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Abstract: To reveal the principles of human thermal responses
and find out the effects of body parts on whole-body thermal
sensation, through a subjective survey, experimental
investigations on human responses are carried out when a single
body part is thermally stimulated. Cooling airflow is sent to
seven body parts, respectively. Totally 94 samples are tested. To
eliminate the obvious multicollinearity of thermal sensation
among different body parts, the principal component regression
approach is adopted to obtain the principal components for the
body parts under different experimental conditions. Through
regression and analysis of principal components, the weighting
factors of the seven body parts are obtained. A predictive model
on whole-body thermal sensation is obtained based on the
weighting factors. The results show that the different
characteristics of trunk and limbs are clearly seen. The
weighting factors of local thermal sensation are integrated
values, and there is little difference among values of different
body parts.
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or a long time, researchers have done much on thermal
F sensation under stable and uniform conditions, while lit-
tle on that under non-uniform and transient conditions.
Along with the appearance of new methods of air condition-
ing such as floor air supply systems''", task-ambient air con-
ditioning'*™, and with the development of air conditioning
in cars, the non-uniform thermal environment has been the
research focus. Although there have been some achievements
in this field, such as EHT", EQT", physiological
evaluation on partial- and whole-body thermal sensation'”’,
and evaluation on automobile air conditioning'', at present
many subjective experiments are still required to establish
the predictive model of thermal sensation.

Generally speaking, there are some main researches on the
non-uniform environment including the relationship among
micro-environmental parameters, local thermal sensation, lo-
cal physiological parameters and the weighting factors of lo-
cal thermal sensation. In this paper, the subjective experi-
ments of stimulation on different body parts are used to dis-
cuss the effects of local thermal sensation on whole-body
thermal sensation.
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1 Experiment

In consideration of the feasibility and universality of re-
search, the body parts, such as head, chest, back, arm, leg and
foot, are locally stimulated independently, which can also
bring about notable experimental phenomena. Stimulated
body parts and the method of stimulation are shown in Fig. 1.
The experiments are performed in a controlled environment
chamber where the air temperature and the humidity are con-
trolled automatically with the precisions of + 0.5 C and
+5% . In the ambient environment, an overhead mixing sys-
tem is adopted and the wind velocity in the ambient area is
less than 0. 1 m/'s, which means that the air flow in the ambi-
ent environment has little effect on the experiments. The local
stimulation device consists of an air supply system and a par-
tition device as shown in Fig. 1. The partition device includes
a bracket and a screen, which can block off the light, heat, ra-
diation and airstream. This device conducts the air flow to the
simulated body part and keeps away from other parts. Further-
more, the screens are designed according to different body
parts and will not affect the subjects’ votes.

Fig.1 Partition device

In this paper, local cooling ventilation is performed to
simulate summer conditions, personal ventilation or automo-
bile air conditioning. The ambient condition includes neutral
and warm, and the local cooling condition is cool, as shown
in Tab. 1. In the ambient environment, the relative humidity
is controlled at 50% and the air velocity is less than 0. 1
m/'s. The air velocity at the outlet of local cooling ventila-
tion is maintained at 1. 5 m/s. The mean radiation tempera-
ture is approximate to the air temperature. Subjects are
required to wear T-shirts and pants. Thus, the whole clothing
thermoresistance is about 0.5 clo ( Fig. 1 does not show
clothes condition). During the test, the subjects do normal
office work on computer.
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Tab.1 Experimental conditions

No. Ambient Ambient Local cooling Local cooling
condition temperature /C condition air temperature/ C
Neutral 26 Cool 20
2 Warm 30 Cool 20

There are totally 14 working conditions and one environ-
mental condition with seven body parts stimulated. Ninety-
four subjects are involved in the experiments and they are
students. Among them, half are male and half are female.
The personal information is shown in Tab. 2. Every subject
is exposed to one or two experimental conditions, and there
is no order for exposure. During the experiments, their good
health, regular sleeping and normal meals and no acuity
exercise are required to ensure that they are in good health.
Before the experiments, the subjects are told about the vote
procedure and then they can be familiar with the question-
naire. However, the detailed experimental conditions are
confidential since their expectations will have some effects
on the vote!”

