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Abstract

The purpose of the calorimetric sensor developed is to measure the heat flux transmitted by conduction between the human
body surface and a thermostat located inside the sensor. The measurement surface has an area of 2x 2 cm?. We have verified
that the measured heat flux decreases linearly with the increase in the thermostat temperature. This allows us to define an
equivalent thermal resistance between the internal temperature of the human body and the temperature of the thermostat.
This equivalent thermal resistance can be determined by measuring the heat flux for different constant temperatures of the
thermostat. An alternative is to perform a single measurement with linear programming of the thermostat temperature. With
this type of measurement and from the calorimetric signal, it is also possible to determine an equivalent heat capacity of
the skin in the measurement zone. In this article, we present the modelling and simulation of the sensor operation when the
thermostat temperature varies linearly. We also present experimental measurements performed on the human body and with
reference Joule dissipations.

Keywords Direct calorimetry - Heat conduction calorimeters - Human skin - Medical calorimetry - Thermal resistance -

Thermal capacity

Introduction

A specially designed calorimetric sensor has been devel-
oped to directly measure the heat flux dissipated by the sur-
face of the human body when the sensor is placed on the
skin. This heat flux is transmitted by conduction between
the human skin and a thermostat located inside the sensor.
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Two prototypes have been developed, the first one with a
detection surface of 6 x6 cm? [1-4] and the second one
with a detection surface of 2 x 2 cm* [5-8]. Both prototypes
share the same principle of operation, although the second
one, smaller in size, has smaller time constants and can
be applied more easily to the skin. These sensors can be
included in the group of non-differential heat conduction
calorimeters [9].

In the normal operation of this sensor, the measurements
are made with its thermostat at a constant temperature.
However, making measurements for different constant tem-
peratures of the thermostat (between 24 and 36 °C, below
37 °C) we verify that the measured power decreases when
the thermostat temperature is increased. This experimental
fact allows defining a total thermal resistance between the
skin and the sensor thermostat. The thermal resistance of
the sensor, measured experimentally, is lower than the total
thermal resistance, which allows evaluating an equivalent
thermal resistance of the 2 x 2cm? skin area [7, 8]. Based on
these experimental results, a study of the operation of the
sensor has been carried out for the case in which the tem-
perature of the thermostat has a linear variation. This study
begins with a modelling of the instrument that simulates the
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operation of the sensor in this situation. The model param-
eters are obtained from experimental measurements corre-
sponding to Joule dissipations. The modelling and simula-
tion allow us proposing a method to correctly determine the
power that passes through the sensor (which comes from
the surface of the human body or the calibration base) and
thereby determining the equivalent thermal resistance of the
skin. In addition, these measurements with linear variation
in the thermostat temperature allow determining the equiva-
lent heat capacity of the skin in the measurement zone.
The medical applications of this sensor are still to be
determined, but we can affirm that direct calorimetric meas-
urements can complement the measurements of the surface
temperature of the human body made with digital thermog-
raphy. There are currently numerous studies based on digital
thermography on the interaction between human thermo-
physiology and the external environment [10, 11]. In other
cases, local temperatures can be used in the study of ther-
moregulation of the human body for different activities [12,
13] and to monitor and detect various pathologies [14—16].

Experimental system

The experimental system has already been described in
previous works [5-8]. The main element of the calorimet-
ric sensor is a thermopile located between an aluminum
plate and a thermostat that is at a programmed tempera-
ture. The measurement surface has an area of 2 x2 cm?.
The purpose of the device is the determination of the heat
flow that is transmitted by conduction between the sur-
face of the human body and the thermostat. This heat flow
crosses the thermopile of measurement, which is what pro-
vides the calorimetric signal. The calculation of heat flow
(Wpoay) 18 performed using the ratio given by Eq. (1) (in
Laplace domain).

