
Study of the thermal measurement depth of a skin calorimeter using simple
RC and TF models

Pedro Jesús Rodríguez de Rivera a,*, Miriam Rodríguez de Rivera b, Fabiola Socorro a,
Manuel Rodríguez de Rivera a

a Department of Physics. University of Las Palmas de Gran Canaria. Las Palmas de Gran Canaria, Spain
b Cardiology Service. Hospital Universitario Marqués de Valdecilla. Santander, Spain

A R T I C L E I N F O

Keywords:
Direct calorimetry
Skin heat flux
Skin heat capacity
Skin thermal conductance
Thermal probing depth
Thermal penetration depth

A B S T R A C T

An experimental and theoretical study of the heat capacity thermal measurement depth of a skin calorimeter has
been carried out. This calorimeter consists of a thermopile placed between a thermostat and an aluminum
measuring plate, which is placed on the sample to be measured. We performed simulations using the finite
element method (FEM) with inert samples of different sizes. From these simulations, Transfer Functions (TFs)
between the calorimeter’s thermostat temperature and the temperature of the measuring plate were determined.
Compact thermal models (RC models) able to determine the heat capacity of the sample were also determined.
We conclude that, in the case of heat-conducting materials, a single time constant is enough to represent the TF.
However, at least two time constants are required for heat-insulating materials. In this work we also studied the
time dependence of the thermal measurement depth, concluding that this dependence is exponential. Finally, we
present some experimental measurements performed on inert samples and on human skin, which are coherent
with the results of the simulation.

1. Introduction

The study of human body’s thermoregulation is of great interest in
medical practice. Heat flux, and especially the temperature, are the two
most relevant quantities. The heat flux dissipated by the human body is
of great interest when designing air conditioning installations. This heat
flux can be determined by direct calorimetry [1]. This technique re-
quires a calorimetric chamber whose installation is complex and
currently is not used. The heat flux of an individual is related with
his/her metabolism and physical activity, and its study is of interest in
different areas of medicine such as cardiology, pneumology, nutrition,
sports medicine, etc. To determine a human’s energy output, the most
accepted technique nowadays is indirect calorimetry. This technique
allows the determination of the metabolic equivalent (MET’s) from the
measurement of the VO2 consumed by a person. This method is used in
subjects at rest and during physical activity. This measurement is rele-
vant both as a function of time and as a peak VO2max value [2].

These heat flux measurements are global, but localized heat flux
measurements are also of interest. For this purpose, a calorimetric
sensor, also called a skin calorimeter, has been developed. Its main

objective is to measure the power dissipated by a 2 × 2 cm2 skin area
[3]. This device has a thermostat whose temperature is programmable,
which is a novelty compared to other heat flux sensors [4]. Thus, the
power measured depends mainly on the temperature of the thermostat
and the physical conditions of the subject. This instrument is of great
interest for measuring in skin areas whose dissipation varies signifi-
cantly with physical exercise.

On the other hand, remote and contact sensors have also been
developed to determine the thermal properties of the skin [5,6]. The
operation of these sensors is usually the same: the sensor’s transient
response is studied, as a result of a thermal excitation induced on the
skin. In our skin calorimeter, this thermal excitation is performed by
programming the device’s thermostat temperature. This allows the
determination of the thermal resistance and the heat capacity of the skin
area where the sensor is applied [7]. This technique has been recently
used to study the temporal evolution of small skin lesions [8].

In a previous work, we performed an experimental study of the
thermal measurement depth of this sensor [9]. In that work, a simulation
to study more cases (that experimentally would require a large amount
of time and in some cases, are difficult to perform) was desired. In this
paper, we simulate the operation of the calorimeter using the finite
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element method to solve the differential equation of heat conduction
[10] and determine the temperature at every point at any instant. To
determine the heat capacity, we need to know the transient response of
the measuring plate temperature, when a thermal excitation is per-
formed on the calorimeter’s thermostat. The determination of the
transfer function between these temperatures allows the estimation of
the complexity of the model that allows the determination of the heat
capacity of the sample. The objective of this work is to study the thermal
measurement depth of the skin calorimeter for the determination of the
heat capacity of the sample. Thermal measurement depth is also of in-
terest in other applications, for example cooling by magnetocaloric ef-
fect [11].

In this article, we provide a brief description of the skin calorimeter.
Then, a skin calorimeter finite element model is proposed, which allows
the determination the temperature temporal variation at every point of
every element, when a thermostat temperature change is programmed.
Once the geometry, boundary conditions and thermal properties of each
domain are defined, the transient heat conduction equation [10] is
solved numerically using the finite element method (FEM) [12]. Then,
the measuring plate temperature time responses are related with the
thermostat temperature. This relationship consists of a one or two-pole
Transfer Function (TF), depending on if the sample material is
conductive or insulating. A compact thermal model is proposed to
determine the heat capacity of the simple. This model allows to study the
dependence of the heat capacity obtained with the size of the sample and
with the measurement time. Finally, some experimental measurements
performed on inert samples and on human skin are shown.

