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In this work we perform an experimental study of the thermal probing depth of a skin calorimeter devel-
oped to measure in vivo the heat capacity and the thermal resistance of a 4 cm? skin region. To determine
these properties, a small thermal excitation is applied to the skin and then, the static and dynamic re-
sponse of the calorimetric signal is studied. This excitation consists of a periodic change of the calorime-
ter thermostat temperature while the device is applied on the skin. We have found that the thermal pen-
etration depth depends mainly on the period of this periodic thermal excitation. This time dependence is
exponential for non-semi-infinite domains. Using a time-variant model, we performed measurements on
the dorsal and volar areas of the left wrist of a healthy 64-year-old male subject. For a 4 cm? region of
skin, the results show that the heat capacity in both zones are of the same order of magnitude. Its initial
value is 4 J/K and increases exponentially up to 7 J/K with a time constant of 6.5 min. Thermal resistance
also increases exponentially with time: from 27 to 36 K/W for the volar zone, and from 32 to 45 K/W for
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1. Introduction

Skin is the largest organ of the human body and protects
against physical impact, weather and external organisms. In its
thermal regulation function, two properties are of great interest:
the specific heat capacity and the thermal conductivity of the skin.
Both properties characterize the transmission of heat by conduc-
tion along the skin. This phenomenon is described by the Fourier
equation [1]:

aT; .
w(t) = pscsa—ts + div(-AsVTy) (1)

. where, w(t) is the metabolic power generated by the skin in
W/m3, T; is the skin tissue temperature, ps its density in kg/m?3,
¢cs its heat capacity in J/kg-K and As its thermal conductivity in
W/m-K. We could add the heat provided by blood perfusion to the
Fourier equation:

aT; ;
w(t) = psCsT; +div(=AsVTs) + g0y (Ts — Tp) (2)

. where, T, is the arterial blood temperature, c, blood specific
heat capacity in J/kg-K and g, the volumetric blood flow in kg/s-m3.
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From this biothermal equation, known as the Pennes equation
[2,3], several models have been developed to characterize thermal
fluctuations [4], to model heat transfer in the vascular system [5],
to describe the temperature distribution of skin and deeper tis-
sues in the four extremities of the human body [6], or to ana-
lyze tissues in the presence of a tumor [7]. These equations use
the skin-specific parameters ps, ¢s and As, determined from tissue
biopsy samples. Density, specific heat capacity and thermal con-
ductivity are experimentally determined from these samples using
the appropriate specific instrumentation (densimeter, calorimeters
and thermal conductivity meters). As an alternative to this method,
different instruments have been developed to determine these pa-
rameters on a non-invasive way and in vivo, either with contact
sensors [8-10] or remotely [11,12]. In the thermoregulation pro-
cesses of the human body, these properties change in every situ-
ation. Vasodilation, vasoconstriction and sweating of the skin di-
rectly affect these properties. Therefore, these non-invasive in vivo
measurement methods are of particular interest in several appli-
cations, in particular while monitoring intense physical activities
[13].

In these thermal instruments generally there is a heat source
and a sensor. The working principle of these instruments consists
of producing a controlled thermal perturbation and measuring its
effect on the skin. To relate the thermal properties of the skin with

0017-9310/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.ijheatmasstransfer.2023.124258
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2023.124258&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:manuel.rguezderivera@ulpgc.es
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124258
http://creativecommons.org/licenses/by-nc-nd/4.0/

PJ. Rodriguez de Rivera, M. Rodriguez de Rivera, F. Socorro et al.

Nomenclature

w (t) metabolic power generated by the skin [W/m?3]

t time [s]

p temperature change period [s]

Ts skin tissue temperature [°C]

Os skin tissue density [kg/m3]

Cs skin tissue specific heat capacity [J/kg-K]

As skin tissue thermal conductivity [W/m-K]

I arterial blood temperature [°C]

Cp blood specific heat capacity [J/kg-K]

£p volumetric blood flow [kg/s-m?3]

T; calibration base temperature [°C]

Wi calibration base dissipated power [W]

y skin calorimeter calorimetric signal [V]

T, skin calorimeter thermostat temperature [°C]

W skin calorimeter thermostat power [W]

TF; (s)  transfer function (in Laplace domain)

s Laplace variable

Kj; sensitivity of TFy, Ky; in [V/W] and Ky; in [K/W]

T; Tp  time constants of TF; [s]

U opposite of the inverses of the zeros of the TF; [s]

N model domain number

G heat capacity [J/K]

G ... of the calibration base

G of the skin calorimeter thermostat

T; (t) temperature of the “i” domain [°C]

