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A B S T R A C T   

In this paper we discuss the advantages of using a calorimetric sensor with a programmable thermostat compared 
to using heat flux sensors without a thermostat. The aim of this new calorimetric sensor is to measure the heat 
loss of the skin accurately. The sensor’s measurement procedures and their experimental validation are shown. 
We also discuss the characteristics of the heat transfer phenomenon that takes place when a contact sensor is 
applied to the skin, emphasizing on the difficulties and opportunities that this type of measurement involves. 
This new thermostated calorimetric sensor is able to reproduce different temperature conditions on a localized 
skin region, providing a potential alternative to climate chambers. In addition, determining the heat flux for 
different thermostat temperatures allows the determination of an equivalent thermal conductance of the skin, 
that is directly related to its actual physiology. Finally, skin heat power is evaluated on different subjects and skin 
areas, and the results provided by our thermostated calorimetric sensor are compared with those provided by 
non-thermostated sensors.   

1. Introduction 

Human body’s thermoregulation is a fascinating and complex 
mechanism. Under normal conditions, the organism is able to maintain a 
stable internal temperature of 36.7 to 37.5 ◦C [1]. For a subject at rest, 
values outside this range indicate that something abnormal is going on. 
The use of temperature as an indicator is a common denominator in 
many medicine specialties. Thermoregulation is composed of several 
mechanisms that simultaneously regulate the heat loss of the human 
body, such as breathing, sweating, vasoconstriction, vasodilation, etc. 
[2]. Heat loss through the skin is one of the mechanisms that contribute 
to the human body’s thermoregulation. A typical human dissipates 
approximately 80 W at rest, but this value can increase up to 1400 W 
depending on the activity carried out [3]. Of this amounts, most of the 
heat is lost by evaporation, radiation and convection [4]. 

In the 18th century, Lavoisier and Laplace used an ice calorimeter to 
evaluate the heat loss of guinea pigs. This concept evolved into what we 
know today as direct calorimetry, which consists of confined spaces in 
which heat exchange is measured [5,6]. Also, indirect calorimetry was 
developed. This technique consists of relating the subject’s energy 

output with its generated carbon dioxide volume (VCO2) or consumed 
oxygen volume (VO2), by means of empirical expressions. Both tech
niques - direct and indirect calorimetry - have been developed simul
taneously, cross-validating mutually [7,8]. Nowadays, indirect 
calorimetry is the main technique used to express the energy cost of 
physical activities [9,10]. This energy is expressed in multiples of the 
resting metabolic rate (RMR), being the metabolic equivalent (MET) the 
unit used (1 MET corresponds to the consumption of 3.5 ml kg− 1min− 1 

of O2). 
It is also relevant the measurement of heat loss from specific areas of 

the human body. Several authors performed localized heat flow mea
surements, in order to study heat loss at rest [11], as a function of 
clothing level [12], in response to heating and cooling events [13,14], 
exercise [15,16], or extreme climatic conditions [17]. Localized heat 
flux has also been measured to calculate the thermal resistance of the 
skin [17,18,19]. In this work, we focus on the localized heat flux mea
surements by means of contact sensors. Typically, heat flux sensors are 
essentially thermopiles. In contrast with the methods that obtain global 
measurements, localized measurement entails a particular difficulty. 
Heat flux sensors provide a direct and simple measurement, but the 
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sensor itself disturbs the heat flux in the measurement area. This leads to 
results that depend on this disturbance [20], different for each sensor 
and difficult to characterize. In addition, there is almost no standardi
zation for measurements in living tissue. One efficient way to reduce the 
disturbance produced by the sensor is to make them minimally invasive, 
such as thin film heat flux sensors. On the other hand, the measurement 
of heat flow is the basis for the in-vivo measurement of the thermal 
properties of the skin (heat capacity, thermal conductivity). Therefore, it 
is of great interest to find a way to compare the results provided by 
different sensors [21]. 

In this paper, we present a calorimetric sensor based on a thermopile 
placed between the skin and a programmable thermostat, able to mea
sure the heat flux, the heat capacity and the thermal resistance of the 
skin. In this work we focus on heat flow. The measurement of the 
thermal properties of the skin is addressed in parallel work [22,23,24]. 
In this work, we show the ability of the calorimetric sensor to estimate 
heat flux for different environmental conditions in a localized manner 
using a single instrument, which can be a useful complement to the use 
of climatic chambers. We describe the measurement procedures on the 
skin and validate them using a calibration base. Then, the characteristics 
of the heat transfer phenomenon that takes place when a contact sensor 
is applied to the skin are discussed. Next, we propose a method to 
compare the heat flux results determined with different contact sensors. 
Finally, skin heat power results in different areas of the human body in 
several subjects and under different thermal conditions are compared 
with other authors’ data. 

