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Abstract
The evaluation of local heat loss during exercise provides relevant information on muscle activity and thermoregulatory 
mechanisms. In this study, a custom-designed skin calorimeter was used to measure heat loss over active muscles during 
moderate exercise. The device incorporates a thermopile and a thermostat, enabling precise thermal control and reliable 
heat flux estimation through a previously validated thermal model. We propose a method to characterize muscle’s thermal 
response using a personalized transfer function (TF) that relates the mechanical power developed by the subject to the 
localized heat flux. Experiments were conducted on a healthy male subject, performing exercise at 80 W on a stepper. The 
heat flux was measured at the rectus femoris, under different thermostat temperatures. The resulting TFs showed consistent 
dynamic behavior, with sensitivities and time constants that support quantification of the muscle’s thermal response. These 
findings support the feasibility of using skin calorimetry to non-invasively model muscle heat dynamics during exercise. 
This approach establishes a solid basis for future clinical applications.
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Introduction

During whole-body exercise, the mechanical work 
performed by a subject can reach up to 25% of the 
metabolic energy measured by indirect calorimetry [1]. 
This percentage depends on the individual, the type and 
intensity of exercise, and environmental conditions, among 
other factors [2]. Some authors refer to this percentage as 
exercise efficiency, which in trained subjects is typically 
around 20% for workloads of about 200 W [3]. A rapid 
rise in muscle temperature shortens time to exhaustion, 
while a slower rise delays fatigue [4]. Therefore, the time 
evolution of muscle heat flux plays a key role in exercise 
performance. Exercise intensity is often monitored through 
several methods, with heart rate being the most accessible. 
Open-circuit indirect calorimetry is widely recognized as 
the reference method for estimating whole-body energy 

expenditure via pulmonary gas exchange [5, 6]. It offers 
high accuracy and reproducibility but provides only global 
values and requires bulky and specialized equipment, which 
limits its use in non-clinical settings. Indirect calorimetry 
offers valuable global assessment, but do not capture local 
thermal responses.

Several techniques have been widely used to investigate 
thermal behavior at a localized level. Infrared thermography 
has been used to characterize heat loss both at rest and 
during exercise [7], as well as to assess local pathologies 
and inflammatory processes [8]. Near-infrared spectroscopy 
is able to monitor oxygen saturation and perfusion, giving a 
functional view of the oxygen balance [9]. Heat flux sensors 
directly measure local heat loss and allows core temperature 
estimation [10]. However, their accuracy is limited by 
ambient conditions, sensor-induced disturbances, and 
alterations in convection and radiation [11]. Intramuscular 
thermistors are invasive, but effective for assessing thermal 
states at depths unreachable by other technologies [12].

In this context, skin calorimetry has emerged. Although 
localized heat flux has been measured in previous studies 
[13], its assessment during exercise has only recently been 
explored [14]. For this reason, the clinical application of this 
technique is still under development, requiring standardized 
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protocols and broader validation. This work aims to 
contribute additional evidence by presenting a mathematical 
model based on a subject—and muscle—specific transfer 
function (TF), to characterize muscle heat flux dynamics 
during moderate exercise, moving toward a more robust 
and personalized clinical use. This TF is consistent with 
the Pennes bio-heat equation [15], as the number of poles 
aligns with findings from several studies showing that two 
exponential terms are sufficient to describe heating and 
cooling processes [16–18]. As a novel contribution, the 
proposed TF includes a double real pole that allows the 
characterization of the transients in heating and cooling 
dynamics [4].

The manuscript is structured as follows: Materials and 
Methods section describes the calorimeter, the heat flux 
measurement, its operating modes, and the experimental 
protocol. The following section presents the analysis of 
local heat loss during exercise, introducing the proposed 
TF approach and the simulation results.

Materials and methods

Skin calorimeter and heat flux measurement

The skin calorimeter used in this study consists of a ther-
mopile placed between a measurement plate and a program-
mable thermostat. The device is applied to a localized area 
of the skin using a custom holding system, covering a meas-
urement surface of 2 × 2 cm2. The thermostat incorporates a 
Peltier-based cooling system that enables precise tempera-
ture control over a wide range of ambient conditions. At typ-
ical room temperatures (18–30 °C), it can be programmed 
with a resolution of 10 mK, either to maintain a constant 
value (thermostat at 15–40 °C) or to apply linear temperature 
ramps [13]. Additionally, the calorimeter includes lateral 
thermal insulation to minimize external disturbances from 
conduction, convection, and radiation.

