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Abstract: Infrared thermography (IRT) is often used to assess body temperature and can be useful as a
diagnostic tool to detect human diseases. Despite this clear application in medicine, some studies can
be found in the literature pointing to the use of IRT to measure body temperature as a parameter to
evaluate thermal comfort inside buildings. However, there are still some issues that are understudied
that this paper tried to address. For this purpose, an intensive experimental campaign was carried out,
in which different combinations of temperature and relative humidity were implemented. Thermal
images were taken of the face of a young adult, while the air temperature and relative humidity
were assessed, as well as the body temperature, using traditional means. The results confirmed that
different IR cameras and different ambient conditions (air temperature) impact the image resolution
and definition. A linear correlation between the IRT results and the PMV was found for six subregions
of the face. This correlation was higher in the forehead, cheekbones, and chin, and less interesting
when measuring the temperature of the nose. However, if the overall temperature of the face is
assessed, a good agreement between the PMV and the IRT results can still be found, indicating that
the average facial temperature can be used as an indicator for the determination of thermal comfort.
A prediction model for PMV based on IRT was proposed, with a root mean square error close to 0.70,
when applied in a face temperature range between 28.9 ◦C and 34.4 ◦C.

Keywords: infrared thermography; thermal comfort; comparison of infrared cameras; face
temperature; PMV

1. Introduction

Infrared thermography (IRT) is a non-intrusive method for measuring the surface
temperature of an object. The non-destructive nature of IRT widens its range of applications,
such as in medicine, building diagnostics, electric inspections, or mechanical inspections [1].

The measurement of skin temperature using IRT is a viable and promising method that
can be useful for the detection of fever and can potentially contribute to early diagnoses
during pandemic crises, such as for SARS-CoV-2 [2,3]. Other medical purposes using IRT
are feasible, such as in thermoregulation studies, breast cancer detection, the diagnosis of
diabetic neuropathy and vascular disorders, dental diagnostics, blood pressure monitoring,
the diagnosis of rheumatic diseases, the diagnosis of dry eye syndrome and ocular diseases,
the diagnosis of liver diseases, treatments of the kidneys, heart operations, gynecology,
personality testing, and brain imaging [3]. This technique has also been used to determine
skin temperature variations while running [4].

1.1. Skin Temperature

Skin temperature is a key parameter for thermal comfort evaluations. Nevertheless,
measuring skin temperature can be a complicated task, and several authors have carried
out research to assess and propose methods for accurate assessments. Takada et al. [5] used
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the skin temperatures measured with thermocouples located in different positions on the
body and the time differential as the base of a new model for the prediction of transient
thermal sensations during sedentary and walking conditions. The results indicated a
good correlation between the predicted thermal sensations and the experimental results,
validating the proposed model. Liu et al. [6] also used thermocouples bonded to the body
in several locations to find the most suitable ones to assess human thermal comfort. In
this study, the reliability, sensitivity, and number of measurement locations were used
to interpretate the results. The authors concluded that the calculation of the mean skin
temperature using 10 locations was the most appropriate approach. Years later, Liu et al. [7]
conducted a similar study to investigate whether the mean skin temperature could also
be used to assess individual thermal sensations at high environmental temperatures. The
results proved it possible to use it beyond the range of current air temperatures.

Instead of thermocouples, Choi and Loftness [8] assessed body temperatures using
a sensor device that consisted of an exposed thermistor with rapid response rates, which
measured the skin temperatures in contact with the skin surface by absorbing heat through
conduction. As in other studies, the main purpose of this study was investigating the
possibility of using body skin temperatures measured in multiple locations to assess
thermal sensations.

Chaudhuri et al. [9,10] assessed the possibility of using only a single body location
to evaluate the overall thermal state and predict the thermal comfort of the occupants.
The selected location was the area between the wrist and the fingers on the dorsal side
of the hand, because in this zone the arteries that channel heat loss from the body’s
core to the periphery meet. The skin temperatures were recorded using a contact sensor
device connected to a microcontroller board, which converted the captured signals to skin
temperature levels.