2. Experimental setup

The skin calorimeter consists of a measuring thermopile (13.2× 13.2
× 2.2 mm, Module ET20–65-F2A-1312–11-W2.25, by Laird) placed
between an aluminum measuring plate (20×20×1 mm) and a small
aluminum block (14×14×4 mm) that operates as a thermostat. This
thermostat contains a heating resistor and a Pt-100 temperature sensor.

A cooling system composed by another thermopile (Module ET20–65-
F2A-1312–11-W2.25, by Laird), an aluminum heatsink and a fan is
attached to the thermostat. The thermal interface between the compo-
nents is crucial for the precise operation of the instrument. To improve
thermal contact, a thin layer of high thermal conductivity thermal paste
was applied between the components. Excess paste was removed during
assembly by tightening the screws, which ensured proper contact be-
tween the parts.

The calibration base consists of an expanded polystyrene (EPS)
block. This calibration base has an aluminum block that contains a
resistor and a temperature sensor, that allows the calibration of the skin
calorimeter when the device is placed on it. The calibration of the
calorimeter is performed at different temperatures and powers. Fig. 1
shows each part of the calorimeter. A triple power supply (E3631A, by
Keysight) powers all the heating resistors of the calorimeter and the
calibration base and the cooling thermopile.

A data acquisition system (34970A with 34901, by Keysight) reads
the calorimetric signal from the measurement thermopile, the thermo-
stat temperature, the calibration element temperature and the room
temperature. A program written in C++ controls the instrumentation,
that is connected to a laptop via the GPIB interface (82357B, by Key-
sight). The sampling period used in the control of the instrumentation is
0.5 s.

3. Simulation

The goal is to solve the transient heat conduction equation [10] at all
points in the spatial domains of the sensor, sample and surroundings
(Fig. 2). To solve this equation numerically with the finite element
method (FEM) we used the Partial Differential Equation Toolbox of
MatLab [12]. This tool allows us to discretize all the domains incorpo-
rating the dimensions, densities, specific heat capacities and thermal
conductivities of each domain that compose the sensor, the sample and
the surroundings. Table 1 shows the thermal properties of each domain
considered in the 2D-model-simulation. The program allows the

Nomenclature

Tinput input FT temperature [◦C]
Toutput output FT temperature [◦C]
t time [s]
tm measurement time [s]
m mass [g]
L sample thickness [mm]
ω angular frequency [rad s-1]
f frequency [Hz]
s Laplace variable
TF Transfer Function
TF(iω) …in Fourier domain
TF(s) …in Laplace domain
si transfer function pole [s− 1]
si* transfer function zero [s− 1]
K transfer function sensitivity
τ time constant [s]
τi … τi =– 1/ si (pole value)
τi* … τi* =–1/ si* (zero value)
ε temperature fitting root mean square error [◦C]
TFEM[i] FEM simulation temperature [◦C]
TTF[i] TF model temperature [◦C]
np number of points used in the fitting
Ci heat capacity of element i [J/K]
Pi, Pik thermal conductance between domains [mW/K]

(nomenclature for all models, 1: conductive sample, 2: insulating sample
& 3: device experimental model)
Ttherm thermostat temperature [◦C]
Tplate measurement plate temperature [◦C]
Troom ambient temperature [◦C]
T1 sample temperature [◦C]
C1 …measured, C1 = C0 + C(sample)
C0 …measurement offset value
P1 …between sample & environment
Ptherm …between a domain & thermostat

(nomenclature for model 2)
Cplate …of the measurement plate
P12 …between sample & measuring plate
P2 …between measuring plate & environment

(nomenclature for model 3)
T0 Ambient temperature around the calorimeter [◦C]
Tcold skin calorimeter cold temperature [◦C]
W1 calibration base dissipated power [W]
W2 skin calorimeter thermostat power [W]
y skin calorimeter calorimetric signal [V]
k thermopile Seebeck coefficient [V/K]
Ctherm …of the calorimeter thermostat
Cbrass … of brass sample
CPTFE … of PTFE sample
Pcold …between thermostat & cooling system
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introduction of boundary conditions and also allows the definition of a
time variation of the thermostat’s temperature. After that, we can obtain
the time response of the temperatures at every point of the model. The
section of the model is 15×15 cm2, although Fig. 2 only shows the area
near the sensor (6 × 6 cm2). The domain triangulation used in the
simulation is 1 mm.

