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Abstract: The local skin temperatures of 22 subjects at air
temperatures of 21, 24, 26,29 °C are measured, and the mean skin
temperatures are calculated by ten skin temperature measuring
points. The thermal comfort levels and the thermal sensations of
these subjects are also investigated by a questionnaire. The
Mahalanobis distance discrimination method is applied to
establish the evaluation model for the thermal comfort based on
the mean skin temperature. The experimental results indicate that
the difference of the mean skin temperatures between the comfort
level and the discomfort level is significant. Using the evaluation
model, the mean skin temperature at the thermal comfort level is
32.6 to 33.7 C, and the thermal comfort levels of 72% of the
subjects are correctly evaluated. The accuracy of the evaluation
model can be improved when the effects of sex of the subject on
the mean skin temperature and the thermal comfort are
considered. It can be concluded that the mean skin temperature
can be used as an effective physiological indicator to evaluate
human thermal comfort in a steady thermal environment.
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uman thermal comfort is defined in the international

H standards ISO 7730 as “that condition of mind in
which satisfaction is expressed with the thermal environ-
ment”"™. Till now, thermal comfort is evaluated by using
subjective evaluation methods, such as a thermal comfort
questionnaire. Therefore, the evaluation results depend on the
subjective expressions of the subjects, which is easily influ-
enced by some psychological factors. For example, in a com-
fortable thermal environment, one may express a feeling of
discomfort when he or she is in a very bad mood. Obvious-
ly, this kind of discomfort is not induced by the thermal en-
vironment but by the mood. As a result, his or her true feel-
ing of thermal comfort cannot be reflected by a question-
naire. In fact, though thermal comfort is a condition of
mind, when people have a feeling of thermal comfort or dis-
comfort, their physiological states are different'”™ . Using the
physiological parameters, the evaluation results should be
more objective and reliable than the results of the subjective
evaluation methods.

Skin, scattered with a great number of cold/warm recep-
tors connected to the cold/warm neurons in the anterior
hypothalamusy, is one of the most important organs in the
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thermoregulatory system. Mean skin temperature is an im-
portant physiological parameter of human skin. Due to the
important physiological process of vasoconstriction or vaso-
dilatation, the mean skin temperature changes with the ther-
mal environment and contributes much to thermal com-
fort™*?' . Fanger'® indicated that the mean skin temperature
was on a certain scale when people felt thermally comforta-
ble. Some studies also indicated that the mean skin tempera-
ture was related to the thermal sensation and the thermal
comfort” "', Therefore, it is possible to use the mean skin
temperature as an important objective index to evaluate ther-
mal comfort. This study establishes a method to evaluate in-
dividual thermal comfort in a steady thermal environment
based on the mean skin temperature.

1 Materials and Methods
1.1 Subjects

Twelve male and ten female college students(age:23.9 +
0. 4 years, height: 170. 6 + 1. 1 cm, weight: 61.2 + 1. 6 kg)
are recruited for the experiments. All the subjects are healthy
non-smokers. They do not take prescription medication and
have no history of cardiovascular diseases. All the protocols
are approved by the university’ s ethics committee and con-
form to the guidelines contained within the Declaration of
Helsinki. Verbal and written informed consent is obtained
from each subject prior to the participation in the protocol.
The subjects are asked to avoid caffeine, alcohol, and intense
physical activity at least 12 h before each experimental ses-
sion.

1.2 Instruments

The local skin temperatures are measured by ten copper-
constantan thermocouples attached to the skin-measuring
sites by the medical plaster, as shown in Fig. 1. During the
measurements, the thermocouples are linked to a multi-chan-
nel data collector ( Keithley 2700, Keithley Instruments,
USA), and the skin temperatures are automatically recorded
to a computer via the data collector. Before the measure-
ments, all the thermocouples are calibrated against a standard
mercury thermometer with a precision of 0. 1 C. The accu-
racies of the thermocouples are 0.2 C.

Four main environmental factors, air temperature, air hu-
midity, air velocity, and mean radiant temperature, are meas-
ured during the experiments. The ambient temperature is
measured using a standard mercury thermometer ( Shanghai
Huo Er Co., Ltd., China). The indoor air velocity is tested
using an anemoscope ( TSI Compuflow 8585, E&E Process
Instrumentation, Canada), and the relative humidity of in-
door air is measured with a dry-wet bulb thermometer
( Shanghai Huachen Medical Instruments Co., Ltd., Chi-



Evaluation model of individual thermal comfort based on mean skin temperature 255

A—Forehead; B—Chest; C—Upper arm; D—Back; E—Abdomen;

F—Elbow; G—Hand; H— Anterior thigh; I—Anterior calf; J—Foot

Fig.1 Skin temperature measuring points

na). The black-bulb temperature is measured by a standard
thermometer( diameter of 150 mm, Shanghai Huo Er Co.,
Ltd., China) . The mean radiant temperature can be calculat-
ed by

T, =[(t,+273)" +0.4 x 10" (1, —-1,)™"]1"* =273 (1)

where T is the mean radiant temperature; t, is the black-bulb
temperature; ¢, is the air temperature.