Ky - (14527
(I+s7)-(1+s7)
Ky - (1+s23)
(A +s7) - (1 +51) )

Y(s) = Wbody (s)

lhermostat(s)

ey
being Y the calorimetric signal, W,,,q, the power dissipated
by the human body and that passes through the sensor,
and W0« the power dissipated in the thermostat. The
parameters of the transfer functions (TFs) are determined by
Joule calibrations. For this purpose, a base with an electrical

Table 1 Parameters of the TFs of the calorimetric sensor (Eq. 1)

K,/mVW~™! K,/mVW~! 7,/s 7/s /s ols

105.4 —54.86 121 12 92 146
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Fig.1 Measurement method and example for a thermostat constant
temperature of 28 °C; (1) and (3) sensor at its base; (2) sensor on

human skin. Calorimetric signal (y) and thermostat power (W crnostad)

resistance for sensor calibration is used. Table 1 indicates
the parameters of these transfer functions.

The calibration base is used to position the sensor
before and after each measurement made on the human
body in order to have the initial and final baselines. A
basic measurement in the human body for a programmed
thermostat temperature has three phases: (1) the sensor
is placed on the calibration base until the set temperature
reaches the steady state (initial baseline); (2) the sensor is
placed on the surface of the human body for the required
time (1-5 min.); and finally, (3) the sensor is returned to
the base until the signals return to their initial baseline.
Figure 1 shows an example of the measurement procedure.

The measurement and control program is written in
C++ and controls, through USB/GPIB interface, the data
acquisition system and the programmable power supply.
The sampling period of the measurements is 1 s. Currently,
two sensors are available, allowing us to make cross-meas-
urements. In previous studies, all these elements and the
measurement and control instrumentation are described
in detail [5-8].

Measures with the thermostat at constant
temperature

This section shows an example of applying measurements
on the skin of the human body with the constant tempera-
ture sensor thermostat. Figure 2 shows the case of four
consecutive measurements made on the sternum area of
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Fig.3 Calorimetric signal and power calculated by CSRM and IFM for the case of measurements (Fig. 2) made on the sternum area of a healthy
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a healthy 60-year male subject, in a resting state (seated)
and dressed normally. The subject had not been exercis-
ing prior to the measurements. The room temperature was
Troom =24.4+0.2 °C. The RH was approximately 65%, and
room airflow is avoided. These four measurements corre-
spond to four temperatures of the sensor’s thermostat: 24,
28, 32 and 36 °C. Figure 2 shows the calorimetric signal,
the room and thermostat temperatures, and the power dis-
sipated in the sensor’s thermostat.

Figure 3 shows the calculation results of the power
transmitted from the human body zone to the thermostat,
made with two methods [8]: in blue, the power deter-
mined by the calorimetric signal reconstruction method
(CSRM) and, superimposed in red, the power obtained
by the inverse filtering method (IFM). Additionally, the
figures represent the experimental calorimetric signal (in
blue) and the calculated one (in red) by the CSRM. We
can see a good approximation of the reconstructed signal,
even in the cases of very low signal-noise ratio. In these
cases, the CSRM allows obtaining the coefficients of the
sum of exponentials that describes the temporal function
of the power:

W) =0 for <1
W) = Ay + Ay exp(—1/7)) + Ay exp(—i/z,) for 1, <1 <1,
W(t) = A" exp(—t/7)) + Ay exp(=t/r,)  for 1>1,

@)
being ¢, the instant the sensor is placed on the human body
and £, the instant it is returned to its base. Among all the per-
formed measurements, we study the most appropriate time
constants for the calorimetric signal reconstruction, result-
ing: 7; =5 s and 7, =70 s, both for the time interval the sen-
sor is placed on the human body and for the time interval it
is returned to its base.

Table 2 shows the values obtained for coefficients A, A,
A,, A’ and A’, for each of the four measurements (Figs. 2
and 3). The coefficients A, A,, A’| and A’, are the ampli-
tudes of the terms of the power that represent the transient
states corresponding to the placement of the sensor on the

thermostat for the steady state. It is easy to check the linear
variation in parameters A, A;, A, with the thermostat tem-
perature. The inverse of the slope of this line has thermal
resistance units (KW™).