The sample placed under the calorimeter (part 6 in Fig. 2) is pris-
matic, and its vertical thickness L will be modified in each simulation.
The initial boundary condition will be an ambient temperature of 20 ◦C.
The air domain is large enough to ensure this boundary condition. On
the other hand, the calibration base is composed of an EPS block placed
inside a steel box, so the lower temperature of the (steel) calibration base
will be the ambient temperature of 20 ◦C. All simulations are similar:

starting from a constant initial temperature of 20 ◦C in all elements, a
thermostat temperature step from 20 ◦C to 21 ◦C is programmed. Fig. 2
(right) shows the spatial distribution of the temperatures for a time of
1800s measured from the instant at which the thermostat temperature
step is programmed.

In the simulation we used the same samples that will be used in the
experimental study. We have chosen yellow brass due to its high thermal
conductivity and Teflon (PTFE), which is an insulating material that has
thermal properties (heat capacity & thermal conductivity) comparable
to skin (see Table 1).

Experimental tests showed that when enough pressure is applied, the
thermal results are nearly identical with or without thermal paste.
Furthermore, it is not practical to apply thermal paste to all samples, so

Fig. 1. Scheme (a) and picture (b) of the skin calorimeter. 1: heatsink & fan, 2: cooling thermopile, 3: thermostat, 4: measuring thermopile, 5 measuring plate, 6:
calibration element.

Fig. 2. Left: Skin calorimeter scheme and its surroundings, air, EPS base and sample. 1: heatsink-fan, 2: cooling thermopile, 3: thermostat, 4: measuring thermopile,
5 measuring plate, 6 sample. Right: Spatial distribution of temperatures for instant t = 1800s after a temperature jump of the thermostat from 20 to 21 ◦C.
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Table 1
Thermal properties of the materials used in the simulation.

Density Conductivity Heat capacity Volumetric heat capacity Thermal diffusivity

kg/m3 W/mK J/kg K J/m3K m2/s
Teflon (PTFE) [13] 2200 0.25 1000 2.2000×106 0.1136×10− 6

Steel [13] 7800 47 465 3.6270×106 12.9584×10− 6

Aluminum [13] 2700 237 900 2.4300×106 97.5309×10− 6

Alloy 3003a [14] 2730 193 893 2.4379×106 70.9167×10− 6

Yellow brass [13] 8410 116 380 1.1958×106 36.2976×10− 6

Human skin [15] 1109 0.37 3391 3.7606×106 0.0984×10− 6

Insulator EPS [16] 30 0.035 1450 0.0435×106 0.8046×10–6

Airb 1.155 0.025 1004 0.0012×106 21.5588×10− 6

Thermopilec 2937 1.26 647 1.9002×106 0.6631×10− 6

a Pure aluminum was used for the measuring plate, while alloy 3003 was used for the thermostat.
b Determined from altitude, atmospheric pressure, dew point and air temperature at laboratory normal conditions.
c Continuous-equivalent values calculated from the properties of its components, the thermal resistance value of the thermopile is obtained in the calorimeter

Calibration and verify a good fit of these equivalent magnitudes.

Fig. 3. Temperature of the measuring plate for a thermostat temperature input step of 20 to 21 ◦C, for prismatic samples of the same section and different thickness L
& material (brass & PTFE). Frequency representation of the TF magnitude (2).
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it was not used in the experiments. In this scenario, and considering the
thermal contact between parts and the pressure applied [17], we
assumed an air gap of 10 µm, a value which is consistent with both
experimental and simulated results.

One of the purposes of the skin calorimeter is to determine the heat
capacity of the sample under it. For this purpose, it is necessary to
produce a temperature change and study the transient response. The
temperature change is performed in the thermostat, so we consider a
system of one input and one output, where the input is the temperature
of the thermostat (Ttherm) and the output is the temperature of the
measuring plate (Tplate). Thus, we can define a Transfer Function, in the
Fourier space, given by the expression (1):

TF(iω) = Toutput(iω)
Tinput(iω)

=
Tplate(iω)
Ttherm(iω)

(1)

… where ω = 2πf, f is the frequency in Hz. The input, in all simulated
cases, will be a step signal from 20 to 21 ◦C. Fig. 3 shows the time re-
sponses for a brass sample of different thickness of L = 5, 10, 15 and 20
mm. The time responses for the case of a PTFE sample for thicknesses of
L = 2, 4, 6, 8 and 10 mm are also shown.

As we can see in the time responses (Fig. 3), brass has a higher time
constant than PTFE, due to its higher thermal diffusivity. In addition, as
expected, the time constant increases as the size of the sample under the
measuring plate increases. In PTFE case, above a certain thickness, time
responses become indistinguishable. To better distinguish the dynamic
responses in both cases, we have plotted the magnitude of the TF in dB:

Magnitude (dB) = 20log10

⃒
⃒
⃒
⃒
TF(iω)

TF(0)

⃒
⃒
⃒
⃒ (2)

For the calculation of the TF(iω), the baseline of the output signal is
corrected, the time derivative is constructed and then the Fourier
transform is calculated using the FFT (Fast Fourier Transform). Let’s
remember that the impulse response (response to a Dirac delta) is the
time derivative of the response to a unit step.

