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Abstract

Introduction: The skin plays a substantive role in the thermoregulatory process. The maintenance of a
constant internal body temperature by the thermoregulatory system, partially achieved by vasoconstriction
and vasodilation, makes the skin temperature an important mechanism to indicate the thermal state of the
comfort of a given subject. However, this parameter is still little considered in studies that evaluate thermal
comfort. Therefore, this work aims to investigate the use of skin temperatures as a predictor of thermal
sensation to assess thermal comfort. Methodology: A short systematic review based on Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) was performed to assess scientific publications
that evaluated thermal comfort considering the skin temperature as a predictor. The review search strategy
considered the use of "thermal comfort" and "skin temperature" as keywords in the ‘Web of Science’,
‘Scopus’, ‘PubMed’, and ‘Academic Search Ultimate’, ‘Taylor and Francis’ and ‘Sage Journals’ databases.
Eligibility criteria considered articles that conducted experiments under steady-state environmental
conditions and that considered skin temperature measurements in the assessment of thermal comfort.
Results and Discussion: The search resulted in the identification of 73 articles, from which five were
considered suitable for the systematic review. Skin temperatures were measured at a variety of
measurement points throughout the reviewed articles. Overall, the mean skin temperature of female
subjects was lower than the mean skin temperature of male subjects at each experimental temperature, at
the same level of thermal comfort. Forehead, chest and abdomen were evidenced as the best measuring
points and presented the highest correlation between thermal sensation and skin temperature. Conclusion:
The systematic review has shown that the comparison between the selected articles is hampered by the
lack of uniformity in the adopted experimental procedures. There seems to be a relationship between
thermal sensation and skin temperature responses. Future studies should consider more uniform
experimental procedures. Besides, there is the need of increasing the size of the experimental sample and
to consider different target groups (such as children or the elderly) to verify if the prediction of thermal
comfort based on skin temperature exhibits the same trends when compared to healthy adults.
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INTRODUCTION

Humans are highly sensitive to thermal conditions, which affects the physiological state, the
mood, and behaviour of individuals (Parsons, 2003). The maintenance of constant internal body
temperature by the thermoregulatory system is partly achieved through the mechanism of
vasoconstriction and vasodilation (De Dear, Ring & Fanger, 1993). These processes may decrease
or increase skin blood flow to prevent heat loss or to dissipate heat, respectively, protecting the
body against heat stress or hypothermia (Charkoudian, 2003), resulting in decreased or
increased body temperature. Due to these mechanisms, the skin temperature acts as a
parameter to indicate the thermal state of the comfort of a given subject. Thermal comfort is
defined by ASHRAE (2010) as the “condition of mind that expresses satisfaction with the thermal
environment and is assessed by subjective evaluation”. Such assessment of thermal comfort
often considers a thermal index to describe, design and assess thermal environments as
experienced by individuals. In this context, skin temperature measurements are a relevant
physiological parameter to be considered in the assessment of thermal comfort. However, the
relationship between skin temperature and thermal comfort is still poorly evaluated in the
scientific literature. Considering these aspects, the scope of this short systematic review is to
investigate the use of skin temperatures as a thermal sensation predictor to assess thermal
comfort.
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METHODOLOGY

This short systematic review considered the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses, or simply PRISMA Statement, to conduct the review (Moher et al., 2009b).
"Thermal comfort" and "skin temperature" were the defined search keywords. The search was
conducted in the title search field of the search mechanism in the following databases: Web of
Science, Scopus, PubMed, Academic Search Ultimate, Taylor and Francis, and Sage Journals.
Once the search was completed, resulting in a total of 73 publications, which were exported
from the databases and inserted into a bibliographic management software for screening. At
first, all duplicate records were eliminated (40 publications). Then, the title and abstracts were
examined, taking into consideration the inclusion criteria. The search considered only peer-
reviewed scientific publications and articles published until April of 2019. A limitation of years
of publication was not included to allow a more extensive identification of the existing scientific
publications. All grey literature identified (conference articles, editorials, among others) was
excluded since their quality is not certified by an expert peer-review process. Only articles
written in English were included. Later, articles fulfilling the scope of the study were retrieved
and assessed (19 articles). To be considered eligible, experiments should only be performed
under steady-state environmental conditions (studies conducted in transient and non-uniform
environmental conditions were not included). Only studies correlating skin temperature and the
assessment of thermal comfort through thermal sensation were considered. The inclusion
criteria only considered studies with human subjects but did not focus on a specific population
of participants, disregarding their age group. A total of five articles were considered eligible and
were discussed in the qualitative synthesis. The selection details of all relevant articles are
shown in Figure 1.
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Figure 1. PRISMA Flowchart Diagram. Source: authors based on Moher et al. (2009)
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RESULTS AND DISCUSSION