2. Materials and methods 

2.1. Experimental system 

The calorimetric sensor consists of a 13.2 × 13.2 × 2.2 mm3 mea
surement thermopile (HOT20-65-F2A by Laird, part a in Fig. 1). Be
tween this measurement thermopile and the skin, a 20 × 20 × 1 mm3 

aluminum plate is placed (part b in Fig. 1). A 14 × 14 × 4 mm3 

aluminum thermostat is located on the cold side of the thermopile, 
which contains a PT100 and a constantan heating resistor (part c in 
Fig. 1). The thermostat temperature is regulated by a proportional- 
integral-derivative controller (PID controller). Thermostat cooling is 
performed by a Peltier element (HOT20-65-F2A by Laird, part d in 
Fig. 1), a fan and a heatsink (part e in Fig. 1). The cooling system allows 
to control the thermostat temperature up to 10 ◦C under the ambient 

temperature [25]. Thermal insulation surrounds the lateral faces of the 
sensor, minimizing heat transfer by conduction, radiation and 
convection. 

The sensor’s temperature operating range depends on the room 
temperature and the heating and cooling capacity of the sensor itself. In 
the prototype constructed, the sensor thermostat can be programmed 
between 22 and 40 ◦C for room temperatures between 18 and 28 ◦C. This 
calculation takes into account the maximum skin power for each tem
perature of the thermostat. We consider a heat flux of 0.1 Wcm− 2 when 
the thermostat is at 28 ◦C. 

Recently, a thermistor has been integrated on the side of the sensor to 
measure the skin temperature in the vicinity of the sensor (part f in 
Fig. 1). Fig. 1 displays a picture of the sensor in its calibration base and 
the instrumentation used. A schematic of the sensor is also shown. The 
calibration base consists of an insulating material that has two holders, 
where the sensor can be placed with a magnetic clamp. Each holder 
consists of a copper plate that contains an electrical resistance and a 
temperature sensor. A PID controller allows to control the temperature 
of the holder above the ambient temperature. Thus, the power and the 
temperature of the receptacle can be controlled. With this base, sensor 
calibration is performed under different temperature conditions of the 
base and the sensor thermostat. 

We use a triple power supply (E3631A by Agilent) to power the re
sistors of the calibration base, the thermostat, and the Peltier element. A 
data acquisition system (34970A with 34901A by Agilent) reads the 
temperatures and the calorimetric signal. These instruments connected 
via GPIB bus (82357B by Agilent) to a laptop. An additional power 
supply (HP6216A) powers the sensor fan. The acquisition and control 
program has a sampling period of 0.5 s and is written in Microsoft Visual 
C++. 

2.2. Calorimetric model and sensor’s calibration 

To relate the heat flux transmitted by conduction between the human 
skin and the sensor’s thermostat, we need a model capable of accurately 
representing the operation of the sensor. For this purpose we use an RC 
modelling, very common in calorimetry [26,27,28]. In our model, we 
decompose the system into two elements of heat capacities C1 and C2 
connected to each other by the measurement thermopile. The first 
element (C1) represents a domain that includes the location of the heat 
power source W1, the aluminum plate and the external surface of the 
measurement thermopile. The measured power W1 is that of the skin 
where the sensor is placed, or the power of the calibration base. The 
second element (C2) represents a domain that includes the sensor’s 
thermostat and the reference surface of the measurement thermopile. 
These two elements – C1 and C2 – are connected to each other and to the 
outside by couplings of thermal conductances P1, P2 and P12. These 
conductances characterize the steady-state heat transfer between the 
two domains (P12) and between the domains and the environment, 
through the thermal insulation (P2) and the calibration base itself (P1). 
The conduction heat transfer equations define this model: 

W1(t) = C1
dT1

dt
+ P12(T1 − T2) + P1(T1 − Troom)

W2(t) = C2
dT2

dt
+ P12(T2 − T1) + P2(T2 − Tcold)

y(t) = k(T1 − T2)

(1) 

In Eq. (1), W1 and W2 are the powers of each element. The measuring 
thermopile provides the calorimetric signal y (t), which is proportional 
to the temperature difference between the thermopile surfaces (T1 and 
T2). The ambient temperature is Troom, and the cold focus of the ther
mostat, controlled by the Peltier element, is at Tcold. 