In the next section, we will determine the parameters that define the
TF for the proposed materials as a function of the sample size, which is
determined by its thickness L. The goal is to explore a method that al-
lows the determination of the heat capacity of the sample from the time
response of the measuring plate temperature, when the temperature of
the thermostat is changed. These two temperatures will determine the
calorimetric signal given by the measurement thermopile.

4. Simple TFs and RC models

To propose a compact thermal model, it is first necessary to deter-
mine its size, i.e. the minimum number of elements in which the system
can be modelled accurately reproducing its behavior. The size of the
model can be determined by the number of poles of the TF that relates its
input and output. In general, a TF can have N poles and M zeros (N>M)
and its general expression, in Laplace space, will be (3):

TF(s) =
Tplate(s)
Ttherm(s)

= K

∏M

i=1

(
1+ sτ*i

)

∏N

i=1
(1+ sτi)

(3)

… where K is the sensitivity (response to a unit step input), and τi & τi*
are the inverses of the opposites of the poles (si) and zeros (si*) of the TF
(τi = − 1/si, τi* = − 1/si*). To identify the parameters of the TF we use an
iterative method based on the Nelder-Mead algorithm [18–20]. For each
group of TF parameter values (K, τi and τi*), the output signal, Tplate (t), is
reconstructed from the known input, Ttherm (t). This method recalculates
the model parameters by minimizing a pre-established error criterion.
The error criterion chosen is the Root Mean Square Error (RMSE) be-
tween the original signal and the one calculated with this model of poles

and zeros (4):

ε =
1
np

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑np

i=1
(TFEM[i] − TTF[i])2

√

(4)

… where np is the number of points used in the fitting, TFEM is the
measurement plate temperature provided in the FEM simulation, and
TTF is the temperature calculated with the pole-zero model (TF model).
This method, that consists of adjusting the parameters of the proposed
models, will be used in all the cases developed below. That is, it will be
used to determine the parameters of the TF model and the parameters of
the RC model.

4.1. Case of a heat conducting sample

For heat-conducting materials such as yellow brass, we have found
that a single-pole TF (one time constant) is enough to reconstruct the
output signal, i.e. the input-output system can be modeled with a TF of
the type (5):

TF(s) =
Tplate(s)
Ttherm(s)

=
K

1+ sτ (5)

The brass samples analyzed have a constant cross section of 70.88
mm2 (equivalent to a 9.5 mm diameter) and a thickness L in the direc-
tion of the sensor axis. Fig. 4 shows the FEM simulation curves and those
obtained with the TF model for the cases of brass sample thickness L =

10 mm and L = 20 mm. Fig. 4 also shows the values of sensitivity (K),
time constant (τ) and RMSE (ε) committed with the TF model.

The identification of the model is acceptable with a single time
constant. Therefore, a compact thermal model (RC model) of a single
element connected to the thermostat is proposed (Fig. 5). This element,
of heat capacity C1, represents the sample and a part of the measuring
plate. This domain is connected with the thermostat by a thermal
conductance coupling Ptherm and connected to the environment by a
thermal conductance coupling P1.

The equation that defines this RC model is the following (6):

0 = C1
dT1

dt
+ Ptherm(T1 − TTherm) + P1(T1 − Troom) (6)

Correcting the baselines of all temperatures and applying the Laplace
transform, we obtain the Transfer Function between the output (tem-
perature of the measuring plate T1 = Tplate) and the input (Ttherm) (7):

TF(s) =
T1(s)
Ttherm(s)

=
Ptherm

C1s+ (P1 + Ptherm)
(7)

From the previous expression, the sensitivity (K) and the time con-
stant (τ) can be deduced (8):

K =
Ptherm

P1 + Ptherm
; τ =

C1

P1 + Ptherm
(8)

When a thermal perturbation is produced, the system’s steady state
will be reached at a time which is directly related with its time constants.
However, when an experimental measurement is performed, the mea-
surement time doesn’t always coincide with the time needed to reach a
full steady state. We define measurement time (tm) as the time recorded
from the start of the thermal perturbation until the end of the mea-
surement. This time is relevant, since it indicates the time required to
obtain an acceptable result of the thermal properties of the sample. Brass
samples with different thickness (L) and measurement times (tm) have
been identified in Fig. 6.

