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Abstract
For a healthy and productive life, good sleep is essential, which has prompted studies on how
comfortable sleep can be achieved. Understanding the relationship between thermal environ-
ment and physiological responses such as skin and core temperatures, and psychological
responses such as thermal and sleep sensations is necessary to identify the most suitable
thermal environment for sleep. As an energy-saving and practical method of creating the most
appropriate thermal environment for sleep, local heating or cooling is sometimes used, which
takes into consideration the differences in local thermal responses. We performed this study to
identify the most effective thermal environment for inducing comfortable sleep by identifying
the physiological responses during sleep on the basis of sleep experiments conducted under
local body heating or cooling conditions. We also used a human thermal model, which can be
applied for predicting physiological responses.
In the experiments, the feet of the subject were the primary area to be heated or cooled, which
was achieved by installing a flexible duct with an outlet placed close to the subject’s feet and
inlet connected to an air conditioner. Differences in the fluctuation of body temperature and
sleep stage depended on the airflow direction from the duct to the feet. When air was blown
downward towards the feet, body temperature decreased and the subject was able to sleep well.
Measured skin and core temperatures were calculated using an improved 27-node human thermal
model that was originally developed for use in subjects who are not in sleep. Although skin
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Fig. 1 Floor plan of expe
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temperature fluctuated significantly under local cooling, the results calculated using the
proposed model agreed well with the measured results since the changes in heat conductance
between the skin surface and surrounding environment as a result of the changes in the posture
and feet position were taken into account. This result indicates that posture-associated changes
in the heat conductance significantly influence skin temperature.
& 2012 Higher Education Press Limited Company. Production and hosting by Elsevier B.V. All rights
reserved.
1. Introduction

For a healthy and productive life, good sleep is essential,
which has prompted studies on how comfortable sleep can
be achieved (Ishiguro et al., 2006). For comfortable sleep, it
is very important to create an indoor thermal environment,
which could still be improved. Understanding the relation-
ship between thermal environment, physiological responses
such as skin and core temperatures, and psychological
responses such as thermal and sleep sensations is necessary
for identifying the most suitable thermal environment for
sleep. As an energy-saving and practical method for creat-
ing the most appropriate thermal environment for sleep,
local heating or cooling is sometimes used, taking into
consideration the differences in local thermal responses.
Several studies on thermal comfort during waking hours
have been conducted (Fanger, 1970; Kubota et al., 1988;
Mori et al., 2003). However, only a few studies have
examined the differences in the thermal sensation during
sleep (Zhang, 2003); therefore, sufficient information for
designing an ideal sleep environment has not been
obtained. We performed this study on the basis of sleep
experiments conducted under local body heating or cooling
conditions to identify the most effective thermal environ-
ment for inducing comfortable sleep by identifying the
physiological responses during sleep. We also used a human
thermal model that can be applied for predicting physiolo-
gical responses.

2. Sleep experiments under local heating or
cooling conditions

2.1. Experimental outline

In an experimental chamber (Figs. 1 and 2), we conducted
three experiments in the summer and four experiments in
rimental chamber.
the winter. Experimental conditions are listed in Table 1
(summer) and Table 2 (winter). The subject was a healthy
university student (male; height: 167 cm; weight: 58 kg). In
the summer experiments, the subject wore a short-sleeved
T-shirt, short-pants, and trunks, while in the winter experi-
ments, he wore a long-sleeved T-shirt, long-pants, and
cotton trunks. A 9-cm-thick mattress having three cotton
layers was placed on the bed. A 5-cm-thick cotton blanket
was used in the winter, except for the fourth experiment in
which the subject was not covered by the blanket at the
start of the experiment and the room temperature was
increased. However, the blanket was placed beside the
subject for use when he felt cold. During the experiments,
the room temperature was maintained by a floor air
conditioner, while the subject’s feet were heated or cooled
using a flexible duct with an outlet placed close to the
subject’s feet and an inlet connected to another air
conditioner (Figs. 3 and 4).
2.2. Experimental results (indicated by ‘‘E’’ in
Figs. 5 and 9)

The measured skin (forehead, abdomen, arm, lower leg,
and average) and core (rectum) temperatures in the third
summer experiment are shown in Fig. 5. For other experi-
ments, only the results for skin (lower leg and average) and
core temperatures are shown in Fig. 9. The room tempera-
ture and relative humidity are shown in Fig. 6.
1)
 Core (rectum) temperature (Fig. 5, upper graph).
The core temperature generally decreased with time in
all experiments.
2)
 Skin temperature.
The forehead temperature was stable between 35 and
36 1C in all experiments, while the temperatures of the
extremities fluctuated significantly. In particular, the
Fig. 2 Photo of experimental chamber.



Table 1 Experimental conditions (summer).

1st 2nd 3rd

Sleep time 10:52 p.m.–7:00 a.m. 0:00 a.m.–7:00 a.m. 10:18 p.m.–7:00 a.m.
Preset temperature of floor air conditioner (1C) 28 28 28
Relative humidity (%) 52.471.0 45.871.3 61.471.8
Preset temperature of duct outlet (1C) 26 26 26
Direction of airflow From side toward feet From feet toward face Downward toward feet

Table 2 Experimental conditions (winter).

1st 2nd 3rd 4th

Sleep time 10:45 p.m.–7:00
a.m.

10:30 p.m.–7:00
a.m.

11:13 p.m.–7:00
a.m.

10:35 p.m.–7:00
a.m.

