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A B S T R A C T

We have developed a calorimetric sensor that can perform local measurements of the heat flux transmitted by
conduction between a human body and thermostat located inside the sensor. The sensor has a detection area of
2×2 cm2 and, in its current configuration, facilitates measurement with a resolution of 10mW. In this paper,
measurements of two healthy male subjects of different ages (24 and 60 years) are presented. We study the
variation in the power dissipated by the human body surface as a function of time for a thermostat temperature
of 28 °C. We also study the same power with thermostat temperatures varying from 24° to 36°C. Measurements
are performed on three different surface areas of the human body: the sternum, abdomen, and hand. The am-
bient room temperature during all measurements was in the range of 22–24 °C, and the subjects were seated and
resting. The results show that the heat flux in the trunk is much more stable than that in the hand and that the
heat flux in the sternum is greater than that in other areas. Additionally, this flux is higher in the younger subject
(42mW/cm2) than in the older subject (35mW/cm2). We also defined a thermal parameter that represents the
thermal resistance between the sensor thermostat and the skin. The mean value of this parameter varies between
51 and 71 K/W depending on the subject and measurement area.

1. Introduction

It is of significant interest to investigate the magnitudes of thermal
energy and heat flow produced in physical, chemical, or biological
processes. The measurement of such magnitudes is typically performed
using calorimetric instruments that attempt to reproduce a process by
isolating it from undesirable perturbations. However, reproducing a
process in a single instrument is not always easy. Therefore, specific
instruments are designed for different processes. A wide variety of in-
struments have been constructed for various applications and sets of
applications. (Wendlandt, 1974; Handbook of Thermal Analysis and
Calorimetry: Principles and Practice, 1998). The calorimetric sensor we
developed (Socorro et al., 2017) measures the heat flow from a defined
skin area on the human body. In this case, the thermal process does not
take place inside the calorimeter. Instead, the calorimeter is placed on
the skin to measure heat flux. This is a direct measurement of the
human body response (in terms of heat power) to the stimulation of
placing the device on the skin. Based on the principles of Hansen
classification (Hansen, 2001), we can include this sensor in the group of
non-differential isothermal heat-conduction calorimeters.

Based on the emergence of digital infrared cameras, a considerable

amount of research has been devoted to the measurement of body
surface temperature (Lahiri et al., 2012). In some cases, this research is
conducted to study the interaction between human thermophysiology
and an external environment (Livingston et al., 1987). In other cases,
local temperatures can be used to monitor and detect inflammation
associated with knee replacement (Haidar et al., 2006; Mehra et al.,
2005), rheumatoid arthritis (Rajapakse et al., 1981), osteoarthritis
(Denoble et al., 2010), allergies (Rokita et al., 2011), frozen shoulders
(Vecchio et al., 1992), and tendinitis (Miyakoshi et al., 1998). Ad-
ditionally, this technology has been applied to the diagnosis of skin
cancer by using longwave infrared cameras (Godoy et al., 2017).
Therefore, measurements captured by a calorimetry mini sensor can
serve as a valuable complement to pathological studies.

The calorimetric sensor used in this study has been described in two
previous papers. The first (Socorro et al., 2016) described its elements
and operating principles and the second (Socorro et al., 2017) described
a method for determining the heat flux passing across the sensor as a
function of time, beginning from the instant the sensor is placed on the
measurement surface. In this paper, measurements of two healthy male
subjects of different ages (24 and 60 years) are presented. We study the
variation in the power dissipated by the human body as a function of
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time for a thermostat temperature of 28 °C. We also study the same
power with thermostat temperatures varying from 24° to 36°C. Mea-
surements were performed on three parts of the human body: the
sternum, abdomen, and hand. The ambient room temperature was in
the range of 22–24 °C and the subjects were seated and resting.

This paper is organised as follows. First, we describe the sensor and
measurement procedure. Next, we discuss the method used for de-
termination of the heat power detected by the sensor. Finally, we pre-
sent experimental results.