We have determined the offset value of the heat capacity that can be
identified by the model, C0= 0.37 J/K. In Fig. 6, the measurement times
(tm) are indicated for each heat capacity obtained (C1). The continuous
curves indicate the value of the offset heat capacity (C0) plus the yellow
brass sample heat capacity (Cbrass). As we can see, up to 15 mm sample
thickness, a measurement time of tm = 300 s is enough to determine the
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total sample heat capacity. However, for samples with a thickness L> 15
mm, a longer measurement time tm is necessary to determine the correct
heat capacity value. We can conclude that in the case of conducting
materials, the thermal measurement depth is complete if measurement
time tm is enough. For the case studied, a measurement time tm = 1800s
is required for samples of L> 15 mm,& tm= 300 s for samples of L< 15
mm. Fig. 6 also shows the values of the thermal conductance P1 and the
RMSE in the fittings. The conductance Ptherm = 23 mW/K has been
identified in this work as a constant value, since it represents the contact
between the thermostat and the measuring plate. Note that this
conductance includes the measuring thermopile and it was chosen as the
constant value that best fits all the cases studied. Regarding the
conductance P1, it increases with the thickness of the sample as a result
of the increasing lateral area of the sample.

4.2. Case of a heat insulating sample

The insulating material chosen in this study is a Teflon sample with
different sizes. It has a constant cross section of 193.59 mm2 (equivalent
to a 15.7 mm diameter) and a thickness L. It is found that a one-time
constant TF model is not enough to accurately reconstruct the

measurement plate temperature Tplate. At least two time constants and an
additional zero are necessary. The most suitable TF for this case is of the
form (9):

TF(s) =
Tplate(s)
Ttherm(s)

=
K(1+ sτ*)

(1+ sτ1)(1+ sτ2)
(9)

Fig. 7 shows the FEM simulation curves and those obtained with the
TF model for the cases of Teflon sample thickness L = 5 mm and L = 10
mm. Fig. 7 also shows the values of the parameters of the TF (K, τ1, τ2,
τ*) and the RMSE (ε) of the fitting.

Now, the model previously proposed in Eq. (6) is not valid, and a new
two-element model is proposed. The first element represents the sample
under the sensor and the second element represents the measuring plate
connected with the thermostat, through the thermal coupling Ptherm
(Fig. 8).

The equations that define this model are the following (10):

0=C1
dT1

dt
+P12

(
T1 − Tplate

)
+P1(T1 − Troom)

0=Cplate
dTplate
dt

+Ptherm
(
Tplate − Ttherm

)
+P12

(
Tplate − T1

)
+P2

(
Tplate − Troom

)

(10)

Correcting the baselines of all temperatures (initially at room tem-
perature), and applying the Laplace transform we obtain the TF (11):

TF(s) =
Tplate(s)
TTherm(s)

=
(C1s+ P1 + P12)Ptherm

Δ

Δ =

⃒
⃒
⃒
⃒
⃒

C1s+ P1 + P12 − P12

− P12 Cplates+ P2 + P12 + Ptherm

⃒
⃒
⃒
⃒
⃒

(11)

This new proposed model has two poles which are the roots of the
denominator determinant (Δ) and a zero (root of the numerator poly-
nomial). This two-domain model is consistent with the one proposed in
Eq. (9).

Fig. 9 shows the results of the Tplate curves fitting with the proposed
RC model (Eqs. (10) and 11, Fig. 8). These results (heat capacity C1,
thermal conductances P1 and P12, and RMSE) are plotted as a function of
the sample thickness L and the measurement time tm. Previously, the
invariant parameters, that do not depend on the thickness of the sample
and the measurement time tm, were determined. These parameters are,
for PTFE, the offset heat capacity C0= 0.14 J/K, the heat capacity of the
measuring plate Cplate = 1.3 J/K, and the thermal conductances P2 = 0.1
mW/K & Ptherm = 74.4 mW/K. The heat capacity plot (a in Fig. 9) in-
cludes a solid green line that represents the true value of the sample heat

Fig. 4. Measuring plate temperature (ΔTplate) fitting with a single-pole TF (5) for brass samples of L = 10 mm & 20 mm.

Fig. 5. RC Model scheme for heat conducting samples (yellow brass).
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capacity plus the offset heat capacity C1= C0+ CPTFE. These results show
that from a sample thickness L > 5 mm, it is not possible to obtain the
heat capacity of the sample. We call this maximum thickness thermal
penetration depth for this measurement time tm. To reach a higher
penetration (7.5 mm) it is necessary a higher measurement time tm, at
least one hour. We analyze the thermal penetration time dependence in
the next section. On the other hand, the conductance P1 increases
slightly with sample thickness, because the lateral area of the sample
increases. The conductance P12 decreases with sample thickness,
because the distance between the geometrical centers between the two
domains increases.