The calibration base has two purposes. First, the base is used to 
perform experimental simulations in order to calibrate the sensor and 
study its performance under different power and temperature settings. 

Fig. 1. Sensor in its calibration base and instrumentation used. Sensor sche
matic: (a) measuring thermopile, (b) aluminum plate, (c) thermostat, (d) Peltier 
element, (e) heat sink and fan, (f) thermistor. 
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Our aim is to replicate the skin’s behavior. The second function of the 
calibration base is to provide an initial steady state, in which the time 
derivative of all temperatures and powers are zero. When this steady 
state is reached, the baselines are corrected. Operating the system Eq. 
(1), we obtain the system Eq. (2), where ΔT0 is the variation of the 
temperature that surrounds the sensor, when the sensor is moved from 
the base to the human skin [29]. 

ΔW1 =
C1

k
dΔy
dt

+
P1 + P12

k
Δy + C1

dΔT2

dt
+ P1(ΔT2 − ΔT0)

ΔW2 = −
P12

k
Δy + C2

dΔT2

dt
+ P2(ΔT2 − ΔT0)

(2) 

The sensor is calibrated using a specific experimental measurement 
designed for this purpose. With the sensor placed in the calibration base, 
a sequence of different temperatures of the calibration base and sensor 
thermostat is programmed. The base and thermostat temperature con
trols determine the powers to maintain the programmed temperatures, 
and the measurement thermopile provides the calorimetric signal. Fig. 2 
shows a calibration measurement. The curves mentioned above are 
represented in it. In this case the temperature of the calibration base is 
programmed from 32 to 34 ◦C and the thermostat temperature from 28 
to 30 ◦C, the ambient temperature being 20.5 ◦C. Knowing these 
experimental curves, the parameters of the model relating these vari
ables are determined (Eq. (2)). In a recent work a detailed study on the 
calibration of this sensor was performed [24]. The model parameters C1, 
C2, P1, P2, P12 and k are given in Table 1. The Joule calibrations allow us 
to determine the resolution of the sensor, obtaining a value of 1 mW/ 
cm2 for the heat flux. In these calibrations, the difference between the 
measured heat flux and the base calibration ’power is up to 3%. In the 
human skin, the uncertainty will depend mainly on the temperature of 
the thermostat, the zone, and the physical state of the subject [23]. For 
example, for the sensor thermostat at 24 ◦C, the measured heat flux is of 
the order of 60 mWcm− 2, which is equivalent to an uncertainty of 2%. If 
the measurement is performed with the thermostat at 32 ◦C, the 
measured heat flux is of the order of 20 mWcm− 2, and the uncertainty 
rises to 5%. However, if the thermostat is set at 36 ◦C, the heat flux will 
be of the order of 4 mWcm− 2, which is equivalent to an uncertainty of 
25%. 

2.3. Measurement procedure 

The programmable thermostat contained in the calorimetric sensor 
allows to design multiple measurement procedures. In this paper we 
present the two main procedures.  

a. Measurements at constant thermostat temperature. 

Before applying the sensor on the skin, the sensor is placed on the 
calibration base. An initial temperature of the sensor’s thermostat is 
programmed, and when steady state is reached in the calibration base, 
the sensor is applied on the skin until steady state is reached again on the 
skin. Finally, the sensor is placed back on the calibration base. This 
procedure can be repeated for different constant thermostat tempera
tures. For each measurement, the sensor is applied on the skin for 5 min.  

b. Measurements with linear variation of the thermostat temperature. 

This procedure is a continuation of the previous case. While the 
sensor is on the skin, and when steady state is reached at the initial set 
thermostat temperature, a second thermostat temperature is pro
grammed. The transition between the two thermostat temperatures is 
linear, and the measurement continues until the steady state – on the 
skin – is reached. This procedure provides two heat power values at two 
different thermostat temperatures in a single measurement. The sensor 
is applied on the skin for 12 min. 

These procedures have been validated with experimental measure
ments using the calibration base. For this purpose, the sensor is placed 
on the first holder of the calibration base, where W1 = 0. When steady 
state is reached for an initial set thermostat temperature, the sensor is 

Fig. 2. Experimental calibration measurement. (A) Calorimetric signal y. (B) Temperatures of calibration base T1 (red) and thermostat T2 (blue). C) Powers of 
calibration base W1 (red) and thermostat W2 (blue). Room temperature Troom = 20.5 ◦C. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Table 1 
Calorimetric Model parameters (Eq. (1) and (2)).  