Py thermal conductance between domains ‘i’ and ‘k’
[W/K]

P; between C; and ambient

P, between C, and the cold focus

Py thermal conductance of the skin calorimeter, be-
tween C; and C,

k seebeck coefficient of the measurement thermopile
[VIK]

Teold skin calorimeter cold temperature [°C]

Troom ambient or room temperature [°C]

Yexp experimental calorimetric signal [V]

Yeal calculated calorimetric signal [V]

Toexp experimental thermostat temperature [°C]

Tocal calculated thermostat temperature [°C]

&y root mean square error in the fitting of y [V]

2D root mean square error in the fitting of T, [°C]

np number of points used in the fitting

Ckin skin heat capacity [J/K]

Rgyin skin equivalent thermal resistance Ry, =1/Pgin
[K/W]

Tskin Cskin and Ry, variation time constant [s]

tmax maximum time used in the calculation of thermal

properties [s]
Vpeirier ~ Peltier element voltage supply [V]
Wigin skin dissipated power [W]

the signal measured by the sensor, the equations that describe the
heat transfer phenomenon (conduction, convection, and/or radia-
tion) are used. A common problem with all these techniques is
the domain considered in the skin temperature distribution. The
limit of this domain will define the thermal probing depth of the
instrument. The interest of thermal penetration depth extends to
other applications. For example, a current research issue is how to
maximize the cooling of the magnetic material in magnetocaloric
cooling machines [14]. The solution proposed by some authors [8—
12,14] consists of estimating the thermal penetration depth from
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the numerical solution of the differential Eqgs. (1) and (2) men-
tioned above.

In this research we perform an experimental study of the ther-
mal probing depth of a skin calorimeter designed to measure in
vivo the heat flux and the thermal properties of the skin [15,16].
First, we describe the experimental equipment and the measure-
ment method. Then, we describe the experimental measurements
performed on human skin, and finally we summarize the conclu-
sions of the work. The procedure applied in this study could be
applied to other instruments with a similar principle of operation,
even if the sensors are different. In our case the main sensor is
a thermopile, in other cases it is a contact or remote temperature
Sensor.

2. Materials & methods
2.1. Experimental system

The skin calorimeter used in this study consists of a measur-
ing thermopile (HOT20-65-F2A-1312 by Laird) placed between a
high thermal conductivity aluminum plate that will come into con-
tact with the skin (20 x 20 x 1 mm) and an aluminum ther-
mostat (14 x 14 x 4 mm). On the other side of the thermostat
there is a cooling system consisting of another thermopile identi-
cal to the measurement one (Peltier element), a heatsink and a fan
(see diagram in Fig. 1). The thermostat temperature is measured
with an RTD (Resistance Temperature Detector, 1PT100GX0518, by
Omega) and is programmed using a PID control (Proportional In-
tegrative Derivative), which determines the power to dissipate in
an electrical resistor located inside the thermostat (10 €2 resis-
tor made of constantan wire TFCC-005, by Omega). Except the
heatsink and the fan, these elements are thermally insulated from
the outside. A calibration base that includes an electrical resistor
and a temperature sensor is used to calibrate the calorimeter. A
programmable triple power supply (E3631A, by Keysight) powers
the skin calorimeter’s thermostat, the cooling thermopile and the
calibration base resistor. A DAQ (Data Acquisition System, 34970A
with 34901, by Keysight) is used to measure the calorimetric signal
and the temperatures. A program written in Microsoft Visual C++
controls the instrumentation connected to a laptop via USB/GPIB
interface (82357B, by Keysight). The sampling period in the control
and data acquisition is 0.5 s.

2.2. Calorimetric model

The initial objective of this skin calorimeter was the determina-
tion of the heat flux transmitted by conduction when the calorime-
ter is applied on the skin. To achieve this objective, we proposed
an operating model that consists of assimilating the instrument
into a system with two inputs and two outputs. The inputs were
the power transmitted from the skin to the skin calorimeter (W;)
and the power dissipated by the thermostat (W,). The outputs
were the calorimetric signal (y) provided by the measurement
thermopile and the thermostat temperature (T,). The linearity of
the system was experimentally verified and we defined a model
given by four transfer functions (in Laplace domain, where s is the

Laplace variable):
Y(s)\ _ (TEn(s) THha(s) ) (Wi(s) (3)
T (s) Thi(s)  TEa(s) J\Wa(s)
Thus, skin calorimeter calibration consists of determining the
parameters of the transfer functions TF;. Given the signal-to-noise
ratio of the measured signals, it was possible to determine a max-

imum of two poles. Therefore, the general form for each TF; was
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Fig. 1. Schematic of skin calorimeter & data acquisition and control system.

as follows:
Ki;(1+ sr;;)

TE;j(s) = (1 4+511)(1+512)

(4)
where, Kj; represent the sensitivities or static gains (stationary re-
sponses to a unit step). T; and 7, are the opposites of the inverses
of the poles (time constants), and 7;* are the opposites of the in-
verses of the zeros.