Tab.2 Basic information of subjects

Stature/cm
171 £18

Age/year
25.5+6.5

Avoirdupois/kg
63 +25

The whole experiment lasted five months from June to
October in 2008. Every experiment requires 80 min inclu-
ding 30 min for preparation, 20 min for sitting in the ambi-
ent environment and the last 30 min for local stimulation. In
the ambient environment, subjects report their responses at 4
min intervals and during local cooling ventilation, 2 min in-
tervals for the first 10 min and 5 min intervals for the fol-
lowing 20 min. After entering the chamber, subjects change
their clothes and sit under the ambient condition. After they
have been exposed for 20 min in the ambient environment,
subjects begin to be stimulated. 30 min later, whether anoth-
er body part will be stimulated depends on the will of the
subjects. Before the second body part starts to be stimulated,
another 20 min will be spent for recovery from former local
stimulation. During the experiments, subjects are allowed to
read and talk while they are forbidden to discuss vote results
with each other. The vote scale adopts ASHRAE 7-point
thermal sensation scale as shown in Tab. 3.

Tab.3 Standard for TSV
Slightly Slightly

Thermal

. Hot Warm Neutral Cool Cold
sensation warm cool
TSV +3 +2 +1 0 -1 -2 -3
2 Results

In this experiment, independence of sample is satisfied
since the subjects are random and they do not discuss the re-
lated information about the experiment. By the S-W test of
normality, all the thermal responses under different condi-
tions satisfy normal distribution.

2.1 Description of the phenomena

Fig. 2 shows that before stimulation on head, whole-body
and local thermal sensation are between slightly warm and
warm. It can be seen that chest thermal sensation and back
thermal sensation are similar to the whole-body sensation,

and the extremities’ vote of thermal sensation is low which
is also mainly slightly warm. After head stimulation, whole-
body and other body parts’ thermal sensations are signifi-
cantly changed, which indicates that the head has obvious
effects on whole-body and other local parts’ thermal sensa-

tions.
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Fig.2 Mean vote before and after stimulation on head

Fig. 3 shows that under uniform conditions, all body
parts’ thermal sensations are near the slightly warm, except
for the foot which is neutral. After chest stimulation, every
body part’ s vote decreases, which indicates that the chest al-
so exerts a notable influence on other body parts. From the
stimulation on the back, it is found that under uniform con-
ditions, there is some difference between extremities and
whole-body thermal sensations and there is a significant
change in other body parts’ thermal sensations. Figs. 4 and 5
show that after stimulation on the back and the arm, every
body part’ s vote decreases while the most obvious is on the
hand. It indicates that the arm has a great effect on the hand.
It is shown in Fig. 6 that there is a notable change on the
arm when the hand is stimulated while other parts have very
little change. So the arm and the hand have a great mutual
effect on each other. As shown in Fig. 7, with the stimulation
on the leg, the whole-body, the foot and the trunk parts in-
cluding the head, the chest and the back all have significant
changes and there is little change on the arm and the hand.
As shown in Fig. 8, the leg is influenced by foot thermal
sensation to a certain extent. However, the changes in other
parts are only from slightly warm to neutral and whole-body
thermal sensation decreases a little.
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Fig.3 Mean vote before and after stimulation on chest

Above all, under uniform conditions, different body parts
have no conspicuous differences regarding thermal sensa-
tion. When the head, chest or back is stimulated, whole-body
thermal sensation and other body parts’ thermal sensations
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where TSV, is the whole-body thermal sensation; TSV, is
1.0 the local sensation for segment i; «; is the weighting factor
for segment i; n is the number of body parts.
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Fig. 6 Mean vote before and after stimulation on hand

will decrease to a large extent. When the leg is stimulated,
there is some effect on whole-body thermal sensation, a no-
table influence on the foot and little effect on the others. The
extremities have an obvious effect on neighboring body
parts, however, it has not much effect on whole-body ther-
mal sensation.

2.2 Multiple linear regression

The weighting factor is applied to evaluate the effects of
local thermal sensation on whole-body thermal sensation in
the present study. Multiple linear regression is widely used
to obtain the weighting factor for each body part:

low eigenvalue of 0. 002 and high ill-conditioned index of
49. 883, which means that great multicollinearity exists for
the head. Here, we use the principal component regression
approach' to eliminate the multicollinearity. Through the
analysis of principal component regression, the following re-
sults are obtained:

1) Local stimulation on extremity parts including arm,
hand and foot only has a great effect on their neighbouring
parts such as hand, arm and leg, which is consistent with the
experimental phenomena.

2) Local stimulation on the trunk part can affect every
body part and induce differences according to the body dis-
trict, such as upper body, lower body, front body and back
body.

3) The leg is an extremity and unique, so the rule is not
the same. This may be because the leg has a large area and
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there is a distinct blood stream in this body part. Thus, in
some aspects it reflects the characteristics of the trunk.

2.3 Weighting factors of local thermal sensation

Tab. 4 shows the effects of every body part on the whole
body under the conditions of different body part stimula-
tions. The weighting factor reflects the proportions in the
process of integrating the thermal sensation of a single body
part with the whole body.