This systematic review identified five articles with the scope of this study. The selected articles
were published from 2007 to 2018. Regarding the geographical location, four articles were from
China (Yao et al., 2007; Liu et al., 2011; Liu et al., 2015; Fang et al., 2018), and one from Poland
(Bogdan, 2011). All articles conducted experiments in healthy adult humans.

Sample characteristics

The characteristics of the sample population are presented in Table 1. Except for Bogdan (2011),
all articles considered both male and female in the experiments. All the assessed articles
considered a relatively young population (minimum of 20.5 and a maximum of 28.3 years), with
a weight range between 47.0 to 83.1 kg. The number of participants is relatively small in all
articles, which is reflected in a reduced confidence interval in their findings. All adopted
protocols were approved by an ethics committee. Information on the given consent of
participants to participate in the experiments is reported in all of the reviewed articles, except
for Bogdan (2011).

Table 1. Summary of participants’ characteristics

Reference Sample Age (years) Height (cm) Weight (kg)
Bogdan, 2011 14 M 22+1.5 181135 75.6 £7.5
Fang et al., 2018 8M, 8F 23.81+1.27 16717 57.25+7.99
Liu et al., 2015 12M,10F 23.910.4 1701 61.211.6
Liuetal., 2011 12M,10F 23.910.4 1701 61.211.6
Yao et al., 2007 10M, 10F 25.3+3.0 M:172+4/F:16145 M:63.616.2/F:52.6%5.6

Legend: M - Male; F — Female

Experimental procedures

The evaluation of the adopted experimental procedures is presented in Table 2. Climatic
chambers were the most frequent experiment environment (Bogdan, 2011; Liu et al., 2015; Liu
et al., 2011; Yao et al., 2007), and also a simulated aircraft cabin was considered (Fang et al.,
2018). The acclimatisation of subjects in the local climatic conditions or previous to the
experiments is referred to in two of the articles (Bogdan, 2011; Liu et al.,, 2015).
Recommendations regarding behaviour before the experiments are presented in all articles,
except for Bogdan (2011) and Fang et al. (2018). The review also assessed the experimental
procedures adopted in the determination of the mean local skin temperature (Table 3). Skin
temperatures were measured at a variety of measuring points over the reviewed articles.
However, only in the work of Bogdan (2011), the skin temperature sensors were positioned in
accordance with the I1SO standard 9886:2004 (I1SO, 2004). The calibration and level of precision
of the test system are reported in most articles (Fang et al., 2018; Liu et al., 2015; Liu et al., 2011;
Yao et al., 2007).

Assessment of thermal comfort

Table 4 assess the strategy adopted to assess thermal comfort through the skin temperature
measurement in the reviewed articles. The thermal sensation seven-point scale, proposed by
ASHRAE (2010) and harmonised in the ISO 7730:2005 (I1SO, 2005) for the assessment of thermal
sensation was applied in articles. All articles assessed local discomfort or thermal sensation (Yao
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etal., 2007; Bogdan, 2011; Liu et al., 2011; Liu et al., 2015; Fang et al., 2018). During experiments,
it was also verified whether the subjects were sweating or shivering to verify if the
thermoregulatory mechanisms had been activated in Bogdan (2011).

