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Development of a basic air-cooling fuzzy control system for hypothermia

term constitutional administration, which requires a lot of 
laborious work on the part of medical staff with special 
skills and experience.3–5

We have developed an automatic water-cooling control 
system by introducing optimal adaptive and fuzzy controls 
for the accurate management of brain temperature, and to 
reduce much of the burden on medical staff in intensive 
care units (ICUs).6–18 However, effective cooling was diffi -
cult because heat transfer is dependent on the contact 
between the blanket and the skin, especially in the area of 
the axilla and the groin. In addition, a water blanket is 
problematic because of the danger of a water leak during 
medical treatment. Therefore it was necessary to develop a 
type of surface cooling by air around patients to control the 
brain temperature.

In this study, an automatic air-cooling temperature 
control system, including the experimental equipment, was 
developed for clinical use. This was believed to be an appro-
priate system on the basis of mathematical simulations.19–22 
A fuzzy algorithm was applied to control the system, based 
on the achievements of the water surface-cooling control 
system used in clinics.23,24 In order to gain fundamental 
knowledge of air-cooling and its possibilities in clinical set-
tings, a mannequin with human thermal characteristics was 
used to examine the proposed air-cooling system and the 
necessary equipment.

2 Automatic control of brain temperature

2.1 Air as a heat-transfer medium for the automatic 
control of brain temperature

Air-cooling has been applied to a limited extent in the clini-
cal control of brain and body temperature, because it is 
much safer and easier to manipulate compared with water-
cooling. Therefore, it has been used not only in brain hypo-
thermia, but also for maintaining the body temperature 
under anesthesia.25 It is usual to cover a patient by blankets 
over a jet nozzle pumping in air, or to lay a patient on an 
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1 Introduction

Surface water-cooling is one of the bloodless methods 
administered for brain hypothermia in order to prevent 
secondary cellular death after severe cerebral damage due 
to various kinds of trauma.1–4 However, this is based on the 
cooling of the whole body, which is invasive to the immu-
nological and/or circulatory system depending on the inten-
sity of the cooling. Furthermore, the prognosis of the patient 
is considerably affected by temperature control in a long-
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air mattress, in such a situation. However, the regulation of 
the air temperature relies only on manual manipulation by 
experienced medical staff, and there is no theoretical back-
ground supplying information about whether or not the air 
temperature is appropriately set to control brain and/or 
body temperature. Therefore, it should be possible to obtain 
an accurate brain temperature by air-cooling with auto-
matic control, which would release the medical staff from 
their former physical and psychological burdens by doing 
much of the work for them.

2.2 To obtain basic knowledge of air-cooling

In order to understand the basic characteristics of air-
cooling, the confi guration of the proposed system was sim-
plifi ed so that the temperature of the head of the mannequin 
was enclosed in a chamber and reached a controlled value 
which was dependent on the convective heat fl ow. An air 
blanket with small holes was used to give a jet of air directly 
onto the object whose surface was being cooled. The admin-
istration of the air and control of the “brain” temperature 
was theoretically confi rmed by a mathematical model to be 
little affected by environmental disturbance from any of the 
various simulations of air-cooling control systems.21,22 Heat 
exchange by the air blanket was expected to be effective 
around the whole body compared with the water blanket 
method, and the merit of the light-weight equipment was 
that it gave very few problems of leakage of the heat 
exchange medium.

2.3 Need for the method to be independent of 
environmental change

For the accurate control of brain temperature, the differ-
ences in individual patients mean that time-varying, thermal, 
and nonlinear characteristics must be coped with or over-
come during the whole thermal control process. Such prob-
lems are normally dealt with by the clinical knowledge and 
experience of the medical staff. In effect, their conventional 
skills in actual clinical processes mean that the brain 
temperature is controlled by the fuzzy mechanism of a 
water-cooling system.8,9 The applied algorithms have been 
confi rmed to be effective by simulations in various experi-
mental environments8–22 and in clinical applications,23,24 
including their usefulness in the domain of biological engi-
neering, such as a respiratory control system.26–31 Therefore, 
in this case a fuzzy algorithm was applied to the air-cooling 
control system.

2.4 Control mechanism

The control system was synthesized as described in Fig. 1 
according to a control mechanism based on previous studies 
of fuzzy water-cooling systems.14–18,23,24 The control system 
consists of two subsystems: subsystem-1 controls a model of 
the thermal characteristics of patients commonly observed 
and experienced by medical staff, and subsystem-2 main-

tains precise control to compensate for the effects due to 
the differences between the characteristics in the model and 
real individual patients, including environmental changes.