Later, it was found that the time constants were related with
the heat capacities of the elements that composed the instrument-
skin combination. Therefore, a new model widely used in the field
of calorimetry [17] was proposed. This model consisted of decom-
posing the calorimeter into N domains of heat capacity C; and infi-
nite thermal conductivity, which is equivalent to assuming a tem-
perature T;(t) in each domain. These domains are connected to
each other by thermal couplings of thermal conductance Py. In
the heat conduction calorimeters, the transmission by radiation is
avoided, so the power developed in each domain, W; (t), equals
to the power necessary to modify its temperature plus the power
transmitted by conduction to the neighboring domains:

(5)

This system of equations allows the incorporation of fluid flow
that could pass through different domains [18]. The minimum
number of domains is generally given by the number of poles that
can be identified. In our case, two poles can be identified, so a de-
composition into two domains is enough to correctly represent the
operation of the instrument. The first domain (C;) represents the
skin where the calorimeter is applied, and the second domain (C5)
represents the calorimeter thermostat. If a calibration is performed,
the first domain will be the region of the calibration base where
the artificial dissipation happens. The calorimetric signal provided
by the measuring thermopile (y) is proportional to the difference
between the temperatures of the two domains, being the constant
of proportionality the Seebeck coefficient (k). The model equations
are as follows:

dT;
G

dT
Wy (t) = CzTﬁ + P (l; = Ty) + P (Ty — Teia)
yt) =k(; - T) (6)

Measurements must always have an initial reference or steady
state, where the first derivatives of the temperatures and of the
calorimetric signal are zero. This reference provides the initial

dT;
Wi(t) = CidTl +Y PG —T)

Wi(t) = + P (Ty = ) + P (Th — Troom)

baseline. We assume that during the measurement time the am-
bient temperature (Typom) and the cold temperature (T,,y) are con-
stant. In addition, the thermal insulation of the calorimeter damp-
ens possible variations in these temperatures. Correcting the base-
lines of all variables to this initial state, gives the following system
of equations:

_ C1 dAy P] +P12 dATZ
P; dAT
AW, (t) = —%Ay+csz +PAT, (7)

Applying the Laplace transform, we obtain the system of equa-
tions Eq. (8). We can see that the poles of the four transfer func-
tions are the same. However, the sensitivities and zeros are differ-
ent.

AW\ _ (§s+ 8% Gs+P ) [ AY
AW, | — B Gs+h )\ AT

(8)

From this equation, we can easily determine the parameters
of the four transfer functions Eqgs. (3) and (4). In conclusion, the
whole system skin calorimeter - skin can be identified with six pa-
rameters, two of them related with the skin region where the mea-
surement is made: C; and Py, and four of them specific to the skin
calorimeter: C,, Py», P and k.

2.3. Calibration

Calibration of the skin calorimeter consists of the determination
of the calorimetric model parameters given by Eq. (8). The param-
eters are determined from experimental measurements in which
a known power is dissipated in the calibration base [19]. The in-
put and the output signals are known and it only remains to de-
termine the parameters of the TF;. Fig. 2 shows an experimental
measurement in which two 300 mW rectangular pulses have been
programmed for 150 s at the calibration base and at the calorime-
ter’s thermostat. This figure shows the powers (W; and W,), the
calorimetric signal (y) and the thermostat temperature (T5).

To determine the model parameters, an optimization method
based on the Nelder-Mead simplex algorithm [20-22] is used. The
error criterion to be minimized is the Root Mean Square Error
(RMSE) between the experimental curves and the curves calculated
by the model:

np
o . .
E=aegy+en = ﬁ Z (AYexpli] - Aycal[l])2
i=1
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Table 1
Identification of skin calorimeter. Model parameters when it is placed in the calibration base (C; represents the cali-
bration base and C, the calorimeter thermostat).

