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Abstract
The growing interest of human skin thermal properties is motivating the development of new instruments, either by contact 
or by remote sensing. In this work, we show the ability of a skin calorimeter to monitor the temporal evolution of the heat 
capacity and the equivalent thermal resistance of the skin, in two small skin lesions. The first one consists of a forehead 
wound of 10 × 2  mm2. The other injury consists of a second degree burn on the volar wrist area, of 10 × 20  mm2. We studied 
the temporal evolution of the thermal properties of both injuries. The variation of heat capacity was significant. For first 
injury, heat capacity decreased by 21% and full recovery was achieved after ten days. For the second case, the heat capac-
ity decrease was 55% and recovery was achieved after 3 weeks. These skin recoveries are monitored by the measured heat 
capacity value. The returning of the heat capacity to its normal value coincides with the recovery from the injury.
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Abbreviations
C  Heat capacity,  JK−1

C1, C2  Of the calorimetric model domains
Cskin  Of the skin under the calorimeter
C0  Measurement offset
P  Thermal conductance,  WK−1

P1, P2, P12  Of the calorimetric model
Pskin  Of the skin under the calorimeter
y(t)  Calorimetric signal, V
k  Measurement thermopile Seebeck coeffi-

cient,  VK−1

εy  Calorimetric signal root mean square error, 
V

T  Temperature, °C
T1(t), T2(t)   Of the calorimetric model domain
Tcold  Of the cold focus
Troom  Of ambient
W  Power, W
W1(t), W2(t)  Of the calorimetric model domain
Wskin(t)  Of the skin
Rskin  Thermal resistance of the skin,  KW−1

t, tmax  Time, final time, s
Δτ  Sampling period, s

Introduction

In medical instrumentation, thermometry has a common use 
among all medical specialties. However, there is no standard 
application of the measurement of the heat flux dissipated 
by the human body, except in two fields of current interest. 
In the first one, heat flux measurements are used to evaluate 
room thermal conditions in accordance with the capacity and 
the use of the space. In the second application, these meas-
urements are used to determine the metabolic activity of 
human body. Two techniques are commonly used to measure 
heat flux: direct calorimetry and indirect calorimetry [1, 2].

Currently, the main technique used to express the energy 
consumption of a physical activity is the indirect calorim-
etry, which is based on the measurement of the  VO2max con-
sumed by a subject [3]. This energy is expressed in multi-
ples of the resting metabolic rate (RMR), with the metabolic 
equivalent (MET) being the unit used (1 MET corresponds 
with the consumption of 3.5 mL  kg−1  min−1 of  O2). This 
parameter varies from 1 MET at rest to 3–6 METs at mod-
erate physical activity. More than 6 METs correspond to an 
intense physical activity.

On the other hand, it is also interesting the measurement 
of the heat loss of specific areas of the human body. Several 
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authors have made localized heat flux measurements to 
study heat dissipation at rest, as a function of clothing level, 
in response to heating and cooling, exercise, or extreme 
weather conditions. These measurements have been per-
formed mainly with heat flow sensors [4–6].

Instruments and techniques have also been developed to 
characterize the thermal properties of the skin [7–12], that 
change in response to alterations or pathologies [8]. The 
principle of operation of these devices consists of analyz-
ing the static and dynamic response to a thermal excitation 
produced by the device itself. Depending on the heat transfer 
phenomena that describe the energy exchange, the model 
required to relate the measured values with the skin proper-
ties may vary. We developed a skin calorimeter able to meas-
ure the heat flow, the thermal resistance and the heat capac-
ity of a 4  cm2 skin surface. The measurement procedure 
consists of applying the calorimeter on the skin, in a way in 
which the heat transfer between the skin and the calorim-
eter thermostat is mainly by conduction [13]. In this paper 
we show the ability of this skin calorimeter to monitor the 
heat capacity and the thermal resistance of two small skin 
lesions. First, we briefly describe the experimental system 
and establish a measurement procedure. Then, we relate the 
heat capacity of the model with the skin heat capacity, and 
finally we show the results and the conclusions of this work.