2. Calorimetric sensor

The purpose of the calorimetric sensor is to measure the heat flux
transmitted by conduction between the human body and a thermostat
located inside the sensor. The measurement surface has an area of
2× 2 cm2. Fig. 1 presents a schematic of the sensor. The red arrows
indicate that the heat flux measured by the sensor is only that which
pass across the sensor. The core of the sensor consists of a measurement
thermopile (part two in Fig. 1) placed between a measuring plate (part
one in Fig. 1) and thermostat (part three in Fig. 1). This thermostat
consists of a small aluminium block that contains a resistance tem-
perature detector (RTD) sensor (Pt-100) and a constantan heat resistor.
To perform temperature control, there is a cooling system attached to
the thermostat. The cooling system consists of another thermopile (part
four in Fig. 1) and a heat sink with a fan (parts five and six, respectively,
in Fig. 1). The measurement thermopile, thermostat, and cooling
thermopile are thermally insulated from the outside (part seven in
Fig. 1). The thermostat temperature is kept constant by a proportional-
integral-derivative (PID) controller (Ogata, 2010), which can maintain
the programmed temperature with a resolution of± 5mK. The sensor
elements, measurement and control instrumentation, operating do-
main, and sensor resolution are described in detail in previous papers
(Socorro et al., 2016, 2017).

Based on the Seebeck effect, the measurement thermopile generates
a calorimetric signal y (t) in millivolts. This signal is related to the
power dissipated in the thermostat to maintain a constant temperature
(Wpid) and the heat power generated by the human body that passes
across the sensor (Wbody). The first power (Wpid) is known because it is
calculated by the PID temperature controller and the second power
(Wbody) is the value we wish to measure. Therefore, we can consider the
device as a system with two inputs (the powers Wpid and Wbody) and one
output (calorimetric signal). Having experimentally proven the line-
arity of the system (Socorro and de Rivera, 2010; Jesús et al., 2013a,
2013b), we can relate the calorimetric output to the input powers as

follows
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Sensor calibration consists of the determination of the coefficients in
Eq. (1). The sensitivities K1 and K2 define the steady-state response of
the sensor and the coefficients ai and bi define the transient response.
We have a calibration base constructed from a thermal insulating ma-
terial that was specially designed for this calibration procedure. Ad-
ditionally, this base includes a magnetic holder for easy use and a Joule
resistor for calibration. Fig. 2 presents a photograph of the two sensors
on the calibration base, as well as the measurement and control in-
strumentation. The method and results of calibration were described in
previous papers (Socorro et al., 2016, 2017). Table 1 lists the values of
the coefficients for Eq. (1) for each sensor. Sensor resolution is de-
termined based on the signal noise in the steady state using the equa-
tion K1ΔWbody+K2ΔWpid= Δy. From Δy= ± 0.10mV and
ΔWpid= ± 10mW, we obtain a sensor resolution of ΔWbody≈ 6.0mW
for these values. Considering the uncertainty in the calculated sensi-
tivities during different calibrations, we have a final resolution lower
than 10mW.

3. Heat flux determination and measurement procedure

Several methods can be used to determine the heat flux Wbody (t) by
using Eq. (1), the power dissipated in the thermostat Wpid (t), and a
known calorimetric signal y (t). The first method consists of replacing
the known curves in the equation to obtain Wbody (t), but in this case,
the derivatives of the calorimetric signal and power Wpid excessively
amplify the existing noise in the signals. For this reason, we chose a
method consisting of the reconstruction of the calorimetric signal from
the input powers using Eq. (1). This requires iterative minimisation of
the squared error between the experimental and calculated calorimetric

Fig. 1. Schematic of the calorimetric sensor: 1) aluminium plate, 2) measure-
ment thermopile based on the Seebeck effect, 3) thermostat containing an RTD
sensor and heat resistor, 4) cooling thermopile based on the Peltier effect, 5)
aluminium heat sink, 6) fan, and 7) thermal insulation.

Fig. 2. Calorimetric sensors on their bases, and measurement and control in-
strumentation.

Table 1
Results of the calibration of sensors S1 and S2 (parameters for Eq. (1)).