Analysing the results, we observe that the inverse of the
slope of A represents the total thermal resistance (R,.,)
between the skin and the thermostat. Experimentally deter-
mined [5] the thermal resistance of the sensor (R, =12
KW‘I), the equivalent thermal resistance of the skin can
be determined by the expression: Ry, =R — Ryengor =7
4—12=454 KW~ It is interesting to realize that these
values (57.4, 12.0 and 45.4) are very similar to the inverses
of the slopes of Aj, A, and A,. This is because A, repre-
sents the instantaneous heat flux (time constant of 5 s) as a
consequence of the difference in temperatures between the
sensor and skin surfaces, and the coefficient A, represents
the equalization of the skin temperature (70 s time constant).

Measures with linear variation
in the thermostat temperature

Model

An alternative to the experimental measurement described
in the previous section is to program a linear variation in
the thermostat temperature. It is thus possible to directly
determine the heat flow transmitted from the skin to the
sensor based on the thermostat temperature. This type of
measurement will provide the thermal resistance and heat
capacity of the skin in the measured area. In order to be
able to relate the calorimetric signal with the variations in
the power and with the heat capacity of the measurement
zone, it is necessary to propose a model that adequately

Py P12 = Ps
Troom 1 2
ci— \/ Co

human skin or

Teold

(cooling system)

skin (A, and A,) and the transient of the repositioning of calbmion ot s Thermostat

the sensor on its base (A’; and A’,). Parameter A, directly

represents the power transmitted from the skin to the sensor Fig.4 Calorimetric sensor’s model

Table2 Values of parameter Thermostat (Ty,.,,) AJmW  A/mW  Ay/mW A’ /mW A'ymW Erro/mW

A, of the power (Eq. 2)

corresponding to the 24°C 2273 9768 1288  —163.1 0.8 +03

measurements in Figs. 2 and 3 28°C 1468 4577 141  —1967 -95  +03
32°C 80.0 200.1 -73.3 -3059 1.2 +0.3
36 °C 17.2 —-25.8 —-1552 -3953 38 +0.3
Pearson’s correlation coef. (A; vs. Typerm) —0.998 —0.978 —0.997 —-0.982 0.433
Slope/mWK™! -174 -816 -235 -201 -

Equivalent thermal resistance/KW ™!

574 12.2 42.6 49.6 -
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represents the operation of the sensor. For this purpose,
we apply a modelling widely used in calorimeters by heat
conduction [17-20].

For this calorimetric sensor, we propose a simple two-
body model (Fig. 4) in which C, represents the heat capac-
ity of the sensor thermostat and C, the heat capacity of
the domain where the dissipation that passes through the
sensor takes place and which is to be measured. If the sen-
sor is at its base, C represents the copper foil where the
calibration resistance is located. However, when the sensor
is applied to the skin of the human body, C, represents
the surface area of the body that transmits the heat flow
through the sensor. T} and T, are the temperatures of each
domain. P, is the thermal conductivity between the two
domains; its inverse is the thermal resistance of the sensor.
P is the thermal conductivity of the first domain with the
environment. P, is the thermal conductivity between the
second domain and the cooling system.

The energy balance of each domain allows writing the
system of equations Eq. (3) that relates the temperatures and
powers developed in each domain.

dr

Wi®) = Ci—g - + P+ (Ty = Tooqn) + Py - (T, = )
t

dr, )

W, = Cz_dt + Py (Ty = Tegq) + Py - (T, = T)

During the measurement, the ambient temperatures and
the cold focus (7, and 7,4 are constant. In consequence,
it is possible to correct the baselines of all variables (T, T,
W, and W,) and obtain an equivalent system of equations
in which T, and T4 do not appear. Then curves T, T,

W, and W, have zero value at the coordinate origin for time
(Eq. 4).

dr,

Wl(t) = Cld— +P, T +Py- (Tl - T2)
t

1, @

We assume that the calorimetric signal is a linear com-
bination of the temperatures of the two bodies between
which the thermopile of measurement is located, in the
form: y=k,T| —k,T,. Clearing T, and substituting in the
first equation of the previous system (Eq. 4), we obtain a
differential equation that relates the calorimetric signal y(%),
the temperature of the thermostat 7,(¢) and the power W, ()
developed in the C; domain:

1 dy 1 d7T,
W) =— (2,2 +y) +—(rp—2+T
1 (0 ky <Tydt }’> o <TT w T 6)

being:

