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The goal of this project was to facilitate active social participation of persons with spinal cord
injury (SCI) by a novel assistive technology that compensate for dysfunction in thermoregulation.
For this purpose, we developed two types of body cooling system with a controlling algorism based
on a calculation model of thermophysiological parameters in persons with SCI. To precisely control
body temperature, we also developed a novel core temperature sensor and a activity monitoring
system for wheelchair users.

The body cooling systems developed include a neck-wearing coolant circulator and a wheelchair-
mounted back cooling system. We developed a neck cooling belt for the coolant circulator that
consists of a urethane elastomer film and a 3D-printed flexible flow channel structure. This
configuration enabled the belt to tightly contact along the neck without blocking the flow channel,
and thus maximized the true contacting area for heat exchange. The cooling effect of this system
was evaluated by the experiment with wheelchair athletes as subjects. The comparison of core
temperature in the cooling and non-cooling trials demonstrated that the neck cooling with the
developed system successfully suppressed the increase of body temperature during exercise.

As a main component of the wheelchair-mounted back cooling system, we developed a backrest
component both with high thermal conductivity and good pressure dispersion. We proposed a novel
surface design method to model an optimized form for pressure dispersion by measuring the contact
pressure distribution on the backrest and calculating a surface form that makes the measured
distribution flattened. The experiment with the fabricated surface made of duralumin after the
calculation proposed confirmed that the surface form can disperse the contact pressure on the
backrest.

To construct a thermal model for persons with SCI, two standard thermal models, i.e., Stolwijk’s
model and the Pierce two-node model, were compared. Fitting of the simulated and measured
trends of core and skin temperatures during exercise suggested that these models are not suitable
for body temperature estimation during wheelchair propulsion, exercise with upper limbs.
Characterization of these models with a parameter search method also indicated that additional
nodes that can express the speed and extent of heat transfer in the body will be effective for
construction of a thermal model for persons with SCI.

The novel core temperature sensor developed by Tamura in Waseda University adopted an
estimation method using a composite probe made of heat conducting and insulating materials and
was downsized. The comparative evaluation with a commercial core temperature sensor confirmed
the high accuracy of the proposed sensor. This sensor has many possible applications as an easy-
to-wear and versatile core temperature sensor.

Because the purpose of body cooling is not only suppression of body temperature increase but also
facilitation of activity and participation of persons with SCI. To quantitatively evaluate this effect
of the body cooling system, we also developed an activity monitoring system for wheelchair users.
The proposed system consists of a wearable heart rate sensor, accelerometers for body trunk and
upper limbs, and a tachometer for the wheels, and estimates the amount of activity with data
collected from these sensors. The trial experiment showed that artifacts in heart rate estimation
caused by the movement for wheelchair propulsion. The, we developed a novel heart rate sensor
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attached on the inside of a shirt. Although the propulsion-induced artifact was still large in the
dry condition, application of electrolyte improved the signal-to-noise ratio that was sufficient for
stable heart rate monitoring during activity.

In summary, we developed series