Materials and methods

Experimental

In previous work [13], the device used has been described 
in detail. This calorimeter consists basically of a thermo-
stated thermopile. The device is designed to produce con-
trolled thermal excitations on a 4  cm2 skin region, by vary-
ing its thermostat temperature. Thus, a fast cooling system 
is required. For this purpose, we use a Peltier element. The 
skin response will depend on its actual (in vivo) thermal 
properties. A schematic of the device is shown in Fig. 1. 
Calibration is performed in two ways. Firstly, by placing the 
calorimeter on an EPS calibration base able to perform Joule 
calibrations. On the other hand, inert substances with known 
thermal properties are also used. To operate the calorimeter, 
a power supply, a data acquisition system and a control and 
measurement program are required. This program is written 
in C++ and controls the instrumentation with a sampling 
period of 0.5 s.

Calibration

To represent the heat transfer phenomena between the skin 
and the calorimeter, we use a two-body model [14, 15]. The 
first body represents the substances affected by the skin 

thermal behavior and the second one correspond to the calo-
rimeter’s thermostat. Each body develops a power (W1, W2), 
has a temperature (T1, T2), a heat capacity (C1, C2) and is 
joined by thermal couplings with the other body (P12) and 
with the ambient (P1, P2). Considering constant the ambi-
ent temperature (Troom) and the cooling thermopile supply 
(Tcold), we can correct the baselines to their initial steady 
state, obtaining the system:

where y(t) is the signal provided by the measurement 
thermopile, whose Seebeck coefficient is k.

The calorimeter calibration consists of identifying this 
model, i.e., determining the coefficients of Eq. 1 (C1, C2, P1, 
P2, P12, k). For this purpose, is required a specific calibra-
tion measurement where powers W1 (calibration power) & 
W2 (thermostat power) are controlled, and the calorimetric 
signal (y) and thermostat temperature (T2) are measured. 
Using an iterative process based on the Nelder-Mean algo-
rithm [16, 17] we can identify the parameters of the model 
with an acceptable error. Figure 2 shows the signals of a 
calibration measurement.

Skin thermal properties determination

Note that all parameters are constant except C1 and P1, that 
depend on the substance under the calorimeter. To determine 
C1 and P1 in the case of applying the device on the human 
skin, we use the first equation of the system of equations 
Eq. 1. This equation (Eq. 2) relates the calorimeter’s tem-
perature (ΔT2) and the calorimetric signal (Δy) with the skin 
heat flow (ΔWskin).
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Fig. 1  Schematic of the skin calorimeter (2 × 2 × 2  cm3)
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Now, C0 + Cskin replaces C1, and Pskin replaces P1. The 
C0 heat capacity is the calorimeter offset  (C0 = 2.81  JK−1), 

(2)

ΔWskin(t)

=
C0 + Cskin

k
Δy′(t) +

Pskin + P12

k
Δy(t)

+ (C0 + Cskin)ΔT ′
2(t) + PskinΔT2(t)

previously determined [13], by measurements of known heat 
capacity samples (Teflon, brass & aluminum).

The measurement consists of applying the sensor on the 
skin and produce a thermal excitation. This excitation con-
sists of a variation of the calorimeter thermostat temperature 
between two steady states (Fig. 3b). This temperature change 
produces a thermostat power (Fig. 3c) and a calorimetric 

Fig. 2  Calibration measure-
ment. Power dissipated at the 
calibration base (a) and at the 
thermostat (b). Calorimetric 
output (c) and thermostat tem-
perature (d). Experimental (red) 
and model-calculated (blue) 
output curves are shown

– 20

0

20

C
al

or
im

et
ric

 s
ig

na
l/m

V (c)
yexp

ycal

0 200 400 600 800

Time/s

0

1

2

3

Te
m

pe
ra

tu
re

/ºC

(d)
T2exp

T2cal

0

0.1

0.2

0.3

P
ow

er
/W

(a)
W1exp

0 200 400 600 800

Time/s

0

0.1

0.2

0.3
P

ow
er

/W
(b)

W2exp

exo

Fig. 3  Measurement for skin 
thermal properties determina-
tion. a Calorimetric signal (y). 
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signal (Fig. 3a) response, that depends on the speed and 
the stabilization time after the linear temperature change 
(3 °C  min−1 & 5 min in the case shown). Heating and cool-
ing of the thermostat have been programmed, so we obtain 
two different results.