The thermal model of the calorimeter is based on the 
relationship between the heat flux transmitted from the skin 
to the calorimeter, and a set of measured and controlled 
variables. These include the thermopile signal, the ther-
mostat temperature, the power dissipated in the thermostat, 
the current supplied to the Peltier module, and the ambient 
temperature. This model has been validated through Joule 
calibration tests under various operation conditions, ensur-
ing the reliability of the heat flux estimations derived from 
the measurements [14]. The model considers two domains 
with heat capacities C1 (skin) and C2 (thermostat). These 
domains are thermally connected through the measurement 
thermopile, characterized by a thermal conductance P12 and 
a Seebeck coefficient k. Both domains are connected to the 
environment through conductances P1 and P2. Assuming 

power inputs W1 and W2 in each domain, the model equa-
tions can be expressed as:

where T1 and T2 are the temperatures of each domain. T01 
represents the local ambient temperature surrounding the 
calorimeter, which differs from the global ambient tempera-
ture (Troom) due to proximity to the skin, the heat dissipation 
from the cooling thermopile via the heat sink, and the move-
ment of the calorimeter during exercise. T02 corresponds to 
the cold-side temperature provided by the Peltier module. 
The calorimetric signal and the external temperatures can 
be expressed by the following relations:

From Eq. 1 and Eq. 2, and for a constant thermostat tem-
perature T2, we can deduce an expression for the heat flux 
estimation W1 as a function of the calorimetric signal (y), 
the Peltier current (Ipel), and the thermostat power (W2). The 
time constant τC is proportional to the heat capacity C1, and 
ranges from 13 s (no sample) to 30 s (skin).

Table 1 lists the parameter values corresponding to Eq. 3 
for the two skin calorimeters used in this study. These values 
were obtained through calibration procedures in which the 
calorimeter response was analyzed under varying thermostat 
temperatures, Peltier currents, and different Joule dissipa-
tions in the calibration resistor [19]. Under normal operating 
conditions, the resolution of the calorimetric signal provided 
by the thermopile is 0.3 mV, and the estimated resolution for 
the calculated heat flux is 5 mW.

Operating modes

The skin calorimeter operates in two modes. The first 
mode consists of applying a thermal excitation to the 
skin to determine its thermal properties. This excitation 

(1)
W1 = C1

dT1

dt
+ P12

(

T1 − T2
)

+ P1(T1 − T01)

W2 = C2

dT2

dt
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Table 1   parameters of Eq. 3

Calorimeter a /WV−1 b /WA−1 c /WW−1

S1 7.0805 − 2.8159 0.50877
S2 7.1708 − 2.9348 0.52727
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is performed by programming a linear variation of the 
thermostat temperature, while the subject is at rest. This 
mode is based on two assumptions: first, that the heat flux 
follows the same shape as the temperature change but 
with opposite sign (Eq. 4); and second, that the internal 
temperature remains constant during the excitation, allowing 
the internal skin thermal resistance to be defined as the 
change in skin temperature (ΔT1) divided by the variation 
in skin heat flux (ΔW1) (Eq. 5).

Figure 1 shows a measurement of this type, indicating the 
variables used in the calculation. The analysis is performed 
by fitting the experimental calorimetric signal and thermostat 
temperature to those obtained from the calorimetric model 
(Eq. 1), based on the assumptions previously described. The 
fitting process employs an iterative method based on the 
Nelder–Mead simplex algorithm, as modified by Lagarias 
et al. [20, 21]. This method minimizes the root mean squared 
error (RMSE) between the experimental and simulated 
signals.

This procedure fits both the transient and stationary states: 
the transient phase is used to estimate the heat capacity, 
while the steady-state phase allows to estimate the thermal 
resistance. The measured heat capacity mainly corresponds 
to the skin region affected by the calorimeter, together with 

(4)W1(t) = W1(0) − ΔW1

T2(t) − T2(0)

ΔT2

(5)Rskin =
ΔT1

ΔW1

=
ΔT2 + Δy∕k

ΔW1

the measurement plate, and its value depends on the thermal 
penetration depth of the excitation [20–25]. However, the 
accuracy of the thermal resistance estimation depends on 
the quality of the steady-state conditions achieved during 
measurement.