Parameter  Unit Parameter  Unit 

C1  2.780 JK− 1 P1  0.029 WK− 1 

C2  4.730 JK− 1 P2  0.055 WK− 1 

P12  0.125 WK− 1 k  22.70 mVK− 1  
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placed on the second holder, where a heat power is applied to maintain 
the holder at a constant temperature. The aim of these measurements is 
to replicate the behavior of the sensor when it is placed on the skin. 

Fig. 3 shows the experimental curves of a measurement with linear 
variation of the thermostat temperature T2, performed on the calibration 
base. The programming of this measurement is the same as that used 
when the sensor is applied to the skin. Initially, the sensor is placed in 
holder 1 of the calibration base (see Fig. 1) where there is no heat power, 
and the sensor’s thermostat is set at a temperature T2 = 28 ◦C. When 
steady state is reached (instant t1 in Fig. 3), the sensor is placed in holder 
2, whose temperature is constant (Tbase = 35 ◦C). When steady state is 
reached in holder 2, the temperature of the sensor thermostat is linearly 
increased to a temperature of T2 = 33 ◦C at a rate of 3 Kmin− 1 (from 
instant t2 to t3). This temperature T2 = 33 ◦C is maintained until the new 
steady state is reached in holder 2. Fig. 3 shows the calorimetric signal 
(y) and the temperatures of the base (Tbase) and the sensor’s thermostat 
(T2). The power of the calibration base (W1) to maintain the temperature 
Tbase = 35 ◦C, and the power of the sensor thermostat (W2) to control the 
temperature T2 are also shown. 

The method used to calculate the power W1 that passes through the 
sensor is explained in detail in previous works [25,29]. The procedure 
consists of an iterative process based on the Nelder-Mead method [30]. 
An algorithm that minimizes the error between the experimental and the 
calculated curves of the calorimetric signal and the thermostat tem
perature is used. A power function with a predefined shape is proposed 
for this purpose, according to the temperature programmed in the 
measurement. In the case of Fig. 1, the power is represented by Eq. (3): 

W1(t) = 0 for t < t1

W1(t) = A0 + A1exp
(

−
t − t1

τ1

)

for t1⩽t⩽t2

W1(t) = W1(t2) + ΔA0
t − t2

t3 − t2
for t2⩽t⩽t3

W1(t) = W1(t2) + ΔA0 for t⩾t3

(3) 

Being t1 the instant in which the sensor is placed on the heat source, 
and t2, t3 the instants that limit the time interval in which the thermostat 
temperature is linearly increased. Thus, the power W1 is defined by the 
parameters A0, ΔA0, A1 and τ1. The exponential of amplitude A1 repre
sents the transient due to the placement of the sensor on the heat source. 
With these parameters, the power W1 is reconstructed. Knowing the two 
powers – W1 and W2 – the calorimetric signal and the thermostat tem
perature T2 are reconstructed using the calorimetric model (Eq. (2) and 
Table 1). Fig. 4 shows the calculated power W1 and the fittings of the 
calorimetric signal and the thermostat temperature. Note the good 
fitting of the calculated W1 power, either for the stationary zones and for 
the transient zone produced by the placement of the sensor on the heat 
source. The error in the calculation of the power W1 is about 4%. For the 
case represented, A0 = 349 mW, ΔA0 = − 216 mW, A1 = 245 mW and τ1 
= 7 s. 

The chosen temperature increase of 5 ◦C is adequate to determine the 
heat power output with enough accuracy. Increasing the temperature 
step increases the signal-to-noise ratio. However, in our sensor, a ther
mostat temperature increase of more than 10 ◦C can saturate the sensor. 
The sensor is saturated when the programmed temperature is not 
reached. 

The described deconvolution process allows the heat flux to be 
determined even if the steady state of the calorimetric signal has not 
been reached. However, there is a limit directly related with the 

Fig. 3. Experimental curves of a verification measurement of the sensor performance. Calorimetric signal (y). Temperatures of the calibration base (Tbase) and 
thermostat (T2). Calibration base (W1) and thermostat (W2) powers. 
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sensitivities and time constants of the system. It is necessary at least 300 
s from the end of the linear temperature variation of the thermostat. 