In the experimental campaign carried out by Sakoi et al. [11], the skin temperatures
in several locations were measured to investigate both the overall thermal comfort and
the local discomfort under various asymmetric radiance conditions. In addition to the
skin temperature in 25 points of the body, the tympanic temperature, measured with
radiative thermometer, and oral temperature, using a disposable thermometer, were also
considered in this study. The authors concluded that the local skin temperatures changed
depending on the environmental and thermal conditions, even if the mean skin temperature
remained almost the same, highlighting the importance of also using the skin temperature
distribution to express thermal comfort in heterogeneous environments.

From the studies previously discussed, it is possible to point out that the most used
methods for the determination of skin temperature required contact (e.g., thermocouples
and temperature sensors bonded to the skin, digital thermometers that take temperature
readings in the mouth, tympanic thermometers measuring the temperature inside the ear
canal through infrared ray technology, and wristband sensors that assess the temperature of
the body by contact with the wrist), being mostly intrusive procedures. Therefore, the use
of IRT as a non-intrusive method of thermal comfort assessment is an interesting possibility
that is now starting to be studied by the scientific community.

1.2. Assessing Thermal Comfort via IRT

The impact of skin temperature on the thermal sensation has been studied by several
authors, and some also proposed methodologies to correlate the two. Aryal et al. [12]
explored the suitability of using ambient air sensors, wrist skin temperature using wearable
sensors, and IRT to measure different regions of the face (i.e., forehead, nose, left and right
cheekbones) to predict individual thermal sensations. The experiment was conducted
in a controlled and uniform environment with changes in air temperature from 19 ◦C to
29 ◦C. During the measurements, the feedback of the participants regarding the thermal
sensations was collected. The results indicated that the models using ambient temperature
data presented higher accuracy (about 81%) in predicting thermal comfort when compared
to using the measurements from the wrist sensor (about 76%) or the temperatures of the
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face quantified via IRT (about 75%). However, when combining the ambient temperature
data with the data obtained with the sensor or with IRT, the prediction accuracy increased
to about 83%, and when all data were combined the accuracy increased to about 85%.
According to Metzmacher et al. [13], the skin temperatures are similar when measured
through a PT100 platinum resistance thermometer and an infrared camera. In order to
compare the accuracy of both methods, a single tracking point was selected (the center of
the forehead). Furthermore, the disadvantages of the contact measurements were detected,
such as the effects of physical pressure, the insulation effect due to the fitting material, and
the thermal inertia of the sensor.

The body region used to assess the skin temperature is also an open issue. This aspect
includes the necessary compatibility between the feasibility of the measurement and its
accuracy. The face temperature has been selected by most of the researchers for studies
using IRT in the assessment of thermal comfort. According to Ghahramani et al. [14], this
region is of interest because there is a high density of blood vessels on the areas around
the face, and additionally this body area is not usually covered by clothing when inside
buildings. According to the literature review, the evaluations of facial temperatures using
IRT are usually focused on specific regions, such as the nose, the cheekbones, and the
forehead [12,15]. Other regions of interest were considered by Ghahramani et al. [14,16],
who assessed the temperatures of the ears. Metzmacher et al. and Tejedor et al. [13,17]
measured the temperature of the chin. Metzmacher et al. [13] evaluated the temperatures
of the mouth, the eye, and the inner eye corner, and Cosma et al. [18] studied the face as a
whole. These works have shown that different areas of the face behave differently during
the heating phase, the cooling phase, and in steady-state conditions. Metzmacher et al. [13]
detected the highest temperature in the inner eye corner, followed by the center of the
forehead, which presented a more homogeneous temperature distribution. The authors
also found more variability in the cheekbones.