Determination of heat capacities and thermal conductances Eqs. (6) and (7)
RSME: ¢, = 12.2 uV; ez = 1.3 mK (Eq. (9))

P; = 35.0 £ 0.6 mW/K

P, = 56.4 + 1.3 mW/K

P;; = 113.5 £ 0.9 mW/K

C; = 3.56 £ 0.01 J/K

C, = 4.29 + 0.03 J/K k = 20.9 + 0.01 mV/K

Sensitivities, time constants and t;* Egs. (3), (4) and (8)
Ki; = 95.40 mV/W T11*=76.1s T; =863s
K1, = —59.20 mV/W T12*=101.8 s T, =143 s
Kz = 9.20 K/W 7*=0s
Ky, = 12.03 K/W T*=240s
50 _a) _yexp il
>
€ o5k o

0.3 rc) —_W, ]
= 0.2 —W, A
011 b

0 100 200 300 400 500 600 700 800

time/s

Fig. 2. Calibration measurement of the skin calorimeter: (a) Calorimetric signal yexp,
(b) Thermostat temperature T, (c) Base (W; in blue) and thermostat (W, in red)
powers.

Avear (D=~ +
Al Calorimetric AT (6) \lj AVexp ()
AW, ] Model Eq. 7 |—4 O t AT 63 (1)
Cy C; Py
P, P, k

Nelder-Mead Optimization
with the error criteria Eq. 9

Fig. 3. Diagram of the calculation process used in the calorimeter calibration. The
experimental input curves are shown in red and the parameters to be determined
and the calculated curves are shown in blue.

np
+ Tllip Z (ATZExp[i] - ATzcal[i])z (9)
i=1

...where, np is the number of points used in the adjustment
(np = 1800 in Fig. 2) and « is the weight of the calorimetric sig-
nal error. For AT, in °C and Ay in volts, « = 100. The relation-
ship between the temperatures and the calorimetric signal is given
by the Seebeck coefficient (k ~ 20 mV/K, its inverse 50 K/V). Ex-
perimentally we observe that, in steady state and for a constant
thermostat temperature, the oscillations of the calorimetric signal
are + 0.2 mV, and the oscillations of the thermostat temperature
are + 10 mK. With «=100 in the error criterion, we give dou-
ble weight to the calorimetric signal error over the error of the
thermostat temperature. Since this is a simplified model of the
experimental reality, it is difficult to completely and simultane-
ously fit both curves, and we have considered this compromise so-
lution that gives an RMSE of 12.2 uV for the calorimetric signal
and 1.3 mK for the thermostat temperature. The calculation pro-

3F T T r T : . -
b) ATZexp
2:F ATocal -
'
1b ]
O L L L 1 L 1 L

0 100 200 300 400 500 600 700 800 900
time /s

Fig. 4. Fit between experimental (exp in blue) and calculated (cal in red) curves: a)
Calorimetric signal Ay, b) Thermostat temperature AT,.

cess used in the calibration of the skin calorimeter is shown in
Fig. 3. The results of the identification are given in Table 1 and
Fig. 4 shows the fit between the experimental curves and those
calculated with the model.

This modelization has two advantages:

- Although the proposed model is a major simplification of
the experimental reality, it relates accurately the input signals
(powers W; and W,) with the output signals (thermostat tem-
perature and calorimetric signal). This is shown by the good fit
between the experimental curves and those calculated by the
model (Fig. 4).

- The model parameters are directly related with the physical re-
ality of the instrument as they adequately represent the heat
capacities of the calibration base and thermostat domains.

2.4. Determination of heat capacity and equivalent thermal
resistance of the skin

To determine the thermal properties of the skin, it is neces-
sary to cause a thermal perturbation on the skin to study its static
and dynamic response. This is done by programming a variation of
the thermostat temperature when the calorimeter is applied to the
skin (Fig. 5).

The proposed skin calorimeter - skin model is the same used in
the calorimeter calibration, but in this case the first domain is the
skin. The second domain is the calorimeter thermostat, connected
by the thermal conductance P;, to the skin. We rewrite the model
equation keeping the subscript 2 for the thermostat:

Cskin dA.V d ATZ

Psgin + P12
k dt + k Ay + Cskm dt + PskmAT2
(10)

The measurement procedure consists of placing the calorimeter
on the skin with an adaptable holder (Fig. 5). First, the thermo-

AWskin (t) =
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Fig. 5. Placement of the calorimeter on the volar area of the wrist.

—
351 b) —_,
O
=]
30 1
151 c) —_—W,
= 1t
0.5 . . ‘ : . -
0 100 200 300 400 500 600

time /s

Fig. 6. A standard measurement procedure to determine the thermal properties of
the skin. (a) Calorimetric signal y. (b) Thermostat temperature T,. (¢) Thermostat
power W.

stat is programmed at a constant temperature. When the steady
state is reached, a linear variation of the thermostat temperature
is programmed, and the new temperature is maintained until the
new steady state is reached. Fig. 6 shows the experimental curves
of this type of measurement: calorimetric signal, temperature and
thermostat power. In this case, the initial temperature of the ther-
mostat is 28 °C and the final temperature is 36 °C, with a linear
temperature variation rate of 3 K/min. This measurement was per-
formed on the volar area of the left wrist of a healthy 64-year-old
male subject.