465
¢ ky - Cy
T = — T =
k k
ky=————  kp= 2
Py + Py, ky Py + (ky — k)P,

When there is a linear programming of the thermostat
temperature (d7,/dt=constant), in the human body there is
also a linear variation in the heat flux between the skin sur-
face and the thermostat (dW,/dt=constant). This is experi-
mentally tested with different measurements on the surface
of the skin for different constant temperatures of the thermo-
stat, as described in the previous section. In this situation,
Eq. (5) can be analytically solved and its solution is given
by Eq. (7).

y=y0+ay~t+by-(l—e‘t/7y) for 1, <t<t
y=ye+by-(1 — e7/) for t>t, )

Linear temperature programming takes place from 7=¢,
to t=1,. For > t,, the thermostat temperature remains con-
stant. The values y, and y; are the values of the calorimetric
signal for instants 7, and 7,, respectively. The constants a,
and b, are related to dW,/ds and with d7,/dz and are defined
by the expressions of Eq. (8). They show the dependence of
these parameters with the heating rate and other variables.

_dw, kydm, b=k dw, ( )ky drT,
YEY U Tk y =TT T T
3

For the measurement proposed in this work, initially
the thermostat is kept at a constant temperature. When the
steady state is reached, the sensor is placed in the area of the
skin where the measure will take place, keeping the tempera-
ture constant. Once the steady state has been reached in the
skin and keeping the sensor motionless, a linear variation in
the thermostat temperature is programmed. Next, the ther-
mostat temperature is kept constant again, and finally, the
sensor is removed from the skin and placed in its base. This
will be the operational method to be used in both simulations
and experimental measurements.

Simulation

A constant thermostat temperature of +4 K above the ambi-
ent temperature is programmed in the simulation of the sen-
sor operation. When the steady state is reached, a power
W, =0.2 W is dissipated in the base. Then, we decrease
the power linearly (—0.4 mWs™!) to a value of 0.1 W, and
simultaneously, we increase the temperature of the ther-
mostat linearly (20 mKs™") up to +9 K above the room
temperature, keeping this temperature until the end of the
measurement. At time = 1150 s, the dissipation at the base
ceases (W, =0). This measure aims to simulate the sensor’s

@ Springer



466

P.J. Rodriguez de Rivera et al.

Fig.5 Simulated measure-
ment. Calorimetric signal (y),
temperatures of the base (7))
and thermostat (7,), powers
dissipated in the base (W) and
in the thermostat (W,)

Table 3 Parameters of the
calorimetric sensor model
(Fig. 4 and Eq. 4)

Fig.6 Simulated measurement:
a adjustment of the calorimetric
signal with Eq. (7), b deconvo-
lution of the signal using Eq. (1)
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operating method when applied to the skin. Figure 5 shows
the calorimetric signal, the temperatures of the base and the
thermostat, and the dissipated powers in the base and in the
thermostat.

In the simulation, the two-body model previously
described is used and whose parameters have been deter-
mined by adjusting the simulated curves with experimen-
tal measurements. Table 3 shows the values of the model
parameters.

Determination of heat capacity and heat flow

This section proposes a method for determining the heat
capacity. For this purpose, the calorimetric signal in the
ramp is studied: from =600 s to t=850 s (Fig. 5), in such
section the curve has the shape given by Eq. (7): y(£) =y, +
ayt+ by[l —exp(—t/zy)]. But for > 850 s (after the ramp) the
calorimetric signal has the form: y(¢) =y;— by[l —exp(—1t/ty)
], where y; is the value of the curve y(¢) at the end point of the
ramp. In the adjustment process, the parameters 7,=16.46s,
ay=-— 0.159 mVs™!, by= 17.62 mV are obtained. The aver-
age square error in the adjustment is 6 pV. The optimization
method used is based on the one proposed by Nelder and
Mead [21-23]. Figure 6a shows the final adjustment of the
process of identification of parameters a,, by and 7.

The first expression of Eq. (6) is used to determine the
value of Cy, resulting in C; =16.45/8.23 =2 JK !, a value
that coincides with that used in the model. With this result,
the validity of the method for determining the heat capacity
of the domain where dissipation occurs is assessed. In this
case, the sensor is always located at its base, and the heat

flow is determined directly using Eq. (1). The result is shown
in Fig. 6b.