Preset temperature of floor air
conditioner (1C)

21 21 21 24

Relative humidity (%) 37.971.5 38.671.3 43.170.9 36.971.6
Preset temperature of duct outlet (1C) 34 34 34 34
Direction of airflow From side toward

feet
From feet toward
face

Downward toward
feet

Downward toward
feet

Fig. 3 Schematics of local heating or cooling (upper left) and
positions and directions of duct (summer). Fig. 4 Positions and directions of duct (winter).
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temperatures of the legs, which were locally heated or
cooled, fluctuated significantly. It appeared that there
were two periods, one when the air from the duct blew
toward the leg surface directly and the other when it did
not. Additionally, the skin temperature of the trunk
fluctuated, likely because air from the duct blew onto
the body. The mean skin temperature fluctuated as well,
but gradually decreased like the core temperature.

2.3. Effect of airflow direction from duct

Sleep stages in the summer experiments are shown in Fig. 7.
The effects of the airflow direction from the duct are

summarized as follows. In the summer experiments,
1)
 When air was blown from the side toward the feet (first
experiment), a longer awakening period, more frequent
body motion, and lesser decrease in the body tempera-
ture were observed than in any other summer experi-
ment. However, these results may be partly attributed to
the first night effect.
2)
 When air was blown from the feet toward the face
(second experiment), the subject experienced difficulty
in getting to sleep. At the end of the experiment, the
subject reported that the airflow to his face disturbed his
sleep and he experienced dryness.
3)
 When air was directed downward toward the feet (third
experiment), the subject experienced deeper sleep than
in other experiments and the body temperature
decreased to the greatest extent.



Fig. 5 Skin and core temperatures (Top: rectum, mean skin;
Middle: forehead, abdomen; Bottom: arm, lower leg).

Y. Hibino et al.54
It can be summarized that the best direction for the
airflow is downward toward the feet. In the winter experi-
ments, only slight differences were observed between all
airflow directions probably because of the use of the
blanket.

3. Analysis of physiological response during
sleep using
a human thermal model

3.1. Outline of human thermal model

The human thermal model used in this study was originally
proposed by Stolwijk and Hardy (1966) and modified by
Ishiguro et al. (2009) to examine subjects during sleep.
During sleep, there is a significant difference in the amount
of heat loss to the environment, depending on whether the
skin is exposed to the blanket or to air. To take non-
uniformity into account, the human body is divided into
27 parts (Fig. 8) and the temperature of each part is
calculated on the basis of the heat balance in Ishiguro’s
model. The skin blood-flow rate is calculated using the
model proposed by Munir et al. (2009).
3.2. Calculated results (indicated by ‘‘C’’ in
Figs. 5 and 9)
1)
 Core temperature.
The calculated core (rectum) temperatures agreed well
with the measured results, although when compared to
the measured results, the calculated core temperatures
were lower during early periods and higher during later
periods.
2)
 Skin temperatures.
The calculated forehead temperature agreed well with
the measured results. With respect to the trunk part and
extremities, however, the calculated temperature fluc-
tuations did not agree with the measured values,
although the averages were predicted reasonably well.
Since the subject’s feet were locally heated or cooled
during the experiment, the heat conductance between
the skin and surrounding environment varied significantly
because of the posture changes, particularly in the feet.
Therefore, the fluctuations in the skin temperatures
could not be accurately predicted.

4. Analysis considering posture changes

To improve the calculated results, the effect of posture
changes was taken into consideration for the simulations.

4.1. Method of analysis

In simulations, the heat conductance between the skin and
surrounding environment, which was time-dependent
because of posture changes, was estimated using the
subject’s posture shot on an infrared thermograph. In the
estimation, we searched for the best values so that the
calculated results agreed well with the measured results.

4.2. Calculated results considering posture
change (indicated by ‘‘C+’’ in Figs. 5 and 9)

The heat conductance in the simulations for several parts of
the body is listed in Table 3 for the third summer experiment.
1)
 Core temperature.
The calculated core temperatures were nearly the same
as those without considering posture changes, although
there was a small difference between experimental
cases. This indicates that heat conductance has little
influence on the core temperature.
2)
 Skin temperatures.
The calculated temperature fluctuations in the trunk and
extremities agreed very well with the measured results
because posture changes were taken into account
(Fig. 5). This result indicates that heat conductance
change associated with posture change significantly



Fig. 6 Room temperature and relative humidity (Upper: summer experiments; Lower: winter experiments).

Fig. 7 Sleep stages in summer experiments (Top: 1st; Middle: 2nd;
Bottom: 3rd).

Fig. 8 Schematics of 27-node human thermal model.

Table 3 Heat conductance.

Part of the body Posture Heat
conductance
(W/m2/K)

Trunk (upper part): air Back on bed 8.0
Lateral 2.0
Hands on
stomach

2.0

Arm: air Back on bed/
lateral

7.0

Hands on
stomach

3.0

Lower leg (upper
part): air

Back on bed 25.0
Lateral 10.0
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influences skin temperature, which plays a particularly
important role under local body heating or cooling
conditions.

5. Conclusion

In this study, we conducted sleep experiments under local
body heating or cooling, and measured skin and core



Fig. 9 Skin and core temperatures (from top, 1st (summer), 2nd (summer), 1st (winter), 2nd (winter), 3rd (winter), 4th (winter)).

Y. Hibino et al.56
temperatures using a human thermal model. Differences in
the fluctuations of body temperature and sleep stage
depend on the airflow direction from the duct to the feet.
When air was blown downward toward the feet, body
temperature decreased and the subject was able to sleep
well. Although skin temperature fluctuated significantly
under local cooling, the results calculated using the pro-
posed model agreed well with the measured results, for
which the changes in heat conductance between the skin
and surrounding environment due to posture changes were
taken into account. This result indicates that heat conduc-
tance change associated with posture change significantly
influences skin temperature.
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