Another application of IRT in the study of thermal comfort is the measurement of
clothing temperatures. Metzmacher et al. [13] explored the influence of clothing layers
using the chest region for the measurements. Four different combinations were assessed:
(i) no clothes; (ii) shirt; (iii) sweater; (iv) winter jacket. The skin temperature (no clothes)
corresponded to the highest value of the four combinations, with the temperature decreas-
ing from (i) to (iv), i.e., higher insulation resulted in lower measured layering temperatures.
Tejedor et al. [17] studied the thermal neutrality of the clothing temperature as well as the
skin temperature (resulting from the average of four facial points, i.e., the nose, cheekbones,
forehead, and chin), reaching values of 31 ◦C and 35 ◦C, respectively. Cosma et al. [18]
examined skin and clothing temperatures from different locations that are normally visible
in an office context (e.g., the arms, face, and chest), reaching the conclusion that those
measurements are correlated with thermal comfort.

The possibility of evaluating thermal comfort through IRT opens space for several
innovative applications. Loredan et al. [19] evaluated the thermal properties of ten tabletop
materials as well as user perceptions of those materials after use. Li et al. [20] carried out a
study to improve the thermal comfort of building occupants by dynamically determining
the optimum room conditioning mode and HVAC settings. More recently, Li and Chen [21]
developed a new control strategy for HVAC systems that adjusts the thermostat setpoint
according to the clothing level and mean facial skin temperature using an image classifica-
tion model. IRT images were used by Li et al. [22] to recognize age and gender, and the
data were applied as inputs in a new non-intrusive method of predicting personal thermal
comfort. Yi et al. [23] compared three approaches to thermal comfort modelling for older
care home residents: PMV, adaptive comfort, and long wave IRT.

One must stress that the use of IRT in humans requires the standardization of the pro-
tocols and a subsequent data analysis. Fernandez-Cuevas et al. [24] divided the influential
factors of IRT in humans into three main categories: (i) environmental, i.e., those associated
with the location where the study is performed (room size, ambient temperature, relative
humidity, atmospheric pressure, source radiation); (ii) individual, i.e., those associated with
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the personal characteristics of the person being targeted (intrinsic factors, extrinsic factors);
(iii) technical, i.e., those associated with the equipment used (validity, reliability, protocol,
camera features, ROI selection, software, statistical analysis). Regarding the environmental
factors, most of the studies were carried out in small rooms, under uniform and controlled
conditions. In the studies with a focus on IRT of the face, the air temperatures varied from
18 ◦C to 29 ◦C [12,14–16,18]. Additionally, the relative humidity rates also showed narrow
intervals, varying from 33% to 55% [16,18].

1.3. Gap and Objective

Although previous studies have indicated that IRT can be used to measure body
temperature as a parameter to evaluate thermal comfort, some issues remain unclear. A
step forward is attempted with this work, which innovates both in the methodological
setup and in the data analysis. Concerning the setup, the effects of ambient conditions
and the impacts of different characteristics of the IR cameras are discussed. To this end,
broader temperature and relative humidity intervals are tested and the results of two
distinct IRT devices are compared. Furthermore, in the data analysis, the importance of
the area considered for the measurements is analyzed and a correlation between the PMV
model and the results of the IRT is tested as a first step for the definition of a model that
allows estimations of thermal comfort solely based on IRT measurements.

2. Framework
2.1. Methodology

The methodology was outlined to fulfil the proposed objectives and consisted of
carried out a preliminary step to evaluate the applicability of IRT to assess thermal comfort
by defining the test protocol and the impacts of the ambient conditions and characteristics
of the IR cameras on the results. Only if this first step is accomplished with success can new
procedures be defined to achieve generalization. This first stage was based on a large-scale
experimental campaign, in which the temperatures of the face were assessed, considering
99 different combinations of ambient conditions (air temperature and relative humidity)
and using 2 IR cameras. Only one young adult participated in this study for the sake of
clarity and for the ease of implementation. The results obtained were afterwards analyzed
in two phases: in phase I, qualitative and quantitative approaches were implemented to
compare the results of the two IR cameras; in phase II, we discussed the applicability of
the IR images for assessing thermal comfort and tested a possible correlation with the
PMV model.