Experimental measurement in the calibration base

Before applying this method to the human body, several
experimental tests are performed on the calibration base. As
in the simulated case, the sensor thermostat is programmed
at a constant temperature of 25 °C, when the steady state
is reached, a constant power of 200 mW is dissipated for
550 s. Next, a linear variation in the thermostat temperature
from 25 to 30 °C in 250 s is programmed. Simultaneously,
the power dissipated in the resistance of the base is var-
ied linearly from 200 to 100 mW at the same time (250 s).
Keeping the temperature constant at 30 °C, the dissipation
of 100 mW is maintained for 550 s, and then, the dissipa-
tion ceases, maintaining the thermostat temperature at the
programmed final temperature (30 °C). Figure 7a shows the
calorimetric signal. Figure 7b shows the powers dissipated
in the base (W)) and the dissipated in the thermostat (W,).
Figure 7c shows the variation in the thermostat temperature
(5 Kin 250 s).

To determine the heat capacity of the base, the calori-
metric curve is adjusted with the functions given by Eq. (7).
In this identification process, we determine the parameters
7,=20.34s,a,=—0.1518 mVs~!, by=6.372 mV.

It is of interest to relate the time constant of the calori-
metric signal (z,) with the heat capacity C, representing the
domain where dissipation W, takes place. According to the
first relationship of Eq. (6): 7,=C,/(Py,+ P)).

Since Py K Pyy,7y % Ci/P 5= C|Ryepsor- The thermal resist-
ance of the sensor is determined experimentally [5], and

Fig. 7 . Experin}enta.l measure- (a) (d)
ment in the calibration base (all 20 T Yexp
baselines have been adjusted): \> 20 — L
. L > = Ysimu
a calorimetric signal (y), b E o c 10
powers dissipated in the base = =
(W)) and in the thermostat (W,), 20 T Exo 0
¢ thermostat temperature, d B 500 1000 1500 2000
adjustment (Eq. 7) of zone of b -10
the calorimetric signal marked ( )0 4 1 Exo
ith , € heat flow (W ' -20
with an arrow, ¢ heat flow (W, W, 900 1000 1100 1200 1300 1400 1500
calculated with Eq. 1) E 0.2
g (e)
g © W,
T Exo 2
500 1000 1500 2000 % 0.2
() 2
< 4 5
£ T 0p
3
E 2
[
|\£ T Exo
< 0
500 1000 1500 2000 0 500 1000 1500 2000

time/s time/s
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thus, we obtain the approximate relationship that relates the
heat capacity to the time constant: 7,~ 12C,. In this meas-
ure, C;=20.34/12=1.695 JK~'.

Finally, we apply Eq. 1 to determine the power dissipated
in the resistance located in the calibration base. The result
(Fig. 7e) is adequate since the power values of 200 and 100
mW dissipated at the initial (25 °C) and final (30 °C) tem-
peratures are correctly obtained. However, unwanted peaks
appear in the deconvolution process before and after linear
temperature variation. To avoid them, the method described
in the next section is proposed.

Experimental measures in the human body

The measurement procedure on the surface of the human
body is similar to those described in the previous sections
and has the following phases:

(1) The sensor is placed in the base. A constant thermostat
temperature of 28 °C is programmed.

(2) When the steady state is reached, the sensor (for 200 s)
is applied to the skin in the indicated area, keeping the
thermostat temperature constant (28 °C).

Table 4 Characteristics of the subjects (females)

(3) Keeping the sensor on the skin, a linear variation in
the thermostat temperature is programmed from 28 to
33 °C for 150 s.

(4) Next, without moving the skin sensor, and for 250 s, the
thermostat temperature is maintained constant at 33 °C.

(5) Finally, the sensor is replaced in the base. The measure-
ment requires a total of 600 s on the human body.

Next, an experimental measurement is performed on
the right thigh of a 20-year-old healthy female subject in a
state of rest and horizontal position (subject 2 in Table 4).
The room temperature was 7., =24.6 °C. Figure 8 shows
the calorimetric signal (Fig. 8a), the power dissipated in
the thermostat (Fig. 8b) and the thermostat temperature
(Fig. 8c¢).