Parameter S1 S2 units

K1 110.5 124.9 mVW−1

K2 − 54.2 − 44.2 mVW−1

a1 96.8 98.4 s
a2 906.2 1029.4 s2

b1 67.3 76.1 s
b2 111.0 100.0 s
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signals. This was achieved using the Nelder–Mead simplex search al-
gorithm (Nelder and Mead, 1965) and MatLab software (Optimization
ToolboxTM User's Guide, 2004). To find the parameters ofWbody (t) that
minimise the error criterion, this method requires knowledge regarding
the functional expression of Wbody (t). We propose a mathematical
model (Socorro et al., 2017) that represents the heat flux of the human
body surface that passes across the sensor, which is defined by the sum
of a series of exponentials as Wbody (t)=A0+ ∑ Ai exp (−t/τi).

This calculation procedure requires an initial steady state that en-
sures the knowledge of the signals and their derivatives at the initial
moment. Therefore, we propose a measurement procedure with three
phases (Jesús et al., 2013a, 2013b). First, the sensor is placed on the
calibration base until a steady state is reached for the set thermostat
temperature. Second, the sensor is placed on the body surface where the
measurement is intended to be performed. Third, the sensor is again
placed on its calibration base until it returns to a steady state. Each
phase lasts for five minutes. The steady states of the first and third
phases allow us to correct the baseline of the experimental curves used
in the calculation, namely the calorimetric signal and power dissipated
in the thermostat. Fig. 3 presents photographs of the position of the
sensor in each phase.

Fig. 4a presents the experimental curves for a standard measure-
ment from the moment of setting the thermostat temperature to the end
of measurement, with a total duration of 15min (900 s). This mea-
surement was performed on the left hand of a 24-year-old male subject
in a resting state. The thermostat was set to 24 °C and the room tem-
perature was 23.2 °C. Fig. 4b presents the three experimental curves
with corrected baselines. These curves represent the calorimetric signal,
thermostat temperature, and power dissipated in the thermostat Wpid.

Fig. 5 presents the results of the calculation process for the power
Wbody. The error criterion used was mean-squared error, which is de-
fined as follows:

Fig. 3. Measurement procedure: 1) sensor on its base, 2) sensor on the body, 3)
sensor on its base.

Fig. 4. Experimental curves for measurement on the left hand of a 24-year-old male subject in a resting state with a room temperature of 22.3 °C: a) curves with
uncorrected baselines and b) curves with corrected baselines.

Fig. 5. Body heat flux that passes across the sensor corresponding to the ex-
perimental measurement in Fig. 4. For the experimental and calculated ca-
lorimetric signals, the error is defined by Eq. (2). The power that passes across
the sensor is given by Eq. (3), whose coefficients are Ai and A′i.
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where N is the number of points, yexp(i) are the values of the experi-
mental calorimetric signal, and ycal(i) are the values of the calculated
signal. The mean-squared error in the reconstruction of the calorimetric
signal is ε≈ 30 μV. The power that travels across the sensor is calcu-
lated as follows:
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where t1 is the moment the sensor is placed on the human body and t2 is
the instant it is returned to its base. For all performed measurements,
we analysed the most appropriate time constants for calorimetric signal
reconstruction, which resulted in values of τ1 =5 s and τ2 =70 s for
both the time interval during which the sensor is placed on the human
body and the time interval during which it is returned to its base. The
coefficient A0 is the steady-state power. The coefficient A1 corresponds
to the amplitude of the first exponential associated with a time constant
of 5 s and characterises the initial power overshoot, which is a

consequence of the temperature difference between the sensor and the
human body surface. The coefficient A2 is the amplitude of the second
exponential associated with a time constant of 70 s and characterises
the progressive thermal equalisation to reach a steady state. The coef-
ficients A′1 and A′2 have the same meanings as A1 and A2, respectively,
but correspond to the moment the sensor is placed back on the base.