2.2. Equipment

The experimental campaign took place inside a walk-in climatic chamber with dimen-
sions of 2.00 m × 2.00 m × 1.20 m. The temperatures ranged from 50 ◦C to 180 ◦C with
an accuracy rate of ±0.5 ◦C and the relative humidity rates ranged from 10% to 98% with
an accuracy rate of ±2%. Two IR cameras were used during the procedures, with distinct
characteristics, as detailed in Table 1. To confirm the interior ambient conditions, the air
temperature and relative humidity inside the climatic chamber were measured using a
portable sensor with an accuracy rate of 0.024 ◦C and resolution rate of ±0.21 ◦C for the
temperature and an accuracy rate of ±2.5% and resolution rate of 0.01% for the relative
humidity. Additionally, to evaluate the body temperatures, two commercial thermometers
were used—one that requires contact, with a temperature range of 32 ◦C to 42.9 ◦C and
an accuracy range of ±0.1 ◦C to 0.2 ◦C, and another that does not require contact, with a
temperature range of 35 ◦C to 42 ◦C and an accuracy rate of ±0.2 ◦C.
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Table 1. IR camera characteristics.

IR Camera 1 IR Camera 2

Temperature range −20 ◦C to 100 ◦C −20 ◦C to 400 ◦C
Accuracy ±2 ◦C or 2% ±2 ◦C or 2%

Thermal sensitivity 0.06 ◦C at 30 ◦C ≤0.045 ◦C at 30 ◦C
IFOV 1.2 mrad 1.86 mrad

Infrared resolution 320 × 240 pixels 320 × 240 pixels
Field of view 20.1◦ × 22.7◦ 34.1◦H × 25.6◦H

Minimum focus distance 30 cm <46 cm
Infrared spectral range 8 to 14 µm 7.5 to 14 µm

2.3. Experimental Campaign

In the experimental campaign, the face temperature of a 24-year-old male was assessed
using IRT and the emissivity of the skin was 0.98 [17]. To evaluate the influence of the
ambient conditions, several scenarios were created. To this end, the air temperatures varied
between 10 ◦C and 30 ◦C, with increments of 2 ◦C, while the relative humidity values
varied between 40% and 80%, with increments of 5%, leading to a total of 99 different
combinations of ambient conditions. The inputs in the climatic chamber were designated
as the TSP (temperature setpoint) and RHSP (relative humidity setpoint).

Figure 1 shows a schematic representation of the setup inside the climatic chamber,
showing the position of the equipment and the location of the individual. The inner metallic
surfaces of the climatic chamber were covered with black canvas to prevent reflection
problems. The limitations of the space inside the climatic chamber resulted in a different
framing of the head of the individual in the images taken by each IR camera.
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The experimental procedure implemented for each scenario is schematically repre-
sented in Figure 2. The full duration of each test was approximately 50 min. The procedure
started with the programming of the climatic chamber with the setpoint conditions (TSP
and RHSP), followed by the stabilization of the indoor environment for approximately
30 min. After that period, the individual under study entered the climatic chamber, ini-
tiating the acclimatization process, which took about 10 min. During that period, the
necessary calibrations of the IR cameras and the assessment of the reflected temperature,



Appl. Sci. 2022, 12, 12105 6 of 16

through the procedure described in the standard ASTM: E 1862-97 [25], were conducted.
The reflected temperature is the temperature of the energy incident upon and reflected
from the surface under study, which can cause measurement errors if not considered and
compensated for during data treatment [26]. Finally, the thermal image was captured
through an automatic procedure.
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Since the range of the temperature setpoints was substantial [10 ◦C ≤ TSP ≤ 30 ◦C],
the individual’s clothing was adapted to the TSP. This adaptation process targeted the chest
area as follows: (i) TSP: 10 ◦C to 14 ◦C, t-shirt + sweater + coat; (ii) TSP: 16 ◦C to 24 ◦C,
t-shirt + sweater; (iii) TSP: 26 ◦C to 30 ◦C, t-shirt.

Additionally, the measurements of the core temperature using the thermometers were
carried out for the RHSP 40%, 60%, and 80% conditions. The measurements occurred after
the acclimatization period of 10 min, immediately before capturing the thermal images.
The contact thermometer measured the temperature inside the mouth and the non-contact
thermometer measured the temperature in the center of the forehead.