When the calorimeter is applied on the skin, the human body
is dissipating a power that we use as a reference. The difficulty is
that when the thermostat’s temperature increases, the heat power
transmitted by conduction from the skin to the thermostat of the
calorimeter decreases. With different measurements made with
the thermostat at constant temperature [23] we have found that
this relationship is linear. Therefore, we will assume that AWg,
(t) has the same form as AT, (t) but with the opposite sign.

AWskin (tmax )
A TZ (tmax )

The increments AW, (tmax) and AT, (tmax), are the values of
these curves for the final time (tmgx) or steady state. For this steady
state, we define an equivalent thermal resistance of the skin with
Eq. (12), where AT, (tmax) is the total temperature variation of the
thermostat and P;, is the conductance between the skin surface

AWskin(t) = _ATZ‘ (11)
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max)

Nelder-Mead Optimization
with the error criteria Eq.13

Fig. 7. Determination of the thermal properties of the skin. Input data are shown
in red, and output data in blue.

T T T T T r
exp |
cal

0 a)

-0.2¢ . R | R | |
0 100 200 300 400 500 600
time /s

Fig. 8. (a) Fit of the experimental and calculated calorimetric signal (&, = 33.3 uV),
(b) Calculated skin power (AWgy,).

and the thermostat (see Table 1).

L A TZ (tmax )
Pskin AV\/skin (tmax)

1

~ P, (12)

Rskin =

Two hypotheses are considered in the calculation process. The
first one consists of considering that the power transmitted by
conduction from the skin to the calorimeter has the same shape as
the programmed temperature of the thermostat Eq. (11). The sec-
ond one consists of defining a thermal resistance of the skin given
by Eq. (12), which is obtained in the steady state.

The calculation method is shown in Fig. 7. The input data
are the model parameters determined in the calibration of the
calorimeter (P;; and k) and the experimental curves y (t) and T,
(t). With the initial estimated values of Cggp, Pgin and AWgp,
(tmax), the calorimetric response is determined with the model
equation Eq. (10). The RMSE Eq. (13) is calculated and with an op-
timization method based on the Nelder-Mead simplex algorithm
[20-22], the new values of Cyp, Psyin and AW, (tmax) are deter-
mined to construct AWg,, (t) and re-determine the calorimetric
response and the new error. The process is repeated until the er-
ror criteria is minimized.

np
gy = n‘lip Z (Ayexp[i] — A_YCal[i])z (13)

i=1

The fitting between the calculated and the experimental calori-
metric signal is shown in Fig. 8. The RMSE is &, = 33.3 uV for
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y/ mV

T,/°C

L R

30 40 50
time / minutes

Fig. 9. Periodic measurement performed on the volar area of the left wrist of a
healthy 64-year-old male subject. (a) calorimetric signal (y), (b) thermostat temper-
ature (T5).
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Fig. 10. Measured skin heat capacity and thermal resistance as a function of time
in a periodic measurement of the type shown in Fig. 9 for two different periods.
The skin heat flux variation is also plotted.

np = 1270 points used in the calculation. The power AW, (t)
is also plotted, where AW, (tmax) = —195 mW. The resulting
thermal properties are Cgy, = 5.14 J/K and Pg;, = 0.031 W/K
(Rsrin = 32.3 K/W).

This method is of great interest, so we programmed continu-
ous measurements to determine the heat capacity and the ther-
mal resistance of the skin as a function of time. In this way, we
could monitor these thermal properties. For this purpose, periodi-
cal measurements with consecutive heating and cooling were pro-
grammed, as shown in Fig. 9. In the case shown, the period is
p = 20.4 min.

Using the described method, the parameters Cgip,
Pgin and AWy, were determined for the case shown in
Fig. 9 (p = 204 min) and for another equivalent case but
with a shorter period of p = 15 min. Fig. 10 shows the results for
both cases. We can see that when the period increases, the value
of the heat capacity determined is greater. For p = 15 min, Cg; is
4.6 J/K, and for p = 20.4 min, is 5.1 J/K (mean values).