4. Experimental results

We performed measurements on two healthy male subjects with
different ages: 24 years (subject 1) and 60 years (subject 2). Both
subjects were in a resting state (seated) before and during the mea-
surements and were dressed normally. Neither subject had been ex-
ercising prior to the measurements. The room temperature was in the
range of 22–24 °C. Measurements were taken from three areas of in-
terest (Maniar et al., 2015): the hand and two parts of the trunk
(sternum and abdomen). In the previous section, a typical measurement
was described (Fig. 4). However, in practice, we performed a series of
consecutive measurements. The sensor was returned to its calibration
base between these measurements. This provided initial and final
steady states, which made it possible to correct the baselines and cal-
culate the heat power accurately. Before each series of thermal

Fig. 6. Calorimetric signal for a series of consecutive measurements on the hand (a1–a5), sternum (b1–b5), and abdomen (c1–c5) for a thermostat temperature of
28 °C (Troom =23 °C). These measurements were performed on a healthy 24-year-old male subject in a resting state (subject 1).

Fig. 7. Temporal variation in the power dissipated (value A0 in Eq. (3)) from three surface zones of the human body for a thermostat temperature of 28 °C.
Measurements were performed on two healthy male subjects with ages of 24 years (subject 1) and 60 years (subject 2).
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measurements, blood pressure and heart rate were measured for each
subject. Normal values were obtained in all cases.

4.1. Temporal study

In this section, we aim to analyse the temporal variation in the heat
flux in a defined skin area of the human body for a constant thermostat
temperature of 28 °C. Five consecutive measurements were performed
in each area of interest, starting with the hand, then the sternum, fol-
lowed by the abdomen. Fig. 6 presents the calorimetric signal for each
of the measurements. The pulses correspond to the heat dissipations in
each area (hand, sternum, and abdomen). We performed two series of
measurements for each subject.

The heat powers can be determined using the procedure described
in the previous section. Fig. 7 presents the values of the steady-state

Fig. 8. Temporal variation in the value of A1 (Eq. (3)) for three surface zones of the human body for a thermostat temperature of 28 °C. Measurements were
performed on two healthy male subjects with ages of 24 years (subject 1) and 60 years (subject 2).

Table 2
Mean values of the amplitudes Ai of the power equation (Eq. (3)) for each
subject and each area with a thermostat temperature of 28 °C.

Subject 1 Subject 2

Hand Sternum Abdomen Hand Sternum Abdomen Units

A0 189 168 119 99 152 117 mW
A1 712 822 483 215 338 229 mW
A2 32 56 12 24 78 3 mW
A′1 − 245 − 292 − 212 − 206 − 234 − 208 mW
A′2 0 14 2 − 14 − 21 − 12 mW

Fig. 9. Temporal variation in the value of A2 (Eq. (3)) for three surface zones of the human body for a thermostat temperature of 28 °C. Measurements were
performed on two healthy male subjects with ages of 24 years (subject 1) and 60 years (subject 2).
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dissipated power (parameter A0 in Eq. (3)) for each subject and each
measurement area of the body. For a time interval of 2 h, the power
dissipated in the three areas shows a temporal variation of± 15 to±
25mW for subject 1. However, for subject 2, the variation is lesser in
the trunk ( ± 9 to± 16mW), but greater in the hand ( ± 45mW). In
general, the dissipations are greater in subject 1 than in subject 2. The
mean dissipation values for subject 1 are 189mW on the hand, 168mW
on the sternum, and 119mW on the abdomen. For subject 2, the mean
dissipation values are 99mW on the hand, 152mW on the sternum, and
117mW on the abdomen. These dissipations correspond to a mea-
surement area of 4 cm2 with a thermostat temperature of 28 °C, where
Troom =23 °C.

The second term of the power expression (Eq. (3)) corresponds to a
"Dirac," which is a consequence of the instant contact between two
surfaces with different temperatures, namely the sensor and human
body. This exponential has an amplitude of A1, whose temporal varia-
tion is shown in Fig. 8. Table 2 lists the mean values of all amplitudes in

Eq. (3). Unsurprisingly, in all cases, the value of A1 is higher for subject
1 than for subject 2. This is because the surface temperature of subject 1
is higher.

The third term of the power expression (Eq. (3)) represents an ex-
ponential with an amplitude of A2. This term describes the thermal
equalisation of the sensor and human body after contact. The time
constant for this exponential is 70 s. The values of A2 for the studied
cases are presented in Fig. 9.