2.4. Data Analysis
2.4.1. Phase I: IR Camera Comparison

The comparison of the IR cameras included qualitative and quantitative approaches.
Initially, a qualitative analysis of the images was performed, with the focus being the
detection of variations in facial temperature in different ambient conditions. To achieve
this, the thermal images captured with the two IR cameras for the same TSP and RHSP were
compared.

Afterwards, the quantitative analysis included (i) the impact of the ambient conditions
on the superficial temperature, (ii) the detection of the location of the hottest point, and
(iii) a statistical analysis. For each thermal image, the value and location of the hottest
temperature measured on the face were selected for the subsequent data analysis (i.e.,
Tmax 1—temperature of the hottest point measured by IR camera 1; Tmax 2—temperature
of the hottest point measured by IR camera 2). The ambient conditions used in the quan-
titative analysis were the ones measured using the portable sensor inside the climatic
chamber (i.e., Tamb—air temperature inside the climatic chamber; RHamb—relative humid-
ity inside the climatic chamber). The temperatures measured with the two thermometers
were differentiated by contact and non-contact (i.e., Tcontact—thermometer with contact;
Tnon-contact—thermometer without contact).

2.4.2. Phase II: Evaluation of Thermal Comfort

During this phase, only the results from the IR camera 1 were used, since the face was
more centrally framed in the images. The first analysis was targeted in the assessment
of the heterogeneity of the temperature distribution throughout the face. To this end, six
regions were defined, as represented in Figure 3 (1—face; 2—forehead; 3—cheekbone right;
4—cheekbone left; 5—nose; 6—chin).
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In the second analysis, a possible correlation with the PMV model was tested. The
PMV index was calculated according to ISO 7730 [27] and ASHRAE 55 [28]. The three
clothing combinations resulted in the following insulation values: (i) 1.13 clo, when the TSP
values ranged between 10 ◦C and 14 ◦C; (ii) 0.83 clo, when the TSP values ranged between
16 ◦C and 24 ◦C; (iii) 0.63 clo, when the TSP values ranged between 26 ◦C and 30 ◦C. The
metabolism was set as 1.0 met.

3. Results of Phase I: IR Camera Comparison
3.1. Qualitative Analysis

The qualitative analysis exposed different thermal patterns throughout the experiment,
highlighting the impacts of the ambient conditions on the face temperatures, as presented
in Figure 4. By analyzing the evolution of the face temperatures with the increase in TSP, the
thermal images show that for lower TSP values, the temperatures are more heterogeneous,
with the nose and cheekbones being the coldest regions and the mouth and the inner
corner eye being the hottest regions. As the TSP increases, the nose displays the largest
temperature variation, followed by the cheekbones, which exhibit similar values on both
sides. The forehead also displays high temperature values, especially at the extremities.
Quite unexpectedly, the chin region also displays a high temperature, identical to the
forehead, which is related to the use of a face mask (due to COVID-19 restrictions) during
the intervals between the different tested scenarios, which is in line with the results found by
Angelova and Velichkova [26]. For higher TSP values, the face temperatures become more
homogeneous, with little difference between distinct regions. This increased homogeneity
occurs approximately when the TSP reaches 26 ◦C. Similar results were reported by Sakoi
et al. [12]. On the other hand, Figure 5 shows that there is no evident impact of RHSP in the
results, as for the same TSP value, the thermal patterns are identical. The findings of the
qualitative analysis are visible in the images captured with both IR cameras, even in the
ones obtained with IR camera 2, which were not centrally framed.