The controllers are based on fuzzy logic in two subsys-
tems, as shown in Fig. 1. The symbols in the fi gure are 
explained in Table 1, where k denotes the sampling number, 
∼ is a deviation from the initial value of the temperature, 
and z−1 is a backward difference operator of the digital 
signal concerned.

2.5 Characteristic model

The characteristics model applied is represented by a math-
ematical model of a fi rst-order lag system, which was identi-
fi ed from theoretical or clinical data,19,22–24 and which is 
further described by a discrete time system as

� � �T k aT k bT kbrain
ch

brain
ch

air
ch( ) = − −( ) + −( )1 1  (1)

where a = −exp(−v/τ), b = K{1 − exp(−v/τ)}, K is the gain, τ 
is a time constant, and v is the sampling period. In this 
system, a control object is assumed to be in equilibrium at 
the initial time. Therefore, the initial value of the brain 
temperature and the surface temperature of a patient are 
set as
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Fig. 1. Block diagram of the two-degrees-of-freedom fuzzy control 
system

Table 1. Designation of the variables in Fig. 1

Variables Interpretation

R(k) Desired brain temperature
Tch

brain(k) Brain temperature of the characteristic model
Tch

air(k) Air temperature of the surface of the characteristic model
Tair(k) Air temperature around the surface of the patient
Tbrain(k) Brain temperature of the patient
υ(k) Compensatory value of Tch

air(k)
e(k) Compensatory deviation between R(k) and Tch

brain(k)
Δe(k) Difference in the controlled deviation of e(k)
Δu(k) Difference in the operated value of Tch

air(k)
ε(k) Controlled deviation between Tch

brain(k) and Tbrain(k)
Δε(k) Difference in the controlled deviation of ε(k)
Δυ(k) Difference in the operated value of υ(k)
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2.6 Design of fuzzy controller

As the characteristic model is a fi rst-order lag system, an 
input to fuzzy controller-1 is given by the combination of 
e(k) and Δe(k) described by Eq. 3. Its output Δu(k) is given 
by Tch

air(k) as a controlling input for subsystem-1 as Eq. 4.
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On the other hand, fuzzy controller-2 is synthesized with 
its input of ε(k) and Δε(k) by Eq. 5, and its output Tair(k) is 
given by Eq. 6 using Δυ(k).
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Δu(k) and Δv(k) are calculated from fuzzy controller-1 
and -2, respectively, based on the membership functions 
and fuzzy rules given by Fig. 2.

2.7 Experimental equipment

In order to investigate the possibility of this air-cooling 
method, a chamber is used so that the heat exchange for the 
replacement of the air-blanket may be discussed simply. 
Figure 3a shows schematically the automatic air-cooling 
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Fig. 2. Membership function and 
fuzzy rules. Left Fuzzy controller-
1, right Fuzzy controller-2

Fig. 3. Equipment for automatic air-cooling control of brain tempera-
ture. a Outline of the controlled system. b View of all equipment. c 
Inner view of a controlled system (chamber) with a controlled object 
(mannequin)
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control of the brain temperature, together with the neces-
sary experimental equipment. This is to realize the air tem-
perature in the chamber by regulating the mixing rate of 
warm and cold air from the relevant apparatus, so that the 
brain temperature may quickly reach the desired value. The 
control system is composed of a chamber and a controlled 
object (mannequin) set on a plastic net support with a 
covering blanket (Graseby Medical, SW-2002). The places 
where the blanket contacts the surface of the mannequin 
are used to send air to the controlled object. The convective 
heat transferred to the surface of the mannequin results in 
a uniform distribution of heat around the whole body. The 
inner temperatures of the chamber and the brain are mea-
sured by platinum thermal sensors (CHINO R040-32). The 
temperature data are acquired by the main processor (NEC 
PC9821V200, OS, Microsoft MS-DOS 6.2; application pro-
gramming language, Microsoft MS-C 6.0) through an A/D 
converter (CONTEC, DA 12-8/2(98)) after their conver-
sion into a voltage signal by a measuring converter (M-
SYSTEM, KRS-34-B/K).

In addition, the signal from a thyristor (CHINO, JA-
2030N), using a signal converted by a DC input converter 
(M-SYSTEM, KVS-4A-B/K) through an D/A converter 
(CONTEC, ADA 12-8/2(98)), regulates the apparatus pro-
ducing warm air (TESCOM,NB1901; Hitachi, DR-727), 
and the relay is driven by a parallel signal from the com-
puter to an ON/OFF switch controlling the apparatus pro-

ducing cold air (NAKATOMI, SPC-407). The size of the 
chamber, with accessories, is 1076 × 1750 × 1098 mm, as 
shown in Fig. 3b and c.