The process of identifying the thermal properties of the 
skin is an iterative algorithm similar to that used in calibra-
tion. In order to obtain a consistent result, it is necessary 
to understand the behavior of the skin, which can greatly 
simplify the calculation process. From previous works [18], 
we consider two hypotheses:

1. We consider that ΔWskin(t) has the opposite and inverse 
shape of the calorimeter temperature ΔT2(t).

2. Pskin is the quotient between the changes of calorimeter 
temperature and heat flux: ΔT2(tmax)/ΔWskin(tmax), being 
 P12 the offset the thermal conductance measurement and 
tmax the time of signals stabilization.

As an example, this procedure has been applied 
to the measurement shown in Fig.  3, performed on 
the central forehead area of a healthy male subject of 
64  years. Heat capacity and heat f lux variation has 
been determined. Figure 4 shows the calorimetric sig-
nal fit (between experimental and calculated curves) 
and the root mean square error εy for the 900 experi-
mental points (Δt = 0.5  s). The calculation has been 

performed for both the heating and cooling zones, and 
the results are slightly different. As mean value, we have 
Cskin = 2.055 ± 0.045 J  K−1, ΔWskin(tmax) = 140.5 ± 4.5 mW 
and Rskin = 33.6 ± 1.4 K  W−1. This result gives the uncer-
tainty in the determination of the heat capacity, heat flux 
variation and thermal resistance of the 4  cm2 skin region 
under the calorimeter. This is the sensor's own uncer-
tainty. However, this uncertainty seems to increase when 
measurements are made on different days, on the same 
subject, and under the same conditions. This is caused by 
the inherent variability of the human body. To evaluate 
this variability, the heat capacity and the thermal resist-
ance of seven different abdominal areas, separated from 
each other by 10 cm, were measured daily for one month. 
These measurements were performed on the same subject 
analyzed in this paper, at the same resting conditions. The 
results reveal a heat capacity of C1 = 4.5 ± 0.2 J  K−1 and 
a thermal resistance of R1 = 36.4 ± 1.8 K/W. In all these 
measurements blood pressure (BP) and heart rate (HR) 
were determined with an automatic BP monitor (systolic 
BP 113 ± 5 mmHg, diastolic BP 82 ± 2 mmHg, and HR 
81 ± 6 bpm). Room temperature was 22.5 ± 0.8 °C and 
relative humidity 59 ± 2%. There was no condensation on 
the skin or the sensor in any measurement of this work. 
In addition, the subject was at rest and not sweating. To 
check the possible variation of skin moisture, this param-
eter was measured by electrical bioimpedance with two 
electrodes separated by 7 mm (Agatige Skin Moisture 
Meter Digital), obtaining values of 22.8 ± 2.3%. Perhaps 

Fig. 4  Determination of the heat 
capacity from the measurement 
shown in Fig. 3 for heating 
(a, b, c) and cooling (d, e, f) 
sections. Adjustment of the 
calorimetric signal (a, d), ther-
mostat temperature variation (b, 
e) and heat flux variation (c, f) 
(experimental curves in blue, 
calculated curves in red)
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vasoconstriction or vasodilatation could play a role in 
these results, although is not demonstrated in this work. 
These data will help to understand the results below, espe-
cially to discern when the changes are significant.

Results and discussion

Evolution of a small forehead injury

Now, we will apply the measurement procedure explained 
on two small skin lesions. Measurements were performed 
daily on the injured area. The first injury studied is a 
10 mm long & 2 mm wide forehead wound. This injury 
was caused by a domestic accident, in which the sub-
ject was struck by the edge of a wooden door. Figure 5 
shows the injury on days 1, 3 and 9. It is also shown the 

calorimeter placement with an adapted clamp. On day 1, 
rapid healing and slight inflammation is observed. On day 
3 there is no apparent inflammation, and on day 9 the skin 
is almost healed.

From the first day, measurements were performed with 
the skin calorimeter. The measurement procedure for each 
day was identical, in this case the temperature jump of 
the thermostat was 6 °C (with a 3 °C  min−1 speed) and a 
stabilization time of 5 min. These type of measurement is 
similar to the shown in Fig. 3. It is important to note that 
all measurements are identical, so the thermal penetration 
is considered to be the same. As consequence, the results 
are comparable. During the measurements, the subject was 
seated and at rest. The subject is a healthy male of 64 years 
old. Ambient room temperature on the 18 days measured 
was 17.5 ± 0.4 °C.