3.2. Quantitative Analysis
3.2.1. Impacts of the Ambient Conditions on the Superficial Temperature

Figure 6 shows the box plot representations of the ambient and setpoint conditions
and the reflected temperatures. The setpoint values (TSP and RHSP) slightly differ from
the measured ambient values (Tamb and RHamb), particularly for the lower setpoint values.
These small differences can be explained by heterogeneities inside the climatic chamber.
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The reflected temperatures assessed by each IR camera (Tref1—reflected temperature
measured with IR camera 1; Tref2—reflected temperature measured with IR camera 2)
presents similar intervals ranges, with slightly higher values being measured by IR camera
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2. Overall, the average values of the reflected temperatures are identical to the Tamb values;
therefore, one can conclude that the impact of reflection was successfully minimized.

Figure 7 presents the distribution of the temperatures measured using the thermome-
ters and the maximum temperature obtained using IRT. The results show that the core
temperature (measured by the contact thermometer) is consistently higher than those
measured by the other devices. The variability of the results attained with the contact
thermometer is considerably lower, confirming the higher reliability of the measurements
carried out with this device. Although operating based on the same physical principles, the
non-contact thermometer presents higher variability than the IR cameras. The maximum
temperature measured by IR camera 2 is always higher than the values obtained with IR
camera 1. The t-test confirmed the statistically significant differences between the 2 IR
cameras (t-test = 4.248; p-value < 0.01%). This result points to a possible impact of the
camera position.
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3.2.2. Location of the Hottest Point

The next step was the detection of the locations of the hottest points measured by the
IR cameras. Generally, four different positions were found, as presented in Figure 8a. In
the mouth and the eyes, the position of the hottest point often changed between the right
and left extremities. IR camera 2 identified the chin as the hottest point in two occurrences.
No association was found between the location of the hottest point and the setpoint values,
with the positions randomly varying within the face, regardless of the temperature or
relative humidity.

The two IR cameras showed good agreement, identifying the same position in most
of the tests. Figure 8b highlights this finding, as a total of 69 scenarios out of 99 present
the same location. According to the findings of Metzmacher et al. [13], the inner eye
corner is the region with the highest temperature. This was only partially observed in
the results, since the largest number of occurrences was in the mouth, followed by the
eyes and forehead. This difference could mean that the 10 min period of acclimatization is
insufficient to mitigate the effects of the face mask.

In order to confirm the association between the positions of the hottest points identified
by the IR cameras, a chi-squared test was performed. In this test, the null hypothesis was
“H0: there is no association” and the significance level applied was α = 5%. The result was
53.33 with a p-value < 0.01%, meaning there was an association between the results of the
two IR cameras.

3.2.3. Statistical Analysis

Table 2 presents the values of the linear correlation coefficient, r (p-value), between
the following variables: (i) the measured ambient conditions (Tamb and RHamb); (ii) the
temperatures of the hottest points (Tmax1 and Tmax2); (iii) the reflected temperatures (Tref1
and Tref2).
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Table 2. Pearson’s correlation matrix.

Tamb RHamb Tmax1 Tmax2 Tref1 Tref2

Tamb 1.000 0.093
(0.361)

0.886
(0.000)

0.918
(0.000)

0.999
(0.000)

0.996
(0.000)

RHamb 1.000 0.144
(0.156)

−0.062
(0.544)

0.115
(0.256)

0.130
(0.200)

Tmax1 1.000 0.842
(0.000)

0.890
(0.000)

0.882
(0.000)

Tmax2 1.000 0.915
(0.000)

0.906
(0.000)

Tref1 1.000 0.997
(0.000)

Tref2 1.000

The results show that there is no significant correlation between the RHamb and
the other variables for a significance level of 5%, which indicates that the RHamb does
not influence the face temperature results, being in concordance with the qualitative
analysis discussed in Section 3.1. The remaining variables are strongly correlated with each
other. One should stress that the linear correlation coefficient is greater than 0.996 for the
relationships between Tamb, Tref1, and Tref2, which is in concordance with Figure 6a and
confirms the non-existence of reflection problems.

Figure 9a represents the variation of the box plot representations of the maximum
temperatures (Tmax) within the range of TSP values. The two IR cameras follow the same
trend, although IR camera 2 shows larger variability and slightly higher temperatures, with
an average temperature approximately 0.5 ◦C above IR camera 1. Figure 9b shows that the
impact of the relative humidity can be neglectable, as previously discussed. Throughout
the range of relative humidity values, both the average value and the variability of the face
maximum temperature are similar in the two devices.