1.3 Experimental protocol

The vests and shorts with about 0.3 clo are compulsory
for the subjects. Considering that the air temperature is a
main environmental factor affecting human thermal com-
fort', the skin temperatures of the subjects are measured at
four air temperatures of 21, 24, 26,29 C. Other thermal con-
ditions such as the air velocity and the air humidity are kept
invariable throughout the experiments. The experiments at
the four indoor temperatures are carried out for only one
subject in a single day. During the experiment, the subject
does not know the next exposure temperature.

The measurements are made after the subject has stayed at
a given ambient temperature for 40 min. During this period,
the subject is asked to quietly lie on a bed. Afterwards, the
local skin temperatures are measured. After the measure-
ments, he or she is asked to complete a questionnaire about
thermal comfort.

The experiments are performed in a climate chamber. All
the measurements are carried out between 13: 00 ( after
lunch) and 17:30. There is only one window in the climate
chamber and no direct solar radiation is allowed to enter.
The air temperature is controlled by using a wall-mounted
air conditioner. Other thermal conditions such as the air ve-
locity and the air humidity are kept almost invariable
throughout the experiments.

1.4 Thermal sensation and thermal comfort

Thermal sensation greatly affects thermal comfort. The
ASHRAE 7-point scale is used to assess the thermal sensa-
tions of the subjects. During the experiments, a thermal sen-
sation scale is obtained by a questionnaire, in which the sub-
ject is required to choose a point (from -3 to +3)accord-
ing to the thermal sensation that he or she experiences.

In the experiments, the thermal comfort of the subjects
( comfortable or uncomfortable) with a particular thermal
sensation is asked in the questionnaire. And the subjects are
asked to describe whether they sweat when they feel warm
or hot.

1.5 Calculation of mean skin temperature

A ten-point formula is used to calculate the mean skin
temperature, which can be expressed as'"!

t, =0.06¢, +0.08z. +0. 061, +0. 05¢, +0. 12¢,, +
0.122, +0.12¢, +0. 19¢,, +0. 131, +0. 07¢, (2)

where 7, is the mean skin temperature; f, to ¢, are the skin
temperatures of the ten measuring points shown in Fig. 1, re-
spectively.

1.6 Mahalanobis distance discrimination method

The evaluation of the thermal comfort by mean skin tem-
perature can be solved based on the theory of multivariate
analysis!'*'. Therefore, the Mahalanobis distance discrimina-
tion method is applied to establish the evaluation model.

The Mahalanobis distance between a sample and a popula-
tion is defined as

(3 G) =(y-p)'V ' (y-p (3)

where d’ (y, G) is the Mahalanobis distance between the
sample y and the population G;pu is the mean of the popula-
tion; V is the covariate matrix of the population and V >0.

The Mahalanobis distance discrimination method is used
to judge which population a sample belongs to according to
the minimum of the Mahalanobis distance. The principle is
described as follows.

Suppose that D, is a set of samples in which the Mahal-
anobis distance from any sample to the population G, is min-
imal, Then,

D, ={y:d'(y, G)<mind’(y, G)) }
Jj#Fi !
i=1,2,..,kj=1,2, ...,k (4)

where d(y, G,) is the Mahalanobis distance between the
sample y and the population G,; k is the total number of the
populations. Thus, if y falls within the set D,, then y € G,.

The Mahalanobis distance discrimination method is avail-
able when the difference among several populations is sig-
nificant. When evaluating the thermal comfort by mean skin
temperature, a set of the skin temperatures at a thermal com-
fort level is a population, and one person’ s skin temperature
in the thermal environment is a sample.

1.7 Statistical analysis

Data are expressed as means = SEM. An ANOVA
(Student-Newman-Keuls test) is used to perform a test of
significance on mean skin temperatures at different thermal
comfort levels. The level of significance is set to p <0. 05.

2 Results and Discussion
2.1 Thermal comfort and thermal sensation

Tab. 1 shows that an indoor air temperature of 21 C make
most subjects feel uncomfortable with a sensation of cool-
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ness or cold. 29 C is a temperature likely to provoke a sen-
sation of warmth, with 15 subjects feeling uncomfortable. At

the temperatures of 24 and 26 C, all the subjects feel com-
fortable.

Tab.1 Number of subjects for thermal comfort and thermal sensation

Hot Warm Slightly warm Neutral Slightly cool Cool Cold
Temperature/C
C U C U C U C U C U C U C U
21 0 0 0 0 0 0 0 0 0 0 9 0 11
24 0 0 0 0 0 0 2 0 5 0 15 0 0 0
26 0 0 1 0 2 0 18 0 1 0 0 0 0 0
29 0 0 7 15 0 0 0 0 0 0 0 0 0 0
Note: C means comfortable and U means uncomfortable.
2.2 Mean skin temperatures at different thermal com- ' |
P Cold discomfort I Comfort i Warm discomfort
fort levels _-— -
. . . . I l
Considering the thermal sensations of the subjects, the : : -
thermal comfort can be divided into three levels, cool dis- ! ! E‘ﬁ;ii;ﬁ;e
comfort, comfort and warm discomfort. The statistical results 32.6 C 33.7C

of the mean skin temperatures of the subjects at the three
thermal comfort levels are listed in Tab. 2.