Fig. 6. a) heat capacity C1 & b) thermal conductance P1 of the RC Model (7) for heat conducting samples (yellow brass). Values obtained for different sample
thickness & different measurement times tm. c) RMSE (4).

Fig. 7. Measuring plate temperature (ΔTplate) fitting with a TF model (9) for Teflon samples of L = 5 mm & 10 mm.

Fig. 8. RC Model scheme for the case of insulating samples (PTFE).
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5. Effect of time on the heat capacity measurement

In the previous section, heat capacity was plotted as a function of the
sample thickness L and the measurement time tm. We found that the
measurement time tm required depends on the sample thermal conduc-
tivity and its thickness. In this section, the dependence of the measured

heat capacity on the measurement time tm is studied in more detail. As
said before, tm is the time recorded from the start of the thermal
perturbation until the end of the measurement. Fig. 10 shows the pro-
grammed temperature of the thermostat Ttherm and its response on the
measuring plate temperature, Tplate. The programmed rectangular pulses
allow the determination of the sample’s heat capacity during its heating

Fig. 9. Parameters a) C1, b) P12 and c) P1 of the RC Model (11) determined for different PTFE sample thickness and different measurement times tm. The solid green
line indicates the sum of the offset heat capacity plus the real sample heat capacity. d) RMSE (4).

Fig. 10. Rectangular pulses of the thermostat temperature Ttherm and temperature of the measuring plate Tplate for a brass sample (70.88 mm2 area and L = 10 mm)
for two different heating and cooling times (5 and 10 min).
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and cooling. Fig. 10 shows the case of a 10 mm yellow brass sample with
measurement times of tm = 5 and 10 min. In this case, tm coincides with
the pulse duration.

Fig. 11 shows the heat capacity and the thermal conductance values
obtained as a function of heating time for a brass sample. If the sample’s
thickness is longer than 20 mm, more time is required. For example, in
the case of L = 25 mm, the variation of these properties is exponential,
with a time constant of 4 min.

However, if the sample is an insulating material (PTFE), the thermal
properties determined show a clear time dependence on tm, and the time
constants depend on the sample thickness (Fig. 12). Note that for a 5 mm
sample the time constant is 7 min and for a 10 mm sample the time
constant is 11 min. In the first case the heat capacity of the sample is
correctly determined, but in the second case the nominal value is not
reached, the obtained heat capacity is 3.9 J/K, and the real capacity is
4.2 J/K.

We briefly discuss the time variation of the thermal conductance P1.
Figs. 6 and 9 show that the value of P1 increases with sample size, which
is consistent with the C1 increase. However, P1 decreases exponentially
with tm since the temperature changes (Figs. 11 and 12). As the sample
volume affected by the temperature change increases with tm and the
heat capacity C1 increases, the conductivity P1 also increases with the
sample size affected, but its determination is simultaneously affected by
the ambient temperature change, which results in a decrease in P1. In an
ideal case, the ambient temperature is considered to be constant, but in
reality, this temperature (in the neighborhood of the calorimeter) varies
with the thermostat’s temperature change, which affects the evaluation
of the conductivity P1. When the baselines are corrected to the initial
time, the term P1 (T1 – Troom) in Eqs. (6) & (10), takes the form P1 (ΔT1 –
ΔTroom), where ΔTroom is the variation of the ambient temperature in the
neighborhood of the calorimeter. This effect is reflected in a slight
modification of P1 to the value P1ΔTroom/ΔT1. We have evaluated this
quantity for the case of a PTFE sample of thickness from 2 to 8 mm, and
there is approximately a 9% increase due to the increase in size and an
18% decrease due to the effect described above. This results in a final
decrease of 11 %. This decrease is exponential because the heating of the
environment and of the sample are also exponential. On the other hand,

as already indicated above, there is a clear increase of P1 with the
thickness of the sample due to the increase of its lateral surface.

6. Effect of surface in the heat capacity measurement

We performed a detailed study of the determination of the RC model,
for samples of constant area and different thicknesses, evaluating also
the effect of the measurement time. However, when the skin calorimeter
is applied on the human body surface, the skin area (sample) exceeds the
sensing area of the sensor (4 cm2). Therefore, it is necessary to study how
the area of a low thermal conductivity sample (PTFE) affects the
determination of the heat capacity. For this purpose, different areas (4,
5, 6, 8 and 10 cm2) have been chosen.

The FEM simulations provide the temperature curves of the
measuring plate as a function of time, and the RC model is determined
from these curves. We consider the same constant parameters (Cplate,
Ptherm and P2) as in the case described in Section 4.2. Figs. 13 and 14
show the calculated heat capacity C1 of the sample, and the conduc-
tances P1 and P12 between the sample and the surroundings (Troom) and
with the neighbouring element (Cplate) according to Fig. 8. We note that
for sample thicknesses of <4 mm, the heat capacities obtained are
consistent with the nominal values of the sample. Regarding the sample
surface, for an area of 5 cm2 or more, the heat capacities determined are
very similar (there is saturation). This results indicates a lateral limit in
the determination of the heat capacity of the sample under the sensor.

