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Measurement of temperature dependent heat flow rate
from human limbs towards thermoelectric cooling device
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Abstract

Regulated cooling devices promise improved outcomes with respect to pain relief and speed of rehabilitation after injuries of the musko-skeletal system when
compared to frozen ice cooling pads. Their proper design, however, requires knowledge about heat flow rate from the human body as a function of temperature and
location on the body. Accordingly, a measurement device was developed and applied to the measurement of heat flow rate from different locations on the limbs of a

male individual. Heat flow rates ranging from 30mW/cm? @ 25°C to 62mW/cm? @ 15°C were determined.
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Introduction

External cooling by application of a cooling bandage is part of the
treatment of choice in case of strain traumata, spraining, rupture of
ligaments as well as a follow up treatment after surgical intervention to
suppress pain and induce deswelling [1-4]. Usually, cooling bandages
comprising frozen water ice are employed for this purpose [5]. However,
their temperature is lower than ideal which may hamper the healing
process and even bears the risk of frostbite [6,7]. Ideally, a temperature
in the range from 15 to 25 degree C should be applied and kept constant
in order to achieve at least to some degree a pain relieve and deswelling
while avoiding hyperthermia of tissue and the undesired inhibition of
the healing process associated therewith [8].

To achieve this, temperature regulated cooling devices are
envisioned. For their design, information with regard to the heat flow
rate from tissue as a function of temperature and location on the body
is necessary.

The present short communication presents a method to measure
heat flow rate from different areas of the body and data obtained from a
healthy male individual, age 53, body mass index 23.
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Method

Heat flow rate per unit area, j, can be measured by determining the
temperature drop

AT =T,-T, (1)

over a thermal resistance, R, of known value according to

Jj= AL 2
R

Based on this principle, the device depicted schematically in Figure
1 was developed.
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interface to skin

Figure 1. Measurement of heat flow rate (schematically). A peltier element is used to
control the temperature T, at the lower aluminum plate in such a way, that heat flow through
the thermal resistor will result in attaining a certain target temperature, T, at the surface
of the skin. The resulting heat flow rate may be calculated from the temperature difference
T,-T, and the known value of the thermal resistor. The temperature on the rear side of the
peltier element is kept virtually constant through a heat exchanger coupled to a thermostat.

A peltier element is used to control the temperature on the lower
aluminum plate, i.e. on one of the terminals of the thermal resistor. The
thermal resistor separates the lower aluminum plate from the upper
aluminum plate with the latter being used to establish contact to the
skin surface, thus representing the second terminal of the thermal
resistor. The thermal resistor consists of a plate of either polycarbonate,
exhibiting a specific heat conductance of 0,2W/K*m and a thickness
of 8mm or of polyacrylamide, with a specific heat conductance of
0,19W/K*m and a thickness of 3mm. Since the specific heat conductance
of aluminum is by a factor of about 1000 higher, it may be neglected for
all practical purposes here.

The temperatures in both the lower and the upper aluminum plates
and on the rear side of the peltier element are measured by means of
PT1000 temperature sensors.

The contact area of the interface to the skin, i.e. the upper aluminum
plate, was 4cm x 4 cm in all experiments.

In order to determine the heat flow rate through the skin, the
device was affixed to the area of interest, by means of tape, while paying
particular attention to provide proper thermal contact and at the
same time avoiding excessive pressure, which might otherwise lead to
obstruction of blood flow and false readings.

Next, the target temperature, TZ, was set on the temperature
controller and the peltier element cooled down. Due to the high thermal
capacity of the system comprised of the tissue, skin and aluminum
plate in combination with relatively large thermal resistor values, a
considerable degree of ringing was observed until the temperature at
the surface of the peltier device, T, reached a steady state enabling
precise determination of the temperature difference AT and the heat
flow rate, respectively (Figure 2). Steady state was achieved in all cases
after about 5-15min after setting the target temperature. Relatively large
values of the thermal resistance were chosen in order to provide for
sufficiently large temperature differences, AT, even with the relatively
small heat flow rates expected here, thus enabling precise readings.

Results

The measurement principle was demonstrated and heat flow rate
was determined on different locations on the limbs of a healthy male,
age 53, body mass index 23. The heat flow rate ranges from about
30mW/cm? @ 25°C surface temperature to 62mW/cm? @ 15°C for
measurements on wade above and below the knee joint, respectively
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and the foot ankle (Figure 3 and Table 1). In contrast, heat flow rate
is about twice as high from the thenar, where blood flow is high
and the thickness of subcutaneous fat layer is low. This result is in
agreement with the fact, that fat tissue exhibits a thermal conductivity
of approximately 0.2 to 0.25 W/m*K whereas thermal conductivity in
perfused muscle tissue is about 0.45 to 0.55 W/m*K, certainly due to
the strong perfusion of muscle in contrast to fat tissue [9].

Conclusion

A versatile method and device to determine heat flow rate from
different body areas was developed and demonstrated on different
locations on the body of a male adult.

In the future, an improved device will include improved adjustment
of control parameters of the PID-controller in order to reduce ringing
and attain measurement values more rapidly.

These kind data will enable proper and efficient design of
temperature controlled cooling devices for medical application.

Table 1. Summarized values of heat flow rate through skin from a male individual, age 53,
body mass index 23.

‘ Skin temperature [°C] 15 20 25 ‘
| Heat flow rate [mW/cm?] 62+/-6 48+/-4 30+-4
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Figure 2. Measurement of temperature differences between skin surface and peltier surface
in order to obtain heat flow rate. a) time course over a 2h experiment shows sequential
reduction of target temperature and the attainment of a stable steady state within about 5 —
15min, enabling precise determination of temperature on the peltier element (b).
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Figure 3. Heat flow rate as function of skin temperature and location. While measurements
on wade above and below the knee as well as on the foot ankle show similar slope, i.e. heat
flow rate as a function of skin temperature, heat flow rate through the thenar is almost twice
as high. Also, the lower than 37°C surface temperature at the distal end of limbs becomes
obvious from the measurement on the foot ankle, as heat flow is reversed at temperatures
above 32°C.
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