3 Controlled thermal object

In this research, direct clinical examination is not ethically 
allowed. For that reason the mannequin was used for the 
basic confi rmation of the utility of our newly developed 
simple type of thermal control system.

This type of mannequin has very similar thermal charac-
teristics13 to those of a human adult. The structure and 
materials used for the mannequin are shown in Fig. 4, and 
the mannequin had been used in a series of experiments 
into surface water-cooling thermal control systems before 
its clinical application.12,13

Table 2 describes each compartment of the mannequin 
with its size and parameters, and its metabolism and blood 
circulation were simulated by a heater and water circula-
tion, respectively.

Figure 5 shows the step response of the brain tempera-
ture when the air temperature around the body falls from 
29.0° to 20.0°. The brain temperature initially falls from its 
initial value of 37.4° to 32.9°. Therefore, the characteristics 
of a controlled object are represented by a fi rst-order lag 
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system with a gain K of about 0.5 and a time-constant τ of 
about 2.5 h. These parameters are almost comparable with 
the surface water-cooling of a patient,20,32 except that this is 
about half the gain of a healthy human adult. It is quite 
usual for the system to be hard to control if the gain of the 
controlled object is small with a larger time-constant. This 
means that it is easier to control the brain temperature in 
the case of an actual patient than in a mannequin, and the 
air-cooling is more effective than water-cooling because its 
gain is 0.5 with a time-constant of about 4 h.

4 Experimental conditions and results

In order to investigate the performance of the constructed 
system, the mannequin described above was used for the 
control experiment. For the actual temperature measure-
ments, the brain and body temperatures were replaced by 
head and surface temperatures, respectively. The surface 
temperatures were measured at the inlet and outlet of air 
to the chamber with a velocity of 1.4 m3/min, and they were 

averaged to fi nd their representative values with a sampling 
period of 12 s. The total duration of the experiment was 
32 h. The desired temperature of the head was adopted by 
referring to four scheduled terms,3,4 i.e., the clinically used 
periods of cooling, stable hypothermia, rewarming, and 
stable normothermia, as shown in Fig. 6.

To simulate an actual clinical situation in the present 
system, the responses of the controlled object were observed 
for any deviation of its inner and outer thermal character-
istics with inner and outer environmental changes during 
stable hypothermia. The time used was set as 10 h after the 
beginning of the experiment. A 20% increase in the heat 
production of the head during 1 h was set for case 1. For 
case 2, we set a 20% increase in the heat production of the 
whole body, excluding the head, during 2 h, at 13 h after the 
start of the experiment. For case 3, we set a 5% decrease in 
the circulatory water (blood) fl ow around the whole body, 
during 1 h, at 17 h after the beginning of the experiment.

Figure 7 shows an experimental result from this study. 
The head temperature was realized within an error of 0.2°C 
from the desired time-course of the temperature. The head 
temperature changed as the result of heat being generated 

Table 2. Parameters of the mannequin

Part in body Tissue in each 
part

Form Length 
(mm)

Radius 
(mm)

Volume (ml) Heat production 
(W/m3)

Blood perfusion 
rate (ml/min)

Head Skin Hemisphere 104 204 0.0 39
Skull 101 826 0.0 0
Brain 86 1 331 18.0 809

Face Surface Column 100 80 1 224 0.4 64
Spine 50 785 0.0 0

Neck Surface Column 85 60 721 0.5 13
Spine 30 240 0.0 0

Thorax Skin Column 300 130  1453 4.0 31
Muscle 124 8 840 0.0 223
Heart and lung 80 5 697 0.0 4864

Abdomen Skin Column 550 130 6 924 0.0 62
Muscle 109 9 776 6.0 270
Viscera 80 10 817 50.0 2797

Superior limbs Surface Column 800 45 4 330 0.0 49
Core 34 5 844 3.5 151

Inferior limbs Surface Column 850 60 7 569 0.0 65
Core 47 11 648 4.5 291

Whole body Column 78 228 87.4 4864
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externally and internally in the head, constitutional circula-
tory changes, and the general status and environmental 
changes around the mannequin. In these experiments, the 
procedures in cases 1, 2, and 3 involved rapid environmental 
changes which would not be experienced in real clinical 
cases. The thermal control system reacted to the changes in 
air temperature to realize an appropriate surface air tem-
perature, and consequently to control the head temperature 
with suffi cient accuracy.