To determine the heat flux dissipated by the surface of the
human body, the following procedure is followed:

(1) Adjustment of the calorimetric signal correspond-
ing to the linear temperature variation (from =300 s
to t=450 s) with the exponential function given by
Eq. (7). Figure 8d shows three curves: the experimental
curve (yep), the calculated curve (ygp,;) and the curve
calculated by eliminating the exponential term (Vgy,2)-
The parameters obtained are the following: 7,=66.9 s;
a,=—0.2249 mVs~'; b, =27.0 mV. The equivalent
heat capacity of the skin in the measured area is C, =
Ty/Roensor =7y/12=5.575 1 K~!. The mean square error

Age Mass/kg Height/m of the adjustment is 48 pV (N =400 points).
(2) Study of the area of the curve that represents the
Subject 1 23 54 1.55 . . .
Sublect 2 I ) L6 power of the thermostat when it varies linearly (from
SubJ' 3 0 68 1-68 t=300 s to r=450 s). This area of the curve is adjusted
ubject i with an exponential function similar to Eq. (7), and
Fig.8 Experimental measure- (a) (d)
ment on the skin of the human 40
body: a calorimetric signal =
(»), b power dissipated in the E 20 N e 20
thermostat and ¢ thermostat > >\
temperature. d Adjust (Eq. 7) 0 1 Exo E
. . =
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3

the following parameters are obtained: 7y =44.9 s;
ayw=3.1598 mWs™!; by =—242.4 mW. Figure 8e
shows the experimental curve (W), the calculated
curve (Wg,,;) and the curve calculated by eliminating
the exponential term (W, »). The mean square error
of the adjustment is 1.6 mW (N =400 points).

Study of the initial area of the measurement. By plac-
ing the sensor on the skin, the heat flow through the
sensor can be represented as a sum of exponentials as
indicated in Eq. (2). In this third phase, the heat flux
is determined for this first measurement zone (from
t=100 s to =300 s) in which the thermostat is at a
constant temperature of 28 °C. The calculation method
has already been described in previous works [6, 7].
The exponential coefficients calculated are as follows:
Ap=150.9 mW; A, =568.7 mW; A,=210.3 mW. The
coefficient A, represents the steady state heat flux. The
coefficient A, is the amplitude of the first exponential
(r; =35 s) that represents the initial peak of the power
resulting from instantaneous contact between two sur-
faces that are at different temperatures (the surface of
the sensor and that of the skin). A, is the amplitude of
the second exponential (in this case 7, =30.3 s) and
represents the transient prior to reaching the thermal
equilibrium between the sensor and the skin. Figure 9a
shows the experimental calorimetric curve (y,,) and
the calculated curve (y.,). The mean square error of
the adjustment is 43 uV (N=300 points). The heat flux
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“

(W) dissipated by the skin and measured by the sensor
is shown in Fig. 9b.

Finally, the heat flow is determined as a function of
three sections:

e Section A. From #;,=100 s to #,=300 s. Constant
thermostat temperature (28 °C).

Wat) =Ag+ A - e/ 44, gm0/
Ay =1509 mW; A, = 568.7mW; A, =210.3 mW (9)
7, =5s; 7,=303s

e Section B. From #,=300 s to ;=450 s. Linear

variation in the thermostat temperature from 28 to
33 °C. In this section, the heat flux is determined

Fig. 10 Thigh sensor application
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Table 5 Power in the initial