On the other hand, the conductance P1 increases with the area and
with the thickness of the sample; and the conductance P12 decreases
with the thickness of the sample. All this results are consistent with the
results indicated in the previous sections. Regarding the effect of time,
we can confirm the previous section discussion. As the sample thickness
increases, more measuring time is required to determine the heat ca-
pacity of the sample. However, from a sample thickness over 4 mm, the
nominal value of the heat capacity is not reached. For this thickness (4
mm), an area of 5 cm2, and a measurement time of 1800s, the obtained
heat capacity shows a difference with the nominal value of the sample of
<5%. If the measurement time increases to 3600 s, the difference de-
creases to 4%. In conclusion, the measurement limits for this case would

Fig. 11. Temporal representation of the RC Model parameters. Case of a brass sample of L = 10, 20 & 25 mm. The figure also shows the time constant τ of the
exponential fit. C0 offsets have been subtracted.
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be 4 mm thickness and 5 cm2 area, and a measurement time after
thermostat temperature change greater than 1800s.

7. Experimental study

In this case, it is necessary to develop an operating model that relates
the calorimetric signal provided by the measuring thermopile (y) with
the thermostat dissipated power (Wtherm). Given the calorimetric signal-
to-noise ratio, only two time constants can be identified. Therefore, a
two-body model is proposed, as shown in Fig. 15:

The first element represents the measuring plate with the sample/

skin/calibration block (parts 5 and 6 of Figs. 1 and 2). The second
element represents the calorimeter’s thermostat (part 3 of Figs. 1 and 2).
These elements are connected to each other by the measuring thermo-
pile, of thermal conductance Ptherm. This thermopile provides the calo-
rimetric signal y(t) = k (T1(t) – Ttherm(t)), where k is the Seebeck
coefficient of the thermopile.

The model is based on the equations of heat transport by conduction,
so the skin calorimeter can be considered as a two-input, two-output
system. The first input is the power dissipated W1 under the calorime-
ter’s measuring plate, either in an electrical calibration or the heat
dissipation of the skin area where the calorimeter is applied. The second

Fig. 12. Temporal representation of the RC Model parameters. Case of a PTFE sample of L = 5 & 10 mm. The figure also shows the time constant τ of the exponential
fit. C0 offset have been subtracted.

Fig. 13. Determined parameters of the RC model as a function of the PTFE sample area and thickness L, for a measurement time of 900 s.
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input is the power W2 dissipated by the thermostat to achieve the pro-
grammed temperature. The outputs are the calorimetric signal y(t) and
the thermostat temperature Ttherm(t). The model equations are as follows
(12):

W1 =
C1

k
dy
dt

+
P1 + Ptherm

k
y+ C1

dTtherm
dt

+ P1(Ttherm − T0)

W2 = −
Ptherm
k

y+ Ctherm
dTtherm
dt

+ Pcold(Ttherm − Tcold)
(12)

…where T0 is the room temperature around the sensor and Tcold the
temperature on the cold side of the cooling thermopile. In the calorim-
eter’s calibration, the model parameters are determined: heat capacities
C1 and Ctherm, thermal conductances P1, Pcold and Ptherm and the constant
of the measuring thermopile k. Of these parameters, only Ctherm, Ptherm
and k can be considered invariant [9], since the others depend on the
sample under the calorimeter, whether it is an inert sample or the skin of
the human body. A previous work [9] explains the methodology used to
determine the power dissipated by the skin and the thermal properties of
the skin (heat capacity and thermal resistance). In this section we pre-
sent the results of applying the calorimeter on inert samples and on the
skin. Fig. 16 shows the calorimeter applied on air, to approximate the
offset heat capacity C0 = 2.35 J/K of the first domain (C1), which is a
sensor-specific parameter. Fig. 16 also shows the calorimeter on a Teflon

sample and on the wrist of a healthy human subject.
In the same way as in the simulation, we now place the calorimeter

on inert heat-conducting (brass) and insulating (PTFE) samples. Figs. 17
and 18 show the results obtained as a function of the time used for
heating and cooling the sample (see Fig. 10). In the case of brass, we
have used two cylinders of the same section (70.88 mm2) but different
mass (m1 = 5.27 g and m2 = 12.50 g). In the shorter cylinder the ob-
tained heat capacity has no appreciable time dependence. However, in
the case of the longer cylinder the value increases exponentially with
measurement time tm. The results obtained coincide with the real heat
capacities of the samples.