The second operating mode involves measuring the skin 
heat flux evolution over time. For this, the calorimeter is 
attached to the skin and the thermostat is maintained at a 
constant temperature. This mode is used when the subject 
is exercising. The measurement is non-invasive and per-
formed on the skin region directly above the active muscle. 
This mode allows for the analysis of the muscle’s thermal 
response during exercise, which is the main objective of this 
work.

Experimental 

The same experimental protocol was followed for all meas-
urements: each exercise session lasted 30 min, was per-
formed on a stepper, and maintained a constant mechanical 
power of 80 W. The participant was a healthy 30-year-old 
male (90 kg, 1.78 m). Heart rate was monitored throughout 
the exercise, starting at an average of 85 beats per minute 
(bpm) and reaching a maximum of 165 bpm.

A skin calorimeter was placed on the rectus femoris of 
each thigh to assess the heat flux. During each session, the 
thermostat temperature was held constant and set to 28, 30, 
32, 34, 36, or 38 °C in different trials. Ambient conditions 
were controlled, with an average room temperature of 
23.4 ± 0.6 °C and relative humidity of average 45 ± 5%. 
Additional measurements were conducted before and 

Fig. 1   Skin thermal properties 
measurement. The thermostat 
temperature T2 is programmed 
to decrease from 34 to 30 °C. 
The calorimetric signal (y) and 
the thermostat temperature 
(T2) are shown, including 
both experimental (exp) and 
modeled (cal) curves. The skin 
temperature (T1) and heat flux 
(W1) are also plotted
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after the exercise to determine skin thermal properties 
by applying a thermostat temperature step of ΔT2 = 4 °C. 
Figure 2 illustrates the placement of the skin calorimeters 
on the thighs of the subject.

Analysis of the local heat loss 
during exercise

Transfer function approach

In all cases analyzed, it was possible to identify a transfer 
function (TF) between the mechanical power developed by 
the subject during exercise (W) and the heat flux measured 
by the skin calorimeter (W1). This functional relationship 
exhibits a specific form that allows for an adequate fit during 
both the active exercise phase and the subsequent muscle 
recovery phase. The expression for this TF is given by Eq. 6:

The TF is defined by a sensitivity K, representing the 
steady-state response to a unit step input, a double pole (s1), 
and a zero (s*1), where τ =   − 1/s1 and τ* =   − 1/s*1. The fit 
between the experimental heat flux and the one generated 
by the TF model is performed by minimizing the RMSE 
between both curves, using the same fitting procedure than 
the one described above [20, 21]. The muscle can be mod-
eled as a SISO (Single Input, Single Output) system. As 
described in the previous section, the input during the exer-
cise phase is a positive step of 80 W, while for the post 
recovery phase, the same step is applied in the opposite 
direction.

(6)TF(s) =
ΔW1(s)

W(s)
= K

1 + s� ∗

(1 + s�)2

Figure 3 shows the fitting for the cases in which the 
thermostat temperature (T2) was 32 and 34 °C. Experimental 
heat flux (labeled “exp”) is compared with the one obtained 
from the TF model (labeled “cal”). Additionally, the 
subject’s heart rate is shown, which is fitted using a simple 
exponential function. The time constants associated with the 
heart rate during the exercise (τ1) and recovery (τ2) phases 
are also indicated. Figure 3 also shows the evolution of the 
local ambient temperature around the calorimeter (T01). 
At the onset of exercise, the movement of the calorimeter 
induces a drop in this external temperature. The initial 
values of T01 were 25 and 26.7 °C for the T2 = 32 °C and 
T2 = 34 °C cases, respectively. The higher temperature in the 
second case is caused by the higher Peltier current, which 
was Ipel = 0.1 A, compared to Ipel = 0.05 A in the first case. 
This observation is consistent with Eq. 2. The obtained 
TF model parameters corresponding to the exercise and 
recovery phases, are shown in Table 2.