2.4. Measurement on human skin 

In this section, the measurement methods described previously are 
applied in the human body.  

c. Measurements at constant thermostat temperature. 

Fig. 5 shows the calculated heat flux of four measurements made on 
the sternum of a healthy 63-year-old male subject seated and at rest, at 
an ambient temperature of 24.4 ◦C. These measurements were per
formed at different sensor’s thermostat temperatures T2 = 24, 28, 32 and 
36 ◦C. The initial power peaks, consequence of the placement of the 
sensor on the skin, are marked. This initial power peak increases as the 
thermostat temperature decreases. This means a higher difference be
tween the skin and sensor temperatures. Note that the heat flux W1 
depends on the sensor’s thermostat temperature. Several authors remark 
that there is a dependence between skin heat loss and environmental 
conditions [16,17]. As the difference between the skin temperature Tskin 
and the ambient temperature Troom is larger, heat flux increases. In our 
case, the reference temperature is not Troom, it is the sensor’s thermostat 
temperature, T2. On the other hand, these results should be understood 
as the response to the perturbation of placing a cold surface of high 
thermal conductivity (the sensor) on the skin. In this configuration, the 
heat flux is magnified over the natural value. In this paper we will 
emphasize on this relationship.  

d. Measurements with linear variation of the thermostat temperature. 

In the second case, we show a measurement in the volar area of the 

left wrist of a healthy 63-year-old male subject seated and at rest. The 
ambient temperature was 25.1 ◦C. 

Initially, the sensor is placed on the calibration base and the ther
mostat is programmed at a constant temperature T2 = 28 ◦C. When 
steady state is reached, the sensor is applied on the skin (Fig. 6) until 

Fig. 4. Experimental verification measurement of the sensor performance in the calibration base. Experimental and model-calculated curve fits. Calorimetric signal 
(Δy), thermostat temperature (ΔT2) and power W1. 

Fig. 5. Heat flux measured in the sternum of a healthy 63-year-old male subject 
at rest for different sensor’s thermostat temperatures T2 = 24, 28, 32 and 36 ◦C 
(Troom = 24.4 ◦C). The circles indicate the amplitude of the initial transient 
power for each measurement. 

P.J. Rodríguez de Rivera et al.                                                                                                                                                                                                               



Measurement 201 (2022) 111693

6

steady state is reached. The thermostat temperature is then linearly 
increased to T2 = 33 ◦C at a rate of 3 Kmin− 1. This temperature is 
maintained until the end of the measurement. Fig. 7 shows the calcu
lated heat flux and the fittings of the calorimetric signal and thermostat 
temperature. The parameters that define the power function are A0 =

176 mW, ΔA0 = − 137 mW, A1 = 1350 mW and τ1 = 5 s (see Eq. (3)). 
Linear temperature programming has the advantage of allowing the 

new temperature to be progressively reached. At the end of the linear 
temperature variation, there is a calorimetric signal transient (see red 
arrow in Fig. 7) which is directly related with the heat capacity of the 
skin and allows to determine it [23]. 

In Fig. 7 the function ΔT0 has also been represented (see Eq. (2)). 

This function represents the increase of the temperature that surrounds 
the sensor when the location is changed: from the calibration base to the 
skin. Considering an exponential increase, we obtain as a result an 
amplitude of 1.56 ◦C and a time constant of 84 s. 

2.5. Normalization and interpretation of measurements 

When skin heat flux is measured with contact sensors, there may be 
substantial differences in the results depending on the instrument used. 
In this section, three aspects will be discussed: (1) the relationship be
tween the signal provided by the sensor (usually a measurement ther
mopile) and the heat flux, (2) the effect of the contact between the 
sensor and the skin on the cutaneous heat flux, and (3) a proposed 
standardization of the results obtained by different heat flux sensors. 

2.5.1. Relationship between the signal provided by the thermopile and the 
heat flux 

Many authors who use thermopiles as heat flux sensors consider the 
heat flux proportional to the signal provided by the thermopile 
[12,13,15,11,17,31], and the calibrations are usually performed with 
stepped stationary heat powers [12,16]. This consideration implies that 
the reference surface of the thermopile is at a constant ambient tem
perature. This assumption is an inaccurate approximation: the heat flow 
through the thermopile will change the reference temperature, which 
won’t be the ambient temperature anymore. As consequence, the 
reference is not properly defined. For this reason, in many works, more 
importance is given to relative values [32,13,33,34] than to absolute 
values, taking the initial state of heat power as a reference. On the other 
hand, few authors consider transient states in the measurement of heat 
flow [14]. When the sensor is placed on the skin or when the skin heat 
loss changes, part of the heat loss of the human body is invested in 
varying its own temperature and the temperature of the measuring in
strument. In order to quantify this energy and, therefore, to obtain an 

Fig. 6. Application of the sensor on the volar area of the left wrist of a healthy 
63-year-old male subject at rest. 