Appl. Sci. 2022, 12, 12105 11 of 16

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 17 
 

 11

(0.000) (0.000) (0.000) 

Tmax2    1.000 0.915 
(0.000) 

0.906 
(0.000) 

Tref1     1.000 
0.997 

(0.000) 
Tref2      1.000 

Figure 9a represents the variation of the box plot representations of the maximum 
temperatures (Tmax) within the range of TSP values. The two IR cameras follow the same 
trend, although IR camera 2 shows larger variability and slightly higher temperatures, 
with an average temperature approximately 0.5 °C above IR camera 1. Figure 9b shows 
that the impact of the relative humidity can be neglectable, as previously discussed. 
Throughout the range of relative humidity values, both the average value and the 
variability of the face maximum temperature are similar in the two devices. 

 
(a) 

 
(b) 

Figure 9. Box plot representations of the maximum temperatures for the entire range: (a) TSP; (b) 
RHSP. 

4. Results of Phase II: Evaluation of Thermal Comfort 
4.1. Temperature Variation within the Face 

The preliminary step to evaluate thermal comfort using IRT is to evaluate the 
heterogeneity of the temperature on the face. For this purpose, the methodology presented 
in Section 2.4.2 and Figure 3 was implemented. Figure 10 presents the box plots of the 
maximum (Figure 10a), minimum (Figure 10b), and average (Figure 10c) temperature 

Figure 9. Box plot representations of the maximum temperatures for the entire range: (a) TSP;
(b) RHSP.

4. Results of Phase II: Evaluation of Thermal Comfort
4.1. Temperature Variation within the Face

The preliminary step to evaluate thermal comfort using IRT is to evaluate the het-
erogeneity of the temperature on the face. For this purpose, the methodology presented
in Section 2.4.2 and Figure 3 was implemented. Figure 10 presents the box plots of the
maximum (Figure 10a), minimum (Figure 10b), and average (Figure 10c) temperature
distributions within the six regions of the face, throughout the range of TSP values. As
expected, all of the different regions display an increase in temperature with the increase
in TSP. However, among them, some relevant differences can be noticed, reinforcing the
findings discussed in Section 3.1.

Considering the maximum and minimum values, one can conclude that the former
occur somewhere outside the five subregions considered here (box plots 2 to 6 in Figure 10a),
while the latter are on the nose (box plots 1 and 6 in Figure 10b). In fact, the previous
analysis already showed that the maximum temperature occurs in the inner eye corner or
in the mouth (Figure 8).

Regarding the average temperatures (Figure 10c), with the lower TSP values, the
heterogeneity is more obvious, with the nose having the most extreme discrepancy in
comparison with the other regions, always presenting lower temperatures (box plot 5).
Both cheekbones exhibit similar temperatures (box plots 3 and 4), which are higher than the
nose but lower than the other regions. Low temperatures in the nose were already reported
in the literature [15,17]. However, according to the same authors, the values should be
closer to the ones on the cheekbones. One possible explanation for this may be the limits
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defined for the area that represents the cheekbones, which were small in this case study and
might not have included the cooler zones. The forehead and chin (box plots 2 and 6) are
the regions with the highest values, with the chin exhibiting slightly higher temperatures.
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At intermediate TSP values, the dispersion of temperatures between regions becomes
less marked. The nose remains the region with the lower temperature, in clear contrast
with the homogeneity presented by the other regions. In fact, all regions exhibit closer
temperature values and the relative differences between them remain unchanged. At higher
temperature values, there is a clear increase in the homogeneity of the temperatures of the
regions. This phenomenon starts occurring when the TSP reaches 26 ◦C.