In all cases, the skin thermal resistance at the measure-
ment site was determined before and after exercise, whit the 
subject at rest. This allows for an approximate estimation of 
the internal skin temperature using Eq. 7.

Analogously to the heat flux analysis, a TF can be 
defined between the variation in internal temperature and 
the mechanical power developed during the exercise trial 
(Eq. 8). Table 3 presents the TF model parameters corre-
sponding to the variation in internal temperature.

Simulations

Exercise stress tests in patients with cardiopulmonary condi-
tions are designed to assess the response of the heart, lungs, 
and muscular system during exercise. These tests follow 
incremental protocols, commonly applied in sports medi-
cine [26], and are adjusted to the patient’s clinical condition 
to obtain reliable diagnostic results. In cardiac rehabilita-
tion and related applications, exercise protocols are often 
performed at constant moderate workloads (60–80 W) [27].

Thus, the simulation as shown in Fig. 4 includes not only 
a step input (100 W), but also a ramp input (0–200 W over 
20 min). In addition, although clinical stress tests usually 
last around 10 min, a duration of 20 min was chosen for 
the simulation, which is more appropriate to study local 
muscle thermal responses. On the other hand, we chose to 
simulate the internal temperature because it is more stable 
and relevant for physiologists.

(7)Tint = T1 + RskinW1 = T2 + y∕k + RskinW1

(8)TF(s) =
ΔTint(s)

W(s)
= K

1 + s� ∗

(1 + s�)2

Fig. 2   Placement of the calorimeters on the skin
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Fig. 3   Results of exercise 
measurements, performed in 
a stepper at constant 80 W 
mechanical power. Cases for 
thermostat temperatures of the 
calorimeters of 30 and 34 °C. 
Fit of the skin heat flux (W1) 
using the TF model (Eq. 6); and 
heart rate (bpm) with simple 
exponentials. Blue curves 
correspond to experimental data 
and red to modeled ones. Local 
ambient temperature around 
the calorimeter (T01) during the 
measurement is shown
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Table 2   TF model parameters 
(Eq. 6) from heat flux 
measurements at different 
thermostat temperatures (T2). 
ε is the Root Mean Squared 
Error of the fit (model vs. 
experimental signal)

T2 Exercise Recovery phase

K/mWW−1 τ/s τ*/s K/mWW−1 τ/s τ*/s ε/μW

28 0.7375 345.2 − 338.0 0.5850 456.4 − 476.3 68.1
30 1.3088 312.8 − 228.1 1.3088 575.7 453.4 82.0
32 1.2937 345.4 − 388.7 0.8887 518.7 − 36.7 74.6
34 1.1075 357.5 − 192.5 0.5363 359.0 − 696.8 57.7
36 0.8787 322.9 − 559.0 0.3825 425.7 − 266.6 80.5
38 0.3975 456.5 − 965.7 − 0.4350 339.6 1366.5 60.2

Table 3   TF model parameters 
(Eq. 8) corresponding to the 
internal temperature at different 
thermostat temperatures (T2). ε 
is the RMSE of the fit

T2 Exercise Recovery phase

K/mKW−1 τ/s τ*/s K/mKW−1 τ/s τ*/s ε/μK

28 31.2 345.2 − 428.9 22.5 456.4 − 666.0 2.7
30 53.7 312.8 − 292.4 52.5 575.7 391.0 2.9
32 50.0 345.4 − 429.2 32.5 518.7 − 146.8 2.6
34 40.0 357.5 − 253.4 17.5 359.0 − 880.5 2.0
36 30.0 322.9 − 662.2 11.2 425.7 − 520.4 2.3
38 11.2 456.5 − 1238.2 − 17.5 339.6 1222.4 1.8



	 P. Rodríguez de Rivera et al.

For the simulations, the transfer function corresponding 
to T2 = 34 °C was used (see Table 3). The simulation shows 
that the step protocol yields a higher signal-to-noise ratio, 
which makes TF identification more robust compared to the 
ramp protocol. However, for analyzing post-exercise thermal 
dynamics, the ramp protocol provides a better signal-to-
noise ratio.