Fig. 7. Measurement in the volar area of the left wrist in a healthy 63-year-old male subject, at rest. Fitting of the calorimetric signal (Δy). Fitting of the thermostat 
temperature (ΔT2) and variation of the temperature that surrounds the sensor (ΔT0). Heat flux measured by the sensor. Initial thermostat temperature T2 = 28 ◦C 
(Troom = 25.1 ◦C). 
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accurate balance of the energy transferred by the human body during 
the transient state, it is necessary to consider the heat capacities of the 
bodies involved in the heat transfer phenomenon. An alternative way to 
obtain an accurate balance consists of using instruments that have a very 
low thermal inertia [34]. In previous works we have shown the interest 
of performing measurements while varying the temperature of the 
sensor thermostat, and studying the corresponding transient states 
[29,23]. In our sensor, the novelty is that the reference of the mea
surement thermopile is the controlled temperature of the thermostat, T2. 
The relationship between the powers, the calorimetric signal and the 
reference temperature (thermostat) is well represented by Eq. (2). 

2.5.2. Effect of the sensor on cutaneous heat flow 
Heat flux sensors provide a simple and direct measurement, but the 

sensor itself disturbs the heat loss of the studied region, leading to results 
conditioned to this disturbance. Fig. 8 illustrates this problem. In a 
natural case, in which the skin is naked, the human body emits a heat 
power WN (natural). This heat power is proportional to an overall heat 
transfer coefficient – or natural equivalent thermal conductance – PN 
(WK− 1) between two thermal sources: the skin and the environment, 
defined by the temperatures Tskin and Troom. However, when a sensor is 
placed on the skin, the device itself can act as a thermal insulator, 
resulting in a decrease of the equivalent thermal conductance (P < PN). 
This causes a lower heat flux (W < WN) [20]. The opposite can also 
happen. A sensor with certain thermal properties could facilitate heat 
transfer (P > PN). As a consequence, the heat flux would increase (W >
WN). The measured heat power W depends on the conductance between 
the skin and the environment through the sensor. This situation is 
problematic: the heat flux results depend on the characteristics of the 
instrument. This justifies that in works in which this magnitude is 
measured, direct heat flux data are often not provided. Instead, statis
tical results or relative values are provided, as mentioned above 
[32,13,33,34]. 

Our sensor has a thermostat inside. By controlling its temperature, 
the cold focus of the heat transfer phenomenon becomes inside the in
strument itself. This is a great advantage, since heat transfer by radiation 
and convection is minimized, and the predominant mechanism is con
duction. The thermal perturbation produced by our sensor consists of 
connecting the skin with a controllable cold source through a constant 
and known equivalent thermal conductance, of value P12 (see Table 1). 

Table 2 shows the specifications of two types of sensors: foil heat flux 
sensors and plate heat flux sensors. Our sensor is of the second type, but 
with a built-in thermostat. Standard units are used in the table. The high 
sensitivity of our sensor, compared to others, is due to the thermostat 

located on the reference surface of the measuring thermopile. This 
configuration is typical for all commercial calorimeters. In commercial 
heat flux sensors this configuration is not used, and they are very sen
sitive to environmental disturbances and require controlled thermal 
environments. With our sensor it is not necessary to work in a controlled 
environment. However, the result obtained with our sensor is not a 
natural heat flow: it is the thermal response to the perturbation pro
duced by the presence of the sensor on the skin. This type of measure
ment is appropriate to determine the thermal properties of the skin [35] 
that require the knowledge of this heat flux, a field that we addressed in 
other works. In this work we study the relationship between the heat 
flux measured with different sensors (see Fig. 8). 

2.5.3. Comparison of heat flux results 
How to compare heat flux measurements made with different sen

sors? In this section we propose a possible solution, which consists of 
calculating the natural heat power. Natural heat power is the heat power 
in the case where no sensor is applied. We consider two situations: a) 
skin heat power WN in a natural situation between the skin (Tskin) and 
the ambient (Troom) and b) heat power W through the sensor, in the same 
area, between the skin and the temperature of the thermopile’s cold side 
(Tref). 

