
cally programmed between 26 and 36 °C. Figure 10 shows 
the calorimetric signal and the thermostat temperature T2.

The model was identified in the previous section (Table 2) 
but the parameters C1 and P1 depend on the subject's skin, 

and their values must be determined for each skin area and 
subject. The measurement shown has five pulses, but with 
one half of a pulse (one of the cooling or heating cycle indi-
cated as 1–10 in Fig. 10) is enough to determine an approxi-
mate value of these magnitudes. The heat capacity of the 
skin is given by the expression: Cskin = C1–C0, where C0 is 
the offset value. This value has been previously calculated, 
in a measurement with the calorimeter applied on air, which 
is equivalent to a sample with nearly-zero heat capacity: 
C0(S1) = 2.5 JK−1, C0(S2) = 2.2 JK−1. The thermal resistance 
of the skin is calculated by the expression Rskin = P1

−1. To 
determine the heat flux for a subject at rest, a hypothesis is 
considered in which the heat flux is given by the following 
expression (6):

The values to be determined are C1, P1 and the initial 
value of Wskin. However, the identification of the calorim-
eters was performed at the calibration base. When the calo-
rimeters are placed on the skin, the temperature around the 
calorimeter increases because of the proximity of the human 
body, and an increase of this temperature (ΔTroom) has to be 
determined too.

The determination of these four parameters (C1, P1 Wskin 
(0) and ΔTroom) is performed with the same method used in 
the calibration: the Nelder-Mead Simplex Method [12, 13]. 
The slight temporal variability of the skin thermal proper-
ties [11] complicates the global adjustment of the transient 
sections of the experimental curves. For this reason, we 
identify these parameters in each heating and cooling cycle. 

(6)Wskin(t) = Wskin(0) −

[

T2(t) − T2(0)
]

P−1
12

+ P−1
1

Fig. 9   Placement of the skin calorimeters on a subject at rest and 
doing moderate physical activity

Fig. 10   Measurement per-
formed on the thigh of a healthy 
29-year-old male subject at 
rest. a Calorimetric signal 
and b thermostat temperature 
T2. Ambient temperature was 
Troom = 22.5 ºC and Peltier cur-
rent, Ipel = 0.1 A. Heating (red)/
cooling (blue) cycles indicated 
as 1–10 (measurement per-
formed with calorimeter S1) – 40
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Figure 11 shows the fittings of the calorimetric signal y and 
the thermostat temperature T2 for the heating and cooling 
cases that correspond to the first cycle of the experimental 
measurement (1 and 2 in Fig. 10b). Figure 11 also shows 
the heat flux Wskin calculated from Eq. 6. Note that the heat 
flux varies proportionally as a function of the thermostat 
temperature T2, as expected. Table 3 shows the results of 
the identification of the parameters C1, P1, Wskin and ΔTroom 
for each heating/cooling cycle (1–10 in Fig. 10), and for 
each calorimeter. For the Wskin results, the initial and final 
heat flux values (W1a and W1b) are shown. The RMSE of the 
calorimetric signal y and the thermostat temperature T2 (εy 
and εT2 in Eq. 5) fittings are also shown, for N = 650 points. 
As we can see, the parameters C1 and P1 are not constant 
and varies over time, but the deviations from the mean value 
are low (< 5%).

The hypothesis given by Eq. 6 provides an approximation 
of the heat flux, but only when the subject is at rest and there 
are changes in the thermostat temperature T2. However, if 
the subject is moving and there is no change in the thermo-
stat temperature, a new calculation procedure is necessary. 
Now, we describe this new procedure. First, we consider 
the mean values of the parameters C1 and P1, determined in 
the specific measurements as previously shown. Then, we 
determine the ambient temperature increase (ΔTroom) using 
the second system equation in Eq. 4. Once the time function 
of ΔTroom is determined, it is substituted into the first system 
equation in Eq. 4 to determine the heat flux (W1 = Wskin). To 
test the validity of the method, we show the experimental 

(exp) and model-calculated (cal) thermostat power W2 with 
the equation corrected by ΔTroom (Fig. 12a). The ΔTroom 
time function is shown in Fig. 12b, and c shows the heat 
flux determined using the these procedure (Eq. 4, filtering) 
compared to the hypothesis of Eq. 6 (modelling). From these 
results, we conclude that for the case of subjects at rest the 
hypothesis considered (Eq. 6) is acceptable. The derivatives 
amplify the high frequency noise and a smoothing is neces-
sary and applied in the result shown in Fig. 12c.