Tab.4 Weighting factors of local thermal sensation with
stimulation on different body parts

Stimulations Head Chest Back Arm Hand Leg Foot
On head 0.20 0.15 0.16 0.13 0.13 0.13 0.10
On chest 0.13 0.13 0.14 0.14 0.16 0.17 0.13
On back 0.14 0.18 0.19 0.15 0.06 0.20 0.07
On arm 0.17 0.20 0.21 0.03 0.01 0.20 0.18
On hand 0.18 0.19 0.20 0.09 0.04 0.17 0.15
On leg 0.08 0.18 0.16 0.20 0.08 0.13 0.18
On foot 0.20 0.23 0.21 0.25 0.06 0.07 0.00

2.4 Predictive model of whole-body thermal sensation
evaluation

The weighting coefficients in Tab. 4 are applicable when a
single body part is stimulated, while actually there is little
possibility for only one body part being stimulated under
non-uniform environments. According to the above data,
when the trunk is stimulated, the weighting factor of every
body part is similar, which reflects the characteristics of the
trunk. When an extremity is stimulated, the weighting factor
of the part stimulated is low, which also indicates the princi-
ple of the extremity. However, the aim of this study is to ob-
tain the weighting factors of body parts under stable non-
uniform environments. Thus, the mean values of the above
weighting factors for every body part are obtained as shown
in Tab.5.

Tab.5 Weighting factors of local thermal sensation
Head Chest Back Hand Leg
0.16 0.18 0.18 0.08 0.15

Foot
0.12

Arm
0.14

In our research, the weighting factors of the local parts are
independent of environmental parameters such as air temper-
ature and air velocity under stable non-uniform environ-
ments. The environmental conditions are designed as neu-
tral, cool, warm, etc. The weighting factors of the local parts
reflect the inherent characteristics of the thermal responses of
different body parts.

3 Discussion

The experimental results indicate that under stable non-
uniform environments, the weighting factor of a single body
part thermal sensation is independent of ambient temperature
and air supply temperature and it is constant. Also, the
weighting factor of the trunk is a little big. In the following,
some significant achievements of other literature are com-
pared with ours. Zhang'”' found that the weight increases
with the difference between local thermal sensation and
whole-body thermal sensation, especially for chest, back and
coxa. While the weight in Ref. [2] is defined as the ratio of

change of whole-body thermal sensation to that of local ther-
mal sensation, when a single segment is stimulated. This def-
inition is similar to the influencing factor involved in
Zhang’ s research'"”, which is different from our definition
of the weighting factor. Here, the weighting factor is defined
as the amount of a thermal sensation’ s changes in the
whole-body thermal sensation when there is one unit varia-
tion of a single local thermal sensation, while other body
parts’ thermal sensations have no change. So our conclu-
sions are different from Zhang’s '*'. In Zhang’ s analysis'”,
the stable data are combined with the transient ones, so dif-
ferent weights maybe reflect the effects of time. Zhang'"”'
obtained similar results to ours from the research on local
exposure. The difference is that the stimulated body area is
plotted into a large body part. The whole body is only divid-
ed into head, chest, back and lower body. It is thought that
large areas of the body will not reflect some specific thermal
response characteristics of extremities compared with the
trunk. Furthermore, Zhang'"” explained the whole-body ther-
mal sensation by using the thermal sensation’ s changes in
the stimulated body part. But if the stimulated body part is
not the same as that in the experiment, the whole-body ther-
mal sensation prediction model cannot give a good predic-
tion. In our study, the principal component regression ap-
proach is adopted, so the model does not need to rely on a
single body part to explain whole-body thermal sensation.
The weighting factor can be used when any body part is
stimulated.

4 Conclusions

1) To eliminate the multicollinearity that exists in different
body parts’ thermal sensations, the principal component re-
gression approach is adopted. The weighting factors of the
local parts are independent of ambient temperature under
warm and neutral conditions such as 26 C and 30 C under
stable non-uniform environments in our study.

2)Local stimulation on an extremity part has a great effect
on neighbouring parts such as the hand or the arm, but has
little effect on other body parts. Local stimulation on the
trunk part can affect every body part and induce differences
according to the body district. Perhaps due to the large blood
stream, the leg shows a special characteristic. To some ex-
tent, it shows the characteristics of the trunk.

3) It is found that under stable non-uniform environments,
the weighting factor is constant and it is similar among dif-
ferent body parts, since in our research, the weighting factor
has an integrated effect between different body parts after
the processing of thermal exchange through blood fluxion.
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