For the case of an insulating material, a 10mmPTFE sample has been
used (see Fig. 16b), with a section of 193.59 mm2. The heat capacity
obtained (Fig. 18) increases exponentially with measurement time tm
and the final value obtained (1.6 J/K) after 60 min corresponds to a
depth of approximately 4 mm. In other words, as the simulation had
predicted, for these sample sizes, the nominal value of the sample can’t
be determined. We define the thermal penetration depth as the thickness
of a sample with the same cross-section that would correspond to the
experimentally obtained heat capacity. Generally, thermal penetration
depth increases exponentially with time. D’Exposito et al. [21] per-
formed a similar test in which they relate the thermal penetration depth
with the frequency of a sinusoidal heating-cooling on SiGe HBT tran-
sistors. They found that the thermal penetration depth increases as
frequency decreases.

Finally, Fig. 19 shows the results obtained in the wrist volar area of a
healthy 65-year-old male subject. The results are qualitatively similar to
PTFE with the difference that the skin has a higher volumetric heat
capacity and a higher thermal conductance. If we consider a common
skin heat capacity value [15], we obtain a depth of 2.6 mm. In this case
the heat capacity variation has a lower time constant than in the case of
PTFE, and after 45 min we obtain the final stationary value. It is clear
that a measurement of this duration is not of practical application, but
this study allows the estimation of the heat capacity that would be ob-
tained for a given time. In the case shown, a 5-min application would
provide a heat capacity of 2.87 J/K, equivalent to 1.9 mm depth.

8. Conclusions

A simulation study has been performed to analyze the characteristics
of the heat capacity measurement of a skin calorimeter. In simulation,
and experimentally, heat-conducting & insulating samples have been

Fig. 14. Determined parameters of the RC model as a function of the PTFE sample area and thickness L, for a measurement time of 1800s.

Fig. 15. RC Model of the skin calorimeter, used for experimental
measurements.
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considered (yellow brass & PTFE). Experimental measurements have
also been performed on the skin. We conclude that:

1. FEM simulation is a good tool to reproduce the skin calorimeter’s
behavior for different inputs and materials, and the proposed RC
modeling allows the accurate determination of the heat capacity of
the sample under the sensor. The modeling also allows to study the
limitations and operating ranges of the instrument.

2. For the case of heat-conducting materials, with a short mea-
surement it is possible to determine the full heat capacity of a sample
(300 s is enough for samples of 71 mm2 & L < 15 mm), although this
has a limit (for samples L > 15 mm is required more time to measure
the full heat capacity). In addition, these results show a new potential
application for this instrument. Although the skin calorimeter was
designed to measure on the skin, it is also able to determine the heat
capacity of small heat-conducting parts.

Fig. 16. Sensor applied on air (1), on PTFE (b) and on the wrist (c).

Fig. 17. Exponential fitting (dash lines) of Cbrass, P1 and Ptherm from an experimental measurement. Case of two small brass rods of the same section (70.88 mm2), but
different masses (m1 = 5.27 g and m2 = 12.50 g). C0 value has been subtracted. Real values, calculated from masses: 2.00 J/K for m1 and 4.75 J/K for m2.
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Experimentally, yellow brass cylinders with similar volumes to the
simulation ones have been used (71 mm2 and 10 – 20 mm thickness).
An accurate measurement of the sample’s heat capacity has been

obtained (95 % of the real value). The dependence of the result on
the measurement time has been verified.

3. For the case of heat-insulating materials, the measurement pre-
sents several difficulties. For small samples, (194 mm2 & L < 5 mm),

Fig. 18. Experimental measurement result for PTFE. In this case the thermal penetration depth is 4.3 mm, the sample thickness is 10 mm and the section
193.59 mm2.

Fig. 19. Measurement in the left wrist dorsal area of a healthy 66-year-old male.
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a minimum measurement time of 900 s is required to determine the
full heat capacity of the sample. However, above five millimeters
sample thickness, the results begin to diverge. For example, for a
sample of 7.5 mm thickness, a measurement time of >3600 s is
required to approach the full heat capacity of the sample.

Experimentally, a PTFE cylinder of the same section & L = 10 mm
has been used. The results obtained show that the instrument is able to
measure a maximum heat capacity after 60 min of measurement of 1.6
J/K, which would correspond to a 4 mm thickness sample. This limita-
tion in the heat capacity measurement defines the thermal penetration
depth of the instrument, that depends on time, but has a final max value.

The skin has thermal properties comparable to PTFE. Thus, the in-
strument is potentially able to measure the thermal properties of the skin
with a penetration comparable to PTFE (4 mm). Experimentally, this
penetration is (in the case of the wrist – is important to mention that
every part of the human skin may behave differently –) of 1.9 – 2.6 mm.
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