Measurement during exercise

In this section we present two experiments, in which we con-
tinuously measure in a subject that is performing moderate 
exercise on a stair stepper. The subject is a healthy 29-year-
old male, the same individual from the previous section. The 
calorimeters are attached to the skin with an adapted holder 
(Fig. 9). To determine the heat flux, we use the system of 
equations that describe the calorimeter's operation (Eq. 4) 
and employ the procedure described at the end of previ-
ous section. The main experimental issue is that C1 and P1 
depend on the subject and the skin area being measured. 
This issue can be resolved in two ways: (1) consider uni-
versal mean values for these parameters, (2) measure these 
parameters before and after each exercise session to evaluate 
them and use the average value in the measurement during 
exercise. In this study, we use the second option.

In the first measurement, the calorimeters are placed on 
the right thigh and the central forehead area. The exercise 

Fig. 11   Iterative process to 
determine the parameters C1, 
P1, Wskin y ΔTroom for heating (a, 
b, c) and cooling (d, e, f) of the 
skin (cycle 1 and 2 in Fig. 10). 
a and d calorimetric signal, y; b 
and e) thermostat temperature 
T2 and c and f) skin heat flux 
Wskin (measurement performed 
with calorimeter S1)
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is performed for 10 min. The thermostat temperature in 
both calorimeters is 26º C, and the Peltier power supply 
is 0.15 A, and the ambient temperature was 22.4º C. The 
heat flux results are shown in Fig. 13a, and the subject's 
heart rate in Fig. 13b.

The heat flux in the forehead and thigh are comparable, 
since they have been obtained simultaneously and at the 
same thermostat temperature T2. Before exercise, the heat 
flux in the forehead (274 mW) is higher than in the thigh 
(135 mW), which is expectable [11]. The heat flux evolu-
tion during exercise is different in the two areas. When 
exercise begins, the heat flux in the forehead increases 
slightly (from 274 to 295 mW) and decreases to a lower 
value than before exercise when the exercise ends (246 
mW), which is probably due to the observed evaporation 
of sweat. However, in the case of the thigh, the heat flux 
decreases slightly at the beginning of the exercise (from 
135 to 120 mW) and then increases even after the exercise 
to 190 mW, subsequently decreasing to 165 mW, slightly 
higher than the initial state. During the exercise, a steady 

state is not reached, so a longer exercise measurement is 
scheduled, which will be shown in the second case.

The second measurement consists of placing the two 
calorimeters on the right and left thighs (Fig. 9) and set-
ting different thermostat temperatures: 26ºC on the right 
thigh calorimeter and 35ºC on the left thigh calorimeter. 
To avoid upper or lower saturation of the temperature con-
trol, the Peltier power supply is set to 0.15 A in S1 and 
0.05 A in S2. In this case, the exercise on the stair stepper 
lasts 20 min and the ambient temperature was 24.3 ºC. 
Figure 14a shows the heat flux and Fig. 14b shows the 
subject's heart rate.