4.2. Face Temperature vs. PMV

For each tested scenario, the PMV value was calculated and its relationship with the
average temperature for the six regions of the face was assessed. Figure 11 depicts the
scatter plot of the results and Table 3 shows the linear regression analysis applied to each
region. Both highlight the strong linear relation between the PMV and average temperature
values in all subregions and for the face as a whole. This is confirmed by the goodness
of fit of each linear model, R2, which presents values higher than 89%. However, due to
the greater variability in this subregion, the robustness of the linear relation between the
PMV and average temperature on the nose is lower than in other regions. The best result
occurs in the cheekbones, with a higher R2 value, even if the chin and forehead have the
lowest variations in temperature (Figure 10c). A strong relation was also found when the
entire face was considered (R2 = 93.3%), which is important, since the use of this region is
easier to implement in practice. Therefore, the average facial temperature can be used as an
indicator for the determination of thermal comfort, while an evaluation of the individual
subregions is not necessary.
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Left
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Right Nose Chin

Constant −25.74 −28.56 −20.98 −21.99 −12.73 −29.56
Slope 0.80 0.88 0.66 0.69 0.41 0.90

R2 93.3% 90.4% 93.9% 93.7% 89.1% 91.8%

4.3. Prediction Model for PMV Based on IRT

The results obtained via IRT were used to propose a prediction model for PMV.
Figure 12 shows the linear relation between the PMV and mean face temperature as
measured using IRT, including the fitted model line and the 95% confidence interval for
the predicted values. According to the model, the PMV index can be estimated using
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Equation (1). The proposed model has a root mean square error close to 0.70. The range of
application of the model is limited to the face temperature range of 28.9 ◦C to 34.4 ◦C.

PMV = −25.740 + 0.796 × Tf ace (1)

One should stress that the generalization of the model requires further research. In-
creasing the size of the sample will allow the accuracy of the model to be fine-tuned. Aspects
such as the age, gender, and weight are commonly referred to in the literature [29,30] as
impacting thermal comfort and should, therefore, be taken into account. Afterwards, the
validation of the model must be carried out in real environmental conditions, including
the definition of the limit conditions of its implementation and the establishment of the
test protocol.
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5. Conclusions

This work has allowed a better understanding of several issues related to the mea-
surement of face temperatures using IRT. It shows that face temperatures are more hetero-
geneous at lower air temperatures and the thermal patterns become more homogeneous
above 26 ◦C. On the other hand, there are no evident impacts of the relative humidity on
the temperature of the face, nor on its thermal patterns. The core temperature, as measured
by the contact thermometer, was consistently higher than the one measured with the IR
cameras, which was expected. However, the results also confirmed the reliability and
consistency of the measurements carried out using IRT.

Regarding the results obtained with the two IR cameras, they were similar in terms of
the qualitative analysis but were more clearly marked in the images where the face was
more centrally framed. Furthermore, the position of the hottest point on the face pointed to
a statistically significant association when assessed with the two IR cameras. From these
results, the maximum temperatures on the face as measured by the two IR cameras were
statistically different, pointing to an impact of the camera position.

The hottest points on the face were mostly located in the mouth, followed by the eyes
and forehead. The lower temperatures always occurred on the nose, but the differences from
the other subregions tended to attenuate when the air temperature increased. The average
facial temperature can be used as an indicator for the determination of the face temperature,
while an evaluation of the individual subregions is unnecessary, which indicates that it can
be used as a parameter for the determination of thermal comfort.

A strong relation was found between the PMV and the temperature of the entire face
(R2 = 93.3%), which allowed us to establish an innovative prediction model for PMV based
on the IRT results. The model presented a root mean square error close to 0.70 when applied
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in a face temperature range between 28.9 ◦C and 34.4 ◦C. The encouraging results that were
produced by this work will enable us to proceed to the next stage, which will involve the
generalization of the model by increasing the size of the sample and including aspects such
as the type of skin, age, gender, and weight, which will allow us to fine-tune its accuracy.
By expanding the sample size, special attention can be paid to the impacts of gender and
age, which are typically pointed out as factors that influence the perception of comfort. The
airflow and the view angle of the IRT camera are also possible sources of uncertainty that
must be taken into consideration in the following steps of the research. Afterwards, the
validation of the model must be carried out in real environmental conditions.
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