Table 2. Environmental conditions in the experiments
Mean radiant

Reference Environment Air temperature Relative Air velocity temperature Clothing of subjects
Q) Humidity (%) (m/s) FZ° 0 (clo)
. Close to air 0.76 £ 0.04 (winter);
Bogdan, Climate 15; 20; 25; 30; .
50* 0.05* temperaturesin  0.44 + 0.02 (summer);
2011 chamber 35% .
range of 0.1°C 0.04 (semi-nude)
26.07+0.08 60.71+1.23 0.1£0.01
26.08+0.05 61.59+0.43 0.11+0.03
Fangetal., Simulated 26.20+0.09 62.14+0.86 0.11+0.03
. . Not reported 0.5
2018 aircraft cabin 28.17+0.11 61.7940.99 0.09+0.02
28.0440.08 60.94+0.59 0.1£0.02
28.030.07 60.05+0.68 0.120.01
21.2+0.1 42.611.2 21.8+0.1
Liuetal., Climate 24.0+0.0 50.6+1.3 24.7+0.1
<0.05* 0.3
2011 chamber 26.040.1 56.3+1.2 26.50.1
29.0+0.0 56.9+1.0 29.540.1
21.240.1 42.6+1.2 0.020+0.001 21.840.1
Liuetal., Climate 24.0+0.0 50.6+1.3 0.023+0.002 24.7+0.1 03
2015 chamber 26.0+0.1 56.3+1.2 0.019+0.002 26.5+0.1 '
29.0+0.0 56.9+1.0 0.021+0.001 29.540.1
21.34+0.1 63+3% 0.0940.01
Yaoetal., Climate
[ 24.4+0.1 62+3% 0.13+0.02 Not reported 0.378
2007 chamber 26.240.2 58+5% 0.110.02
29.340.2 60+4% 0.14+0.02

*Standard deviation not reported

Table 3. Experimental procedures for skin temperature measurement

- . Measuring . Skin temperature
Reference Position Instrumentation . Location of sensors o
points parameter (°C)
F -
orehgad, neck, right scapula, left Mean local skin
Bogdan chest, right arm, left arm, left hand, temperature
gaan, Standing Not specified 14 abdomen, paravertebral, right thigh, P .
2011 . . . . values reported in
left thigh, right shin, left calf, right .
. the graphics
instep
MP150 16 ch |
Fane et al hvsiolo icZI iim:;l Forehead, chest; back, right upper Mean skin
s v Seating phy .g s 8 arm, right forearm, right hand, right temperature: 33-
2018 recording system thich. riht calf 35
(BIOPAC)® gh, g
Forehead, left cheek, left neck, right
Copper-constantan upper arm, left elbow, left forearm,
pp left palm, right hand, left hand, left .
. thermocouples Mean skin
Liuetal., Lvin linked to a multi- 2 back, left chest, left lumbar, left temperature:
2011 ying abdomen, left buttocks, anterior P '
channel data . . . . calculated
. thigh, posterior thigh, anterior calf,
collector with . R
. posterior calf, left foot, right foot,
internal reference
junction (Keithle left sole
. ! ¥ Forehead, chest, upper arm, back, Mean skin
Liu et al., . Instruments) .
2015 Lying 10 abdomen, elbow, hand, anterior temperature:
thigh, anterior calf, foot 32.6-33.7
Forehead, cheek, chest, upper arm,
abdomen, forearm, hand, anterior Mean skin
Yaoetal., . Copper-constantan thigh, anterior calf, foot, neck,
Lying 16 . temperature:
2007 thermocouples scapula, lumbar, posteromedial
. ) . . 32.7-33.5
thigh, posterior calf, anterior-medial
thigh

*The system consisted of a host computer, temperature amplifier and temperature sensors
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Table 4. Assessment of thermal comfort

Reference Thermal sensation Type of assessment Other assessment
Bogdan, ASHRAE Seven-point thermal Scale applied to 18 Included identification of shivering and skin
2011 sensation scale different body parts dampness