The heat flux evolution in both areas is similar but, as 
expected, is greater in the case of the lower thermostat tem-
perature T2. The initial heat flux is 130 mW for T2 = 26 ºC 
and 20 mW for T2 = 35ºC. When exercise begins, the heat 
flux decreases slightly: from 130 to 120 mW at T2 = 26 ºC 
and from 20 to 5 mW at T2 = 35 ºC. Then starts to increase 
up to 250 mW for T2 = 26  °C and 100 mW for T2 = 35 ºC. 
Finally, the heat flux decreases to a value slightly higher 

Table 3   Results obtained for 
each cooling/heating pulse of 
Fig. 10

Identification of parameters C1, P1, Wskin (initial and final values W1a and W1b) and ΔTroom. RMSE of the 
calorimetric signal y and thermostat temperature T2 (εy and εT2) fittings (N = 650 points)

C1/JK−1 Cskin/JK−1 P1/WK−1 Rskin>/KW−1 W1a/W W1b/W ΔTroom/ºC εy/μV εT2/mK

S1
(1) 6.166 3.666 0.0288 34.76 0.1517 0.0491 3.813 52.4 3.24
(2) 6.281 3.781 0.0324 30.91 0.0755 0.1870 3.801 57.4 5.78
(3) 5.949 3.449 0.0326 30.67 0.1682 0.0566 3.676 54.8 4.29
(4) 6.532 4.032 0.0313 31.92 0.0703 0.1794 3.754 60.2 5.37
(5) 6.539 4.039 0.0305 32.78 0.1646 0.0573 3.600 54.4 2.93
(6) 6.253 3.753 0.0309 32.32 0.0698 0.1777 3.546 55.4 3.43
(7) 6.406 3.906 0.0301 33.18 0.1653 0.0593 3.380 52.5 2.49
(8) 6.242 3.742 0.0299 33.47 0.0714 0.1768 3.248 57.0 2.76
(9) 6.225 3.725 0.0316 31.69 0.1653 0.0556 3.165 56.3 3.63
(10) 6.236 3.736 0.0310 32.26 0.0692 0.1774 3.117 57.2 4.94
Mean 6.283 3.783 0.0309 32.40 3.510
Std 0.175 0.175 0.0012 1.22 0.265
S2
(1) 5.411 3.211 0.0263 37.97 0.1409 0.0490 2.804 47.5 8.00
(2) 5.722 3.522 0.0291 34.40 0.0656 0.1649 3.265 49.5 7.40
(3) 5.509 3.309 0.0288 34.73 0.1595 0.0618 2.728 47.8 9.12
(4) 5.450 3.250 0.0285 35.15 0.0655 0.1629 3.282 54.2 8.34
(5) 5.081 2.881 0.0289 34.66 0.1588 0.0605 2.628 54.4 10.88
(6) 5.291 3.091 0.0284 35.21 0.0710 0.1680 3.060 49.5 8.81
(7) 5.361 3.161 0.0286 34.98 0.1610 0.0631 2.539 54.0 8.24
(8) 5.967 3.767 0.0289 34.63 0.0719 0.1704 3.014 57.8 6.36
(9) 5.521 3.321 0.0274 36.56 0.1579 0.0633 2.508 56.2 8.43
(10) 5.481 3.281 0.0284 35.16 0.0716 0.1692 2.835 51.2 8.38
Mean 5.479 3.279 0.0283 35.35 2.866
Std 0.239 0.238 0.0008 1.10 0.280
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Fig. 12   Skin heat flux deter-
mined from the measurement of 
Fig. 10. a experimental exp and 
model-calculated cal thermostat 
power W2, b ΔTroom calculation, 
c) modelled (Eq. 6) and filtered 
(Eq. 4) skin heat flux Wskin 
(measurement performed with 
calorimeter S1)
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Fig. 13   Heat flux (a) and heart 
rate (b) in a simultaneous 
measurement on the forehead 
and right thigh of a healthy 
29-year-old male subject per-
forming moderate exercise on a 
stair stepper for 10 min. Mean 
initial values are indicated by 
the dash line

0.15

0.2

0.25

0.3

W
sk

in
/W

(a)

Forehead 

Right thigh

0 5 10 15 20 25 30

Time/min

80

100

120

140

160

Pu
ls

e/
bm

p

(b)

Exercice

Troom = 22.37 ºC

(T2 = 26 ºC Ipel = 0.15 A)

(T2 = 26 ºC Ipel = 0.15 A)

Exo 



	 P. Rodríguez de Rivera et al.

than the initial on: 50 mW for T2 = 26 ºC and 160 mW for 
T2 = 35 ºC.