Similarly, for the measured thermal resistance, its value in-
creases with time: for p = 15 min Ry, = 1/ Pgin = 29.5 K/W,
and for p = 204 min, Ry, = 1/ Pgn = 32.4 K/W (mean val-
ues). This suggests that the thermal penetration depth increases
over time, so a specific study is necessary. We also note that the
higher the resistance, the lower the heat flux, for Ry, = 29.5 K/W,
AWgin (tmax) = 208.5 mW, and for Ry, = 32.4 K/W, AWy,
(tmax) = 194.2 mW. This is expected.
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Fig. 11. Process to determine the thermal properties of the skin in the time - vari-
ant consideration. Inputs are shown in red and outputs in blue. Cy;, (0) * is ob-
tained in a previous fitting.

3. Results of the experimental study of the thermal probing
depth

In Section 2.4 we verified that the measured heat capacity and
thermal resistance of the skin increase with time. The skin region
affected and measured increases with the time of exposure to the
temperature change. Recent studies confirm similar results. In a re-
cent work, dynamic thermal phenomena are studied in the SiGe
HBT transistors when excited by sinusoidal power dissipation. This
study introduces the concept of thermal penetration depth and
concludes that decreasing frequency increases the thermal pene-
tration depth [24]. Another study by Gustafsson [25] proposes that
the thermal probing depth is proportional to the square root of the
exposure time.

In the calculations of Section 2.4, Cq;, has been assumed to be
constant, but now a time function for Cg;, must be proposed. We
have studied different functions, obtaining the best fits with the
hypothesis of an exponential variation of Cg;, of the form:

1 — exp(—t/Tein)
— eXp(—tmax/Tskin)

Cskin () = Cstin (0) + ACsin 1 (14)

In this expression Cg,;, (0) is the initial heat capacity of the
skin, ACg;, is the increase of the heat capacity over the measure-
ment time tpyqy, and the time constant of the exponential is 7 g;p,.
As the exposure time increases, the thermal depth increases, and
therefore the amount of mass and thus the measured heat capacity
Csin increases. As a consequence, Py, decreases. In the calculation
process we will assume that the measured thermal resistance Rg;,
(inverse of Py;,) increases in the same proportion as C;, increases
and with the same time constant Eq. (15). On the other hand, the
steady state resistance (for t = tnqx), Will obey Eq. (12).

Cskin (0
Rytin (0) = Rygin (Emax) Cljk#f())
skin (Emax

1 1 — exp(—t/Tskin)
— = Ryin(0) + ARy
Pskin (t) skm( ) skin 1- exp(*tmax/fskin)

At this point, the calculation process is more complex Fig. 11).
From the initial values of AWg, (tmax), Cskin and T, We deter-
mine Wy, (t) with Eq. (11), Pgin (tmax) with Eq. (12) and Cgp,
(t) & Pgi, () with Egs. (14) and (15). With the model equation
Eq. (10), the calorimetric signal is determined. Then, is compared
with the experimental curve and the RMSE is determined Eq. (13).
The Nelder-Mean algorithm determines the new values of AW,
(tmax), Cskin @nd T, The process is repeated until the error crite-
ria is minimized.

Rskin (t) = (15)
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Fig. 12. Long duration measurement performed on the dorsal area of the dorsal
area of the left wrist of a healthy 64-year-old male. (a) calorimetric signal (y), (b)
thermostat temperature (T5). Troom = 20.15 °C.

As an example of application we analyze the measurement
shown in Fig. 6 where the thermostat temperature increase is 8 K.
Proposing an exponential variation of Cy;, Eq. (14) the RMSE of
the calorimetric signal fit decreases to ¢y = 8.6 pV. In the invari-
ant hypothesis we obtained an error &y = 33.3 pV (see Fig. 8). Now,
the final measured heat capacity and thermal resistance of the skin
are 6.23 J/K and 34.7 K/W. As expected, the value of Cg;, obtained
in the invariant hypothesis (5.14 ]J/K) is between the initial and fi-
nal values of the variable hypothesis (between 4.40 and 6.23 J/K).
Next, we study the measurement of these properties as a function
of thermal perturbation exposure time. This study is performed on
the dorsal and volar areas of the left wrist of a healthy 64-year-old
male subject. We have found that the amplitude of the thermo-
stat temperature increases and its change rate doesn’t affect the
results of the obtained values of measured heat capacity and ther-
mal resistance. However, they affect the signal-to-noise ratio: the
higher the amplitude and the speed, the higher the signal-to-noise
ratio. The steady state noises are &+ 0.2 mV for the calorimetric
signal and + 5 mK for the thermostat temperature. For a thermo-
stat temperature change of 8 K at a rate of 3 K/min, the signal to
noise ratios are: 592.5 (55.5 dB) for the calorimetric signal, 1600
(64.1 dB) for the thermostat temperature.