WN = PN(Tskin − Troom)

W = P
(
Tskin − Tref

) (4) 

Operating, we obtain an expression that relates the natural heat flux 
(WN) with that measured by the sensor (W): 

WN =
PN

P
W +PN

(
Tref − Troom

)
(5) 

With Eq. (5), a natural heat power value can be estimated from the 
measured value (W) and the environmental conditions of the experi
ment. To calculate the natural heat power WN we must know five 
quantities (PN, P, W, Tref and Troom). Let consider that the measured heat 
flux W and the ambient temperature Troom are both known. The overall 
heat transfer coefficient of the natural skin-air system (PN) can be 
approximated by the expression of Kurazumi, Y. [37]. This empirical 
expression allows to evaluate this conductance as a function of humid
ity, air velocity and ambient temperature. It remains to know P and Tref. 
These quantities are related with the measuring instrument itself. In a 
passive sensor where the reference is in the air, P and Tref will depend on 
factors outside the sensor, such as air velocity. In our case the advantage 
is that P and Tref are known: Tref = T2 and P = P12. By applying Eq. (5), 
we can compare our results with those obtained by other authors using 

Fig. 8. Illustration of the magnitude of the human skin heat flux (W) in a natural case (WN) and through different contact sensors. P represents the thermal 
conductance between the skin and the environment. In the case of the thermostated sensor (this work), heat flux W1 is transmitted by conduction between the skin 
and the thermostat through a thermal conductance P12 (Eq. (2) and (3)). 
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heat flux sensors without thermostat and whose reference is the ambient 
temperature (Tref = Troom). 

3. Results and discussion 

Fig. 9 shows experimental values of heat flux (in Wm− 2) in different 
areas of the human body at rest, as a function of the reference temper
ature: the thermostat temperature (Tref = Troom) in our sensor, and 
ambient temperature (Tref = Troom) in the case of sensors without 

thermostat. 
With our sensor, measurements have been performed in different 

environmental conditions, in seven different areas (temple, sternum, 
abdomen, hand, hand, wrist, thigh and heel) of 16 subjects (Table 3). 
Subjects were at rest and normally clothed. This study was conducted in 
accordance with the principles of the Declaration of Helsinki. All sub
jects received oral and written information about the purposes, risks and 
benefits of the study before giving written consent. 

In Fig. 9 we present a summary of the measurements performed on 

Table 2 
Specifications of different heat flux sensors.  

Heat flux sensor Sensitivity Sensing area thickness Thermal resistance Conductance 
μV/(Wm− 2) mVW− 1 cm2 mm K/(Wm− 2) K/W P (mWK− 1) 

Foil heat flux FHF04 [36] 11  4.4  25.0 1.0 30 × 10− 4  1.20  833.3 
Foil heat flux FHF03 [36] 2  8.0  2.5 1.0 28 × 10− 4  11.20  89.3 
Heat flux plate HFP01 [36] 60  75.0  8.0 5.4 71 × 10− 4  8.88  112.6 
Heat flux plate HFP03 [36] 500  78.1  64.0 5.4 71 × 10− 4  1.11  900.9 
Calorimeter sensor (this work) 59  147.7  4.0 (*) 37 × 10− 4  8.0  125.0 

(*) The measuring thermopile has an area of 13.2 × 13.2 mm2 and a thickness of 2.2 mm. 

Fig. 9. Experimental heat flux measurements (in Wm− 2) for different subjects at rest in different areas of the human body, as a function of the reference temperature 
(Tref). Overall, results are presented for 16 zones and 124 subjects, obtained by six research teams. 
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these subjects [23,38], having applied the normalization proposed in the 
previous section (Eq. (5)). This normalization uses the Kurazumi 
expression [35] and allows us to obtain an approximation of the natural 
heat flow in different areas as a function of the ambient or reference 
temperature. We have also considered measurements performed by 
other authors [11,12,15,16,17]. Fig. 9 shows average results in 16 areas 
and 124 subjects, obtained by six different research teams. 

Heat flux is different for each human body area. Highest values are at 
the head, and smallest ones at the lower extremities, being especially 
low at the heel [11,12,15]. The trunk and upper extremities present an 
intermediate situation. In the same place and under the same environ
mental conditions, the resting heat flux can vary by 25% [38]. In this 
work we highlight the variation of cutaneous heat flux as a function of 
Tref. The heat flux approaches zero as Tref approaches Tskin, and if Tref 
keeps decreasing, the heat power increases in magnitude, but in the 
opposite direction (negative sign). Table 4 shows the characteristics of 
the regression line represented in each of the graphs in Fig. 9. 