Next, we briefly discuss the evolution of heat flux when 
exercise begins. The temporal variation of heat flux during 
exercise is a dynamic and complex process. We remark the 
following observations:

–	 At the beginning of physical exercise, a slight reduction 
in skin heat flux can be observed in the thigh in all cases 
studied. This is probably caused by the initial redistribu-
tion of blood flow: the body prioritizes blood supply to 
active muscles to meet their increased oxygen and nutri-
ent demands. This results in a temporary local blood flow 
reduction in the skin, reducing the skin temperature and 
consequently the heat flux [11, 16]. The forehead doesn't 
experience this reduction in heat flux, since it is not an 
active muscle.

–	 As exercise continues, the body adjusts its thermoregula-
tory response to manage the increased heat production. 
Over time, the body experiences increased heat flux in all 
parts of the body. This explains the increased heat flux in 
the forehead [17].

–	 Regarding the duration of each process, the slight initial 
reduction of the thigh heat flux lasts about 6 min in the 
experiments conducted. After that, heat flux increases in 
all situations, but at different rates. When the exercise 
ends, the blood flow decreases and everything that was 
warmed up starts to cool down in a different way. In the 

forehead, sweating and evaporation cause the heat flux 
to decrease, and in the thigh, the cooling time constant 
is higher than in the case of heating, as we can see.

These localized measurements are useful: understand-
ing the temporal variation of heat flux during exercise and 
the mechanisms that facilitate this heat transfer is essential 
for optimizing physical performance, and useful in several 
areas, such as sports medicine [18, 19].

Conclusions

This work introduces a novel calibration method for skin 
calorimeters, eliminating the need for baseline correction, 
which is crucial for real-time and continuous monitoring. 
We conclude that:

1.	 The calibration process, which involves controlling the 
thermostat temperature, the power of the calibration ele-
ment, the Peltier element power supply, and measuring 
the calorimetric signal; demonstrated high accuracy. 
The root mean square error in power measurements was 
less than 0.15 mW. This calibration process enables the 
device to operate without baseline correction, simplify-
ing the use of skin calorimeters and making them ideal 
for real-time monitoring of skin conditions and thermal 
responses during various activities in clinical applica-
tions. Experimental measurements were performed on 
a healthy 29-year-old male subject at rest and during 
physical activity. The obtained results were consistent 
with previous studies.

2.	 During rest, the calorimetric signal and programmed 
thermostat temperature pulses (26–31 ºC) provided 
consistent data, allowing accurate determination of skin 
thermal properties. The mean values and standard devi-
ations for heat flux, heat capacity, and thermal resist-
ance were in line with previous findings, demonstrat-
ing the method's reliability for monitoring skin thermal 
responses in a controlled environment.

3.	 During exercise, the heat flux measurement exhibited 
interesting dynamic responses. Initial heat flux values 
on the forehead and thigh at thermostat temperature of 
26 ºC were 274 and 135 mW, respectively (for a sur-
face of 4 cm2). At thermostat temperature of 35 ºC, the 
thigh heat flux was initially 20 mW (for a surface of 4 
cm2). A slight reduction in thigh heat flux was observed 
at the beginning of exercise, likely due to local blood 
flow redistribution to active muscles. This was followed 
by a gradual increase in heat flux, particularly in active 
muscle areas, confirming the device's capability to track 
real-time changes in skin thermal response during physi-
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cal activity. These observations are consistent with the 
literature.

This calibration method significantly enhances the prac-
tical utility of skin calorimeters, offering a reliable tool for 
continuous and accurate monitoring in various clinical and 
physiological applications. One limitation of this study is 
that it includes data from a single subject. The main objec-
tive, however, is to determine heat flux before, during, and 
after the process under controlled conditions, either at rest 
or during exercise. Further studies with larger samples are 
needed to assess its clinical relevance. Given the time and 
complexity involved in extensive human trials, we consider 
it appropriate to present the research at this stage, as it pro-
vides a valuable basis for future simulations and experimen-
tal validation.
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