Considered seven-point air movement

Fangetal., ASHRAE Seven-point thermal Scale applied to 3 different X .
. sensation scale: -3 (too still) to (+3) (too
2018 sensation scale body parts .
windy)
A d th | fort in two levels:
Livetal., ASHRAE Seven-point thermal Not applied to a specific ssessed thermal comiort In two Ievels
. comfortable or uncomfortable;
2011 sensation scale body part . .
Included question about sweating
A d th | fort in three levels:
Liu etal., ASHRAE Seven-point thermal Not applied to a specific ssesse . ermal comiort In three fevels
. cool discomfort, comfort, and warm
2015 sensation scale body part .
discomfort
Considered five-point th | fort
Yaoetal., ASHRAE Seven-point thermal Applied both to the overall S;r;:{ +e4r7verlvi:r‘:1lfr;rtaI:Iren;:oc-?lTvZ:
2007 sensation scale body and 8 body parts ’ Y y

uncomfortable)

Comparison of results

A comparison across the reviewed articles is difficult due to the variety of the adopted
experimental conditions, particularly the environmental conditions and measurement points.
Besides, the assessment of thermal comfort was not coincident over the articles, which makes
it difficult to compare the results. However, all the reviewed articles stated that the thermal
sensation or thermal comfort is closely related to the skin temperature of the body (Yao et al.,
2007; Bogdan, 2011; Liu et al., 2011; Liu et al., 2015; Fang et al., 2018). Differences in mean skin
temperature were found between males and females at the same thermal comfort level (Liu et
al., 2015; Liu et al., 2011; Yao et al., 2007). The mean skin temperature of female subjects was
smaller than the mean skin temperature of male subjects. However, at the level of warm
discomfort, the mean skin temperature was almost the same for males and females (Liu et al.,
2015; Liu et al., 2011; Yao et al., 2007). Regarding the environmental conditions, the
environmental air temperature was considered the most important environmental factor
affecting the human thermal comfort in Liu et al. (2011) and Liu et al. (2015). At an air
temperature of 21°C, most subjects felt uncomfortable with the sensation of cool or cold; at an
air temperature of 29°C, most subjects felt uncomfortably warm, with sweat at the hands,
forehead, the chest and back. In the air temperatures of 24°C and 26°C, all subjects felt thermal
comfortable (Liu et al., 2011; Liu et al., 2015). The systematic review demonstrated that skin
temperature is a good parameter to determine the thermal sensation vote and therefore, to
assess thermal comfort in the whole body or specific parts of the body. From the articles it was
possible to establish the connections: skin temperature and the thermal sensation (overall or
local) regardless of being in the whole body or just specific regions, and the mean skin
temperature with thermal sensation vote or thermal comfort level (Liu et al., 2011; Fang et al.,
2018; Liu et al., 2015). To determine overall thermal comfort of the body, only the forehead,
chest and abdomen appeared to be the best measuring points, with the highest correlation
between thermal sensation and skin temperature (Bogdan 2011). This finding is in line with the
ones reported by Fang et al. (2018) where the contribution of the upper body segments to the
state of overall thermal comfort was more significant when compared to the lower body parts.
The differentiation of comfort regarding skin temperature in different body segments was also
observed in Yao et al. (2007).

CONCLUSIONS

This short systematic review sought to provide contributions to assess the linkage of thermal
comfort and skin temperature in human subjects. This paper showed that skin temperature is a
good indicator to determine the thermal sensation in specific parts of the body, being possible
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to establish a linear relationship between thermal sensation and skin temperature responses. A
limitation of the findings of the selected articles is that all of them make use of a small population
sample, which reflects into low statistical confidence of the obtained results. Also, the articles
did not present the results for skin temperature at the time of thermal comfort (direct
reporting). The reviewed articles have often considered different experimental procedures,
which makes it challenging to conduct a fair comparison between the results. Future studies
should be conducted considering more uniform procedures based on international standards,
with the opportunity to expand the sampled population and conduct experiments considering
different target groups, such as children or the elderly, to identify whether the prediction of the
thermal comfort based on skin temperatures present the same trends when compared to the
healthy adult population.
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