Fig. 5  Evolution of the small 
forehead wound: a day 1, b day 
3, c day 9, d skin calorimeter on 
the skin

Fig. 6  Evolution of heat capac-
ity, thermal resistance and 
heat flux variation for a minor 
forehead wound (Fig. 5)
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Figure 6 shows the results obtained for heat capacity, 
equivalent thermal resistance and heat flux variation. Heat 
capacity decreased by 21% of the final value (when the 
lesion is already recovered). However, the initial heat flux 
is 10% lower than the final value and, as a consequence, 
there is an equivalent change of the thermal resistance value. 
We consider that the variation in heat flux is not significant 
enough to be taken into account in the assessment of this 
lesion. The heat flux depends on the overall physical state 
of the subject, even if the measurement is local. For the 
following injury, a differential configuration study will be 
performed.

Evolution of a small second degree burn: differential 
study

The second injury studied was a second-degree burn to 
the volar area of the right wrist. This injury occurred in a 
domestic accident with an iron. The lesion has an area of 
approximately 2 × 1  cm2. Figure 7 shows the temporal evo-
lution of the injury on days 1, 7, 14 and 27. On the first day, 
the formation of a fluid blister is observed. On the seventh 
day, the injury is in the process of healing, on the eighth 
day 70% of the injury is almost healed and on the 27th day 
the recovery is almost consolidated. During the measure-
ments, the subject was seated and at rest. The subject is a 
healthy male of 64 years old. Ambient room temperature on 
the 35 days measured was 23.0 ± 1 °C and a relative humid-
ity of 58 ± 2%.

In this case, a differential study was performed. The 
measurements were taken in the volar areas of the right 
(injured) and left (healthy) wrists. On the other hand, in 

order to have a higher signal/noise ratio, the temperature 
jump used was 10 °C and the heating speed was 4 °C  min−1. 
As in the previous case, to ensure equal thermal penetration 
in all measurements, the thermostat temperature setting for 
all measurements was the same, with a stabilization time 
of 5 min. Figure 8 shows the results. The curves on the left 
show the results obtained for each case (injured and healthy). 
The curves on the right show the result in differential. It 
is important to note that the thermal resistance is directly 
related with the variation of the measured area heat flux for 
a given temperature change. This heat flux is highly variable, 
since it depends on the overall condition of the subject and 
his physical activity.

Although these measurements were performed while the 
subject was seated and resting, the differential measurement 
can give a more specific result of the injury. We observe that 
in the differential result, the heat capacity of the injured area 
is 1.33 J  K−1 lower than the final mean value, 2.4 J  K−1, i.e. 
55%. However, the variation of the differential heat flux has 
an oscillation of ± 5 mW, of the same order of magnitude as 
the resolution of the experimental system. It is true that there 
are muscular lesions in which heat flow increases in com-
parison with areas close to the lesion, that can be monitored 
with infrared thermography [19]. But this is not our case.

To summarize, the injury has produced a clear decrease 
in the calorific capacity and its recovery can be quantified 
day by day by the evolution of the measured heat capacity. In 
this case, on day 20 heat capacity reaches its normal value, 
meaning the recovery from the injury.

Fig. 7  Evolution of the burn on 
the volar zone of the right wrist: 
a day 1, b day 7, c day 14, d 
day 27
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Conclusions

1. We have developed a methodology to monitor the ther-
mal resistance and the heat capacity of a localized region 
of the skin.

2. In the small lesions monitored, we observed a clear 
dependence of the injury recovery on the measured heat 
capacity value.

3. Thermal resistance depends directly on heat flux, and 
since heat flux depends on the overall physical state of 
the subject, differential measurements have advantages 
over non-differential measurements for the case study of 
some particular injuries.

4. The skin calorimeter is a novel technique that requires 
many measurements to prove its usefulness in clinical 
practice. Although the prototype is somewhat bulky, its 
effectiveness is clear, and this study is useful for the 
future construction of similar, more integrated devices 
that could form part of the so-called "wearable devices".
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