To study the thermal penetration depth, long-term measure-
ments have been programmed. Fig. 12 shows the curves of one of
the measurements used in this study. This measurement was per-
formed on the dorsal area of the left wrist. The initial temperature
of the thermostat was 28 °C and when it reached the steady state,
an increase of 6 °C in 2 min (3 K/min) was programmed. The new
temperature was maintained for 40 min and then we programmed
it to return to the initial temperature with at the same rate. This
measurement allows to obtain the values of the skin thermal prop-
erties as a function of time for heating and cooling cases.

An accurate calculation involves determining first the initial
heat capacity C;, (0) of Eq. (14). For this purpose, the initial zone
of the curves corresponding to the temperature change of the ther-
mostat is used. In the example shown, we take the first five min-
utes. Different values of Cy;, (0) are proposed, and the iterative
calculation program which scheme is shown in Fig. 11 is run. The
value of Cg,, (0) which gives the smallest error between the ex-
perimental and model-calculated curve is chosen. Fig. 13a shows
the RMSE for each value of Cg,, (0) used in the calculation (from
4 to 4.5 J/K). The lowest error is obtained for Cg;, (0) = 4.3 J/K.
Fig. 13b shows the calorimetric signal fitting for this case. For Cy;,
(0) = 4.3 J/K, Cein (tmax) = 5.20 J/K and a RMSE of 13 pV. The case
represented corresponds to the decrease of the thermostat tem-
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Fig. 13. Determination of the initial value of Cy;, for the cooling case of the ex-
perimental measurement in Fig. 12. (a) RMSE for each value of Cg;, (0) used in the
calculation, (b) fit between the experimental and calculated calorimetric curve.
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Fig. 14. Final value of Cyy, and RMSE (&y) for the cooling case of the experimental
measurement in Fig. 12. Calorimetric signal fittings for different times (tmqx) used
in the calculation. In all cases Cg;, (0) = 4.3 J/K.

perature, which results in an increase of the power Wy, and the
calorimetric signal.

Once the initial value of Cy;, has been determined, the final
values of Cg,, and Ry, are calculated according to the procedure
established in the diagram in Fig. 11. For this purpose, the experi-
mental measurement is processed in sections: from the instant at
which the temperature change begins up to a value tpax. Fig. 14
shows four steps of this process, in which the fit between the ex-
perimental and the calculated calorimetric curve is represented. In
each case, the final value obtained for Cg,;, and the RMSE in the fit
are indicated.

Now, we present the final results of this experimental study.
Figs. 15 and 16 show the final values of the measured heat capac-
ity and thermal resistance of the dorsal and volar area of the left
wrist of the subject analyzed. The values obtained in the area of
the curve corresponding to heating are shown in red, and the val-
ues obtained during cooling are shown in blue. Green line shows
the exponential fit and Table 2 the parameters of the fit.

To conclude the results presentation, Fig. 17 shows the variation
of the heat flux transmitted by conduction from the skin to the
calorimeter in the case of an increase or decrease of 6 °C in the



PJ. Rodriguez de Rivera, M. Rodriguez de Rivera, F. Socorro et al.

International Journal of Heat and Mass Transfer 212 (2023) 124258

Table 2
Measured heat capacity and thermal resistance of dorsal & volar wrist areas of a healthy 64-year-old male subject.
Csiin (0) ACskin Tskin Rykin (0) ARgkin Tskin
JIK JIK min K/W K/W min
Dorsal 4.10 2.93 6.1 329 11.7 5.8
Volar 4,00 3.00 6.9 27.2 8.5 6.5
;L a) o O o o ¢ thermostat temperature. The graph clearly shows the stabilization
o [ . . . .
_ g -4 o o ® of the skin affected by the thermal perturbation applied to it. It
% 6r o can also be seen how the volar zone has a greater dissipation as it
£l 39 has a lower measured thermal resistance.
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Fig. 15. Dorsal area of the left wrist of a healthy 64-year-old male subject. (a) Final
values of measured skin heat capacity, (b) thermal resistance. Heating sections (red
circles) and cooling ones (blue circles), exponential fit (green line).
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Fig. 16. Volar area of the left wrist of a healthy 64-year-old male subject. (a) Final
values of measured skin heat capacity, (b) thermal resistance. Heating sections (red
circles) and cooling ones (blue circles), exponential fit (green line).
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Fig. 17. Variation of the heat flux transmitted by conduction from the skin as a
function of time for a 6 K increase or decrease of the thermostat temperature in
the dorsal and volar areas of the wrist.