Discussion

A TF with three parameters is enough to describe both the 
static and dynamic thermal behavior of the working muscle 
during exercise, as shown by the fitting of the heat flux plots 
in Fig. 3 and the errors (ε) shown in Tables 2 and 3. This TF 
is of great interest in physiological studies, as it provides a 
quantitative representation of the underlying thermal pro-
cesses. In this section, we discuss the role of each of the 
three parameters that characterize the thermal response, both 
for the heat flux and the internal temperature.

•	 The sensitivity (K) represents the increase in heat flux in 
response to a unit step of mechanical exercise, i.e., for 
1 W of mechanical power. Experimental results show that 
this heat flux change slightly decreases as the thermo-
stat temperature increases. This limitation highlights the 
importance of performing measurements under consist-
ent thermal conditions (thermostat and ambient tempera-
ture and Peltier current) to ensure comparability. Addi-
tionally, an excessively high thermostat temperature can 
alter skin and muscle temperature and induce secondary 
thermal phenomena that may compromise the analysis, 
such as induced vasodilatation. Among the trials con-
ducted, the case at T2 = 38° deviated from the uniformity 
observed in the other conditions. During the recovery 
phase, the sensitivity is consistently lower. This indicates 

that the muscle continues dissipating a heat flux higher 
than prior to exercise. Within the 1-h observation period, 
the body does not return to its original thermal state. This 
phenomenon has already been reported in the literature 
[28, 29].

•	 Regarding the dynamics, The TF includes a double 
pole characterized by the time constant τ, that defines 
the primary thermal response. For the case analyzed 
in this study, the average value was 5.6 min. The ther-
mal response during exercise is consistently faster 
(τmean = 5.6 min) than during recovery (τmean = 7.8 min).

•	 The zero of the TF is characterized by τ*, a negative 
parameter that defines the transient pulse consistently 
observed at the onset of exercise. This transient fol-
lows the form a·t·e−t/τ, where the amplitude a is given 
by a = K·(τ* − τ)/τ2. Since τ* is negative, the resulting 
amplitude is also negative, leading to a negative initial 
transient in heat flux. This effect is attributed to the rapid 
change in muscle blood perfusion at the beginning of 
exercise [30, 31]. At the end of exercise, the heat flux 
decreases, and a second transient may occur, but in the 
opposite direction of the natural decay. This effect is 
not always evident and may be masked by a mismatch 
between the end of the exercise and the onset of heart 
rate recovery (note that the sign of τ* may change dur-
ing this phase). A slight delay in cardiovascular response 
can mask the thermal transient. This behavior depends 
on the specific exercise protocol. Notably, post-exercise 
transients are more pronounced in ramp than in step input 
protocols (Fig. 4).

Conclusions

This study illustrates the feasibility of skin calorimetry to 
non-invasively quantify local muscle heat loss during and 
after exercise, using a validated thermal model and a sub-
ject-muscle-specific transfer function (TF).

•	 Muscle heat flux during exercise and recovery can be 
described by a TF with three parameters (sensitivity, dou-
ble pole, and zero), offering a physiologically meaningful 
representation of the thermal processes. Thermal sensi-
tivity decreases with increasing thermostat temperature, 
highlighting the importance of maintaining consistent 
thermal conditions to ensure measurement comparability.

•	 In contrast, the average value of the time constant τ 
remained relatively stable across conditions, suggesting 
a possible link to a subject-specific physiological charac-
teristics. Additionally, it was observed that post-exercise 
heat flux does not return to baseline within 1 h, indicating 
prolonged thermal dissipation by the muscle, in agree-
ment with previous findings.
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Fig. 4   Simulation of the increase in internal skin temperature (output) 
during and after exercise for two different exercise protocols (input). 
Step input cases (blue lines) and ramp input cases (red lines) are 
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•	 Thermal characterization of muscle using TF enables 
relevant simulations, allowing the analysis of thermal 
effects and the design of personalized exercise protocols.

Two main limitations of this study should be noted. First, 
the analysis was based on a single subject, highlighting the 
need for additional measurements in a broader population. 
Second, the potential effect of sweating must be considered, 
as it might reduce the heat flux to the measuring device dur-
ing exercise. Further research involving a larger population 
and the development of modeling strategies to account for 
evaporative losses is needed. Despite these limitations, the 
model is published at this stage as a reference point for sub-
sequent simulations and experimental validation.
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