5 Discussion

5.1 Assumed experimental condition

The mannequin used for this study was a thermal model 
whose tissue volume, specifi c heat capacity, metabolic heat 
production, and blood circulation are almost within the 
range of the average values of a healthy human adult. The 
model does not contain an autonomous temperature regu-
latory function by the hypothalamus and the medulla oblon-
gata, which is suppressed by anesthesia in the case of actual 
medical treatment. Except for the gain, our mannequin 
basically represents the thermal characteristics which cor-
respond to the parameters of an actual patient. The smaller 
gain of heat convection when controlling the head tempera-
ture is more diffi cult in a mannequin than in the average 
human adult. Therefore, the engineering and physiology is 
much more appropriate and meaningful in an actual case 
than in this kind of automatic air-cooling experiment using 
a mannequin.

Nevertheless, the method based on an air-blanket and/or 
an air-mattress may be unduly affected by changes in the 
room temperature, and therefore the present experiment 
was based on the control of the head temperature by setting 
the mannequin in a chamber, which can give rise to prob-
lems in the diagnosis and treatment of a real patient. In 
other words, this is an impractical method for use in clinics. 
However, our method is very little affected by such external 

changes, as is shown in the experimental results. Therefore, 
the experimental results from this system will be a good 
reference point for a comparison with the performance of 
the next new system to be developed for clinical practice, 
in terms of the effect of changes in room temperature and 
various other disturbances.

5.2 Environmental change and control accuracy

In these hypothermia experiments, there were circulatory 
decreases of 5% and metabolic rate increases of 20% in 
rapid step-like changes in two cases. However, it was satis-
factorily confi rmed that the control system could cope with 
a change in head temperature. In other words, our system 
can overcome rapid changes in the thermal characteristics 
of a patient, and consequently it is sure to work suffi ciently 
well for gradual changes in thermal characteristics.

In clinics, the highly accurate control of head tempera-
ture is clinically essential, i.e., within an error of ± 0.1°C 
during the re-warming period.1–4 In our case, the error was 
sometimes more than ± 0.1°C, as indicated by Fig. 7. 
However, the maximum error was only observed soon after 
the beginning of the experiment and during the re-warming 
period of 20–28 h from the beginning of the experiment. 
Therefore, it would be able to administer an accurate brain 
temperature because the experimental results under various 
conditions are almost comparable with the ones obtained 
by the surface water-cooling fuzzy control system.14–18 That 
is, the surface air-cooling system is almost fully confi rmed 
as the next useful clinical application.

5.3 Wind velocity and consuming energy

Our control system can surely be used in clinics despite the 
changes in the thermal characteristics of a patient. The wind 
velocity around the mannequin from the blast volume and 
the area of air fl ow was calculated as 0.02 m/s on average. 
This means that it is almost calm, so its power may be 
classed as zero on the Beaufort wind scale. If the wind speed 
is any greater, the transpiration over the body surface may 
negatively affect the state of the patient. Therefore, an 
appropriate wind speed must be determined for clinical 
applications. In practice, there might be a small physiologi-
cal invasion of the patient by a slight movement of air in 
order to establish effective heat exchange, although this 
must be measured precisely and taken into consideration.

The nominal total electric power consumption in the 
surface water-cooling control system was 3.6 kW, which was 
mainly due to the production of warm and cool water.12,13 
In our air-cooling system, the total nominal power used to 
provide the warm and cold wind apparatus was 2.4 kW. A 
lower energy consumption is expected in future because a 
larger surface of heat exchange can be ensured compared 
with water-cooling, and because the specifi c heat coeffi cient 
of air is smaller than that of water. Thus, our system could 
deliver lower energy consumption than a water-cooling 
system, and a more appropriate structure for the apparatus 
will be sought in future studies.
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Fig. 7. Result from the experiment using a mannequin in a chamber
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6 Conclusion

An automatic air-cooling control system for head tempera-
tures based on fuzzy theory was examined. This air-cooling 
system was confi rmed as offering an effective cooling 
method for brain hypothermia, and ensuring almost the 
same accuracy as a water-cooling system by the use of the 
fuzzy control law.

The experimental equipment was constructed, and using 
a mannequin with similar thermal characteristics to those 
of an adult patient, its control system was confi rmed to be 
useful. This result shows the highly accurate automatic 
control of brain temperature and the strong possibility that 
the system will be suitable for clinical applications.

Nevertheless, in order to supply a system which can be 
used at the bed-side, it will have to be considerably 
improved. These improvements concern the present equip-
ment for the control system, fi nding an appropriate algo-
rithm, and avoiding any drying of the patient’s skin due to 
the transpiration effect.

Our fi nal remark is that this kind of system can be applied 
to any syndrome requiring body temperature control, not 
only in hypothermia but also in heat stroke.
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