4. Final discussion & conclusions

We developed a skin calorimeter to analyze a localized 4 cm?
human skin region. The purpose of the device is to determine the
heat flux, the heat capacity and the thermal resistance of that skin
region. A simple two-body model is able to acceptably represent
the operation of the calorimeter. The first element represents the
skin region where the calorimeter is applied, and the second ele-
ment represents the thermostat of the calorimeter.

To measure skin thermal magnitudes in vivo, a thermal excita-
tion is required: the skin’s response to this excitation will depend
on its thermal properties. In our case, the excitation consists of a
periodic temperature change while the calorimeter is applied on
the skin.

Heat capacity measured with the skin calorimeter increases
over time after the thermal excitation. Heat capacity determined
is directly related with the volume of skin affected by the ther-
mal excitation, and therefore with the depth of this volume, which
we call thermal probing depth. In this work, we performed an ex-
perimental study of the thermal probing depth of the calorimeter.
The results show that the thermal probing depth increases with
the time after the thermostat temperature variation in an expo-
nential trend, instead of a square root function.

To obtain these results, we used two different hypotheses. The
first one considers invariant values of the measured heat capacity
and thermal resistance. Then, a value between the initial and final
value is obtained for the measurement period considered. This ap-
proach is useful since it allows to obtain quickly and easily average
values of these magnitudes, but associated to a specific thermal
penetration. In the second hypothesis, we consider that the mea-
sured heat capacity grows over time, and the measured thermal
resistance increases at the same rate. This time - variant model
considers the thermal properties as time functions. With this as-
sumption we obtained a very acceptable fit of the calorimetric sig-
nal.

The measured skin thermal magnitudes depend on this ther-
mal probing depth, hence the interest of this studies. Furthermore,
study of the thermal probing depth allows thermal scanning of the
analyzed skin region.

Measured heat capacity of the volar and dorsal areas of the
wrist are of the same order of magnitude. From all the experi-
mental data, we have an initial value of 4 J/K that increases, up
to a final value of 7 J/K. This work is not aimed to quantify the
depth of thermal measurement in millimeters. The skin is com-
posed of different layers with slightly different thermal properties
and a micrometric study would be required. The main objective is
to show that the in vivo determination of the average heat capacity
of the skin is a function of the time of exposure to the temperature
change. We call this concept the thermal measurement depth. As a
guideline, we indicate the thermal measurement depth in millime-
ters, for the case of considering an average specific heat capacity of
the skin of 3391 Jkg~'K-! and an average density of 1109 kgm—3
[26]. If we consider this average specific heat capacity of the skin,
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and a detection surface of 4 cm?, we have an initial thermal depth
of 2.6 mm and a final depth of 4.6 mm, considering a prismatic
homogeneous heat affected zone. If we consider an average spe-
cific heat capacity of the skin of 3.76 J/JK cm3 [26], and a detection
surface of 4 cm?2, we have an initial thermal depth of 2.6 mm and a
final depth of 4.6 mm, considering a prismatic homogeneous heat
affected zone.

The measured thermal resistance of the dorsal area of the wrist
is 25% higher than that of the volar area of the wrist. Therefore, the
temperature of the volar zone is closer to the internal temperature.
For this reason, as is well known, the volar area of the wrist is a
good place to measure body temperature. In all results, both the
measured heat capacity and the thermal resistance of the skin have
an exponential time variation with time constants of the order of
6.5 min.

We emphasize the interest of monitoring the thermal prop-
erties of the skin by consecutive heating and cooling measure-
ments such as those presented in this paper (Fig. 9). Monitor-
ing of a skin pathology can be performed daily. Measurement of
thermal resistance is of particular interest since it is very sensi-
tive to the phenomena of sweating, vasoconstriction and vasodi-
lation. We have performed preliminary measurements and have
verified some of these relationships [13]. We consider that it is
necessary to perform more measurements in humans, well de-
signed in terms of scheduling, measurement time and type of
activity.

This is a promising field of study. However, the dependence of
the frequency of these periodic measurements on the penetration
depth must always be taken into account. In this work, we high-
light the relevance of considering the thermal penetration of the
measurement. Therefore, it is proposed to perform the measure-
ments with the same temperature schedule, so that the results are
comparable. For the time constants of the prototype presented in
this work, the period of periodical measurements can be reduced
to 5 min, which is equivalent to a time of 2.5 min of exposure
to temperature change. This time implies a thermal measurement
depth that should be evaluated. On the other hand, the performed
study allows to compare the results of the skin calorimeter with
other instruments by taking as a meeting point the specific value
of the heat capacity, directly related with the measurement ther-
mal depth of each instrument.
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