As we can see, there is a significant correlation between the heat flux 
and Tref. As expected, it is always negative and different in each region. 
The slope is directly related with the thermal conductance of the skin 
zone studied. The head zones present the highest conductance and the 
trunk zones the lowest. Note that several of the referenced works employ 
climatic chambers to achieve the desired environmental conditions in 
the experiment [11,15,16,17]. In our case, we obtain similar results for 
different environmental conditions by adequately programming the 
sensor’s thermostat. Calorimetric sensors with programmable thermo
stat are a useful complement for studying the human physiology, since 
they allow the simulation of different environmental conditions in a 
localized way. 

In this work we show results for different subjects at rest. With our 
sensor, measurements have also been made on subjects performing 
physical exercise on a cycle ergometer in a previous work [22]. In these 
cases, there is a 20 to 40% heat flow increase that depends on the sub
ject. We have also detected different heat flow recovery depending on 
the subject. 

We can say that the heat flow measured by the sensor is artificial, 
since it is the response to a perturbation that consists of placing the 
sensor on the skin and varying the temperature of the device. Instead of 
minimizing the possible perturbation that the sensor can produce on the 
skin, this instrument tries to apply a controllable and systematic 
perturbation, whose response is studied. This response measured by the 
sensor describes how a specific skin area behaves in vivo when the 
temperature changes. This allows the determination of skin heat ca
pacity and thermal resistance, which are related with the degree of 

vasoconstriction or vasodilatation of the skin. 

4. Conclusions 

The determination of heat flow in localized areas of the human body 
is of great interest for the study of thermoregulation of the human body. 
Although heat flow sensors provide a simple measurement, the heat 
transfer phenomenon is altered by the instrument itself. In this paper, we 
present a calorimetric sensor with a programmable thermostat, which 
has several advantages over heat flow sensors without a thermostat: 

• It allows to know and compensate the effects of the thermal distur
bance produced by the sensor, obtaining a good approximation of the 
natural heat flow of the human body.  

• The sensor is designed to measure heat flow by conduction from the 
skin to the sensor thermostat, and convection and radiation phe
nomena on the sensor are minimized. This is a different way of 
evaluating skin heat flow.  

• The sensor allows the determination and monitoring of the thermal 
conductance of the measured skin area. This conductance is defined 
as the slope of the heat flow with respect to the reference 
temperature.  

• This calorimetric sensor with programmable thermostat is therefore 
a useful instrument that could complement the study of human 
thermoregulation: by programming the sensor’s thermostat appro
priately, it is possible to simulate different ambient temperature 
conditions in a localized manner. We have contrasted our results 
with those of other authors that use climatic chambers, obtaining 
similar results. For this reason, this instrument could be an alterna
tive to the use of climatic chambers. 
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Table 3 
Anthropometric characteristics of the subjects who participated in the studies with our sensor (M: male, F: female).  

Subject Age (years) Mass (kg) Height (cm) Sex Subject Age (years) Mass (kg) Height (cm) Sex 

1 62  71.0 160 M 9 25  76.0 181 M 
2 29  68.0 172 M 10 24  79.0 172 M 
3 27  83.0 177 M 11 20  80.0 168 M 
4 57  68.0 166 F 12 21  – – F 
5 31  74.0 149 F 13 21  54.0 160 F 
6 24  53.0 161 F 14 23  54.0 155 F 
7 25  – – M 15 20  74.0 168 F 
8 23  72.0 168 M 16 29  88.0 169 F  

Table 4 
Regression lines for human body zones.   

Pearson correlation Regression line: W = a + b Tref 

Zone r a/Wm− 2 b/Wm− 2◦C− 1 

Upper extremities − 0.90 194 − 5.68 
Lower extremities − 0.79 220 − 6.07 
Trunk zones − 0.85 187 − 5.17 
Head zones − 0.96 274 − 7.56  
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[28] A. Isalgúe, J. Ortin, V. Torra, J. Vĩnals, Heat flux calorimeters: dynamical model by 
localized time constants, Anales de Física, 76 (1980) 192-196. 

[29] P.J. Rodríguez de Rivera, M. Rodríguez de Rivera, F. Socorro, M. Rodríguez de 
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