Tab.2 Mean skin temperatures at three thermal comfort levels

Item Cool discomfort Comfort Warm discomfort
Number of samples 22 51 15
Mean + SEM/C 31.94+0.17 33.10+0.09 34.23 +0.14
Std. deviation/°C 0.79 0.63 0.54
Minimum/C 30. 13 31.85 32.52
Maximum/ C 33.38 34. 66 35.20

In the experiments, two characteristics on the mean skin
temperatures at different thermal comfort levels are ob-
served. First, the difference in the mean skin temperatures at
the comfort and discomfort levels is statistically significant
( Student-Newman-Keuls test, P <0.05), due to the signifi-
cant effect of the thermoregulation on the mean skin temper-
atures. Secondly, the trend in the mean skin temperature is
nearly linear when the thermal sensation changes from cold
to warm, which reflects the sensitivity of the mean skin tem-
perature to the thermal sensation. Similar results can also be
found in previous studies'” """, Both the characteristics indi-
cate that the mean skin temperature is a proper index to re-
flect human thermal comfort with a detailed division by ther-
mal sensation.

2.3 Evaluation model

An evaluation model of thermal comfort based on the
mean skin temperature can be established by the Mahalano-
bis distance discrimination method. The evaluation model
can be expressed as

yeG, 1,<32.6<T
yeG, 326 C<1,<33.7T
yeG, 1,>33.7C

where G,, G,, G, are the populations of cool discomfort,
comfort and warm discomfort, respectively.

Clearly, the mean skin temperature 32. 6 C is the limit
between cool discomfort and comfort, and 33.7 C is the
limit between comfort and warm discomfort. The mean skin
temperature range for the thermal comfort level is illustrated
in Fig.2.

Fig.2 Scale of mean skin temperature at different thermal
comfort levels

2.4 Reliability of evaluation model

This evaluation model indicates that when a person’ s
mean skin temperature is within the range of 32.6 to 33.7
C, his or her thermal comfort level is evaluated as comfort.
However, due to the physiological differences in the mean
skin temperature, the model is not appropriate for everyone.

An index of the accuracy is used to reflect the reliability
of the evaluation method, which can be calculated by

Ny
x 100%

A=—— 5
N+ N; (3)

where A is the accuracy; N; is the number of the correctly
evaluated samples; N, is the number of the wrongly evalua-
ted samples.

The evaluation results based on the evaluation rule is lis-
ted in Tab. 3. The mean skin temperatures and the thermal
comfort levels are obtained from the 22 subjects in the ex-
periments.

Tab.3 Evaluation results of thermal comfort levels

Cool Warm
ftem discomfort Comfort discomfort Total
Number of True 18 32 13 63
samples  False 13 4 8 25
Accuracy/ % 58 89 62 72

Note: “True” means correctly evaluated; “false” means wrongly evaluated.

The total number of the samples is 88. As depicted in
Tab. 3, the number of the correctly evaluated samples is 63,
and the accuracy is 72% . That is, most subjects’ thermal
comfort levels are exactly evaluated according to their mean
skin temperatures. The results indicate that the mean skin
temperature can be used as a reliable objective index to
evaluate thermal comfort. For the comfort level, the accuracy
reaches a high value of 89% .

However, it can also be seen that 28% of the total number
are wrongly evaluated. A main reason for this is that the
difference in the mean skin temperatures exists for different
persons though they are at the same comfort level. The data
in this study indicate that several subjects’ mean skin tem-
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peratures do not fall within the statistical scale of the mean
skin temperature at the thermal comfort level. As a result,
their thermal comfort levels are not correctly evaluated.
Therefore, if the effect of the individual difference in the
mean skin temperature and the thermal comfort can be re-
duced, a high reliability can be achieved.

2.5 Limitation of evaluation method

When heavy sweat occurs, the strong evaporative cooling
effect is a predominant factor that determines the thermal
comfort'"". In this state, the mean skin temperature cannot
reflect the true feeling of the thermal comfort.

The model in this study is established based on the mean
skin temperatures and the feelings of the thermal comfort in
a steady and uniform thermal environment. It needs to be
further studied that whether or not the mean skin temperature
is an effective index in evaluating the thermal comfort in a
transient and non-uniform thermal environment.

3 Conclusion

The difference in the mean skin temperatures at the com-
fort and discomfort levels is significant. Using the evaluation
method established in this study, most(72% ) subjects’ ther-
mal comfort levels are correctly evaluated by their mean skin
temperatures. Therefore, considering the physiological rela-
tionship between the skin temperature and the thermal com-
fort, the mean skin temperature can be used as an effective
physiological indicator to evaluate human thermal comfort.
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