. Subject Troom! °C AymW A,/mW A,/ mW 7\/8 T,/8 Wo/mW Error/mW
section (W, Tlherm0§lal=28 °0)
and in the final section (W, 1 24.7 167.2 846.6 58.5 5 524 103.1 +13
Linermosia =33 °C) of the 24.6 150.9 568.7 2103 5 303 783 +1.1
measurement applied to three
subjects (Table 4) 24.6 112.1 466.1 54.7 5 219 48.7 +1.2
Wa(t)=Ay+A exp(— /7)) + A,exp(—1/7,)
Table 6 Identification of the sections of the experimental curves corresponding to a linear variation in the temperature (Fig. 8)
Subject  Calorimetric signal (Fig. 8d) Thermostat power (Fig. 8e) Thermal properties
t/s  a/mVsT'  b/mV eV tyls  ay/mWsT' by/mW e /mW  CyJKT' Ry /KW' Error/KW™!
647  —0.2243 21.2 45 354 3.2446 —249.4 1.6 5.39 63.9 +1.
669  —0.2249 27.0 48 449  3.1598 —242.4 1.6 5.58 56.1 +1.2
699  -0.2135 232 42 38,5  3.0750 —249.9 1.6 5.83 66.4 +1.5

Mean squared error of reconstructed signals are &, and ¢,,. Equivalent heat capacity (Cy;,) and thermal resistance (R

subjects (Table 4)

with Eq. (1) for the steady state (the sensitivities
of the transfer functions K; and K, are indicated in
Table 1).

ay-(t—1n)—ay-t—10) K,
K,
a, = —0.2249 mVs~'; ay, = 3.1598 mW
10)
e Section C. From #; =450 s to t,=700 s. Constant
thermostat temperature (33 °C).

Wp () = Wi(5) +

We(0) = Wy(53) )

The final result is shown in Fig. 9c. With this reconstruc-
tion of the power, the equivalent thermal resistance of the
skin (R, is determined, the temperature jump of the ther-
mostat being AT=5 K, in a time interval At=150s. K, and
K, are the sensitivities of the sensor TFs (Table 1).

K
= AL B egiskw!
At ay—aW~K2 12)
Ryin = Rigral = Reensor = 68.15 = 12 = 56.15 KW™!

Note that 12 KW~ is the thermal resistance of the experi-
mentally obtained sensor [4].

Finally, the experimental results obtained in three dif-
ferent subjects are shown. The subjects are young women
aged 20-23 years. All measurements were performed on
the thigh, in the resting position and lying on a stretcher
(Fig. 10). The mass and height of the subjects are indicated
in Table 4. The average laboratory temperature was 24.7 °C.

The results in Table 5 correspond to the initial and final
measurement zones, that is, for the constant temperatures

@ Springer

s «in) are obtained in three

of the thermostat of 28 °C (W,) and 33 °C (W,.). The power
dissipated when the sensor is applied to the skin is different
for each subject.

Table 6 shows the results of the analysis of the meas-
urement zone corresponding to the linear variation in the
thermostat temperature for the three subjects studied. The
parameters allow determining the equivalent heat capacity
and thermal resistance of the measured area. The results
obtained are different for each subject, but in terms of ther-
mal resistance they are of the same order of magnitude as
those obtained in a previous work [8]. This work shows the
ability of the sensor to measure the heat flux and thermal
properties of a superficial and localized area of the human
body.

Conclusions

The validity of the sensor to measure the heat flux dissipated
by the skin in a specific area of the human body for different
thermostat temperatures has been assessed. A measurement
with linear temperature variation can provide more infor-
mation. To work in such conditions, it has been necessary
to carry out a modelling and several simulations. This has
allowed defining an appropriate measurement and calcula-
tion procedure.

Experimental measurements have been made in the
human body and with Joule dissipations of reference. The
experimental results show the ability of the sensor to deter-
mine an equivalent heat capacity and thermal resistance of
the skin in the measurement zone. The equivalent thermal
resistance values obtained are of the same order as those
obtained in the previous work. The measurements with
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linear variation in temperature shown in this work have been
performed in three healthy subjects in a state of rest. This
work is a preliminary study of the sensor’s capacity for this
mode of operation. It is necessary to perform a larger and
deeper study with more subjects in different conditions. The
human body’s surface dissipation and its thermal properties
are very variable. Therefore, it is necessary to develop tech-
niques able to determine the thermal properties in a short
period of time. The proposed method allows to determine
the thermal properties of a skin area in a single measurement
that takes 10 min, although we are working to reduce even
more the measurement time. The medical applications of
the sensor are yet to be determined. Currently, its greatest
utility is the identification of thermal properties of the skin
in a non-invasive way.
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