In conclusion, we can say that the dissipation (A0) in the sternum is
higher than that in the abdomen for both subjects. Additionally, the
values of amplitudes A1 and A2 are higher in the dissipations measured
on the sternum than in those measured on the hand or abdomen.
Generally, all amplitudes are higher for subject 1 than for subject 2,
except for A2, which is slightly higher for the older subject (subject 2)
for the dissipation measured on the sternum.

Furthermore, amplitudes A′1 and A′2 in Eq. (3) are related to the
transient state prior to reaching thermal equilibrium between the
sensor and calibration base. From Table 2, we can deduce that the
absolute value of A′1 is higher for subject 1 than for subject 2 based on
the higher temperature of subject 1. Additionally, the value of A′1 for
the sternum is higher than that for the other areas for both subjects. The
same is true for A0 and A1.

4.2. Study of heat dissipation as a function of the temperature of the
thermostat

Predictably, when we increase the thermostat temperature, the
measured heat power decreases. Experimentally, we can prove the
linear relationship between the thermostat temperature TThermostat and
measured power =W q ̇body . The slope of the line represents the thermal
conductance C between the thermostat and a point inside the body with
a temperature of Tcore, where = −C q T T/̇( )Thermostat core . Based on this
thermal conductance value, it is possible to determine the total thermal
resistance (RT =1/C in K/W) between the skin of the human body and
the thermostat. Having experimentally determined the sensor's thermal
resistance Rsensor to be 12 K/W (Socorro et al., 2017), we can estimate
the human body resistance based on the hypothesis of having two re-
sistors in series. In this case, the resistance of the human body would be
Rbody = RT−Rsensor.

To study this thermal resistance, we performed measurements on
both subjects using the same areas of the human body surface as before,
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Fig. 10. Calorimetric signal and thermostat temperature for measurements
performed on the sternum of subject 1 (24 years old).

Fig. 11. Power dissipated by the human body A0 as a function of thermostat temperature for different surface areas on the human body for two healthy male subjects
with ages of 24 years (subject 1) and 60 years (subject 2). Circles of the same colour correspond to the same series of consecutive measurements as shown in Fig. 10.
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namely the hand, sternum, and abdomen. Each series of measurements
consisted of four measurements that were performed sequentially for
four thermostat temperatures: 24, 28, 32, and 36 °C. Fig. 10 presents the
calorimetric signal and thermostat temperature for measurements per-
formed on the sternum of subject 1.

Fig. 11 presents the power dissipated by the human body A0 for
each subject and each measurement area as a function of thermostat
temperature. The red lines represent the results of linear regression. The
resistance of the human body is equal to the inverse of the slope of the
line minus the sensor's thermal resistance. Table 3 lists the resistance
results. To determine the variation in resistance, we calculated the slope
of each line corresponding to each series of measurements and com-
pared it to the average slope obtained for all measurements performed
on that zone and subject. The results show that this variation is less than
12.8%. These experimental results can be considered as reference va-
lues for future investigations. However, the dispersion of the numerical
results suggests that a broader study with more subjects is required to
establish an accurate range of values. Furthermore, these values may be
altered by different physiological or pathological conditions, which
could be the subject of further research.

5. Conclusions

The presented calorimetric sensor is a useful tool for the physiolo-
gical study of the human body and can serve as a valuable complement
to studies based on thermographic technics. In this paper, we presented
measurements performed with the sensor that reveal the levels of heat
power dissipated when placing the sensor on three different areas of the
human body. Sensor placement represents a controlled disturbance on
the human body surface that generates a thermal response. The ex-
perimental measurements seem to indicate that temporal variability in
the heat flux is related to body mechanisms for maintaining a stable
core temperature. Furthermore, the sensor allowed us to identify a
specific parameter for the body that we defined as thermal resistance,
which is different for each measurement area on the body. The heat
power and thermal resistance values presented in this paper may pro-
vide a useful starting point for future research. Additionally, the ca-
lorimetric sensor presented in this work could serve as a foundation for
the construction of a portable device that facilitates continuous

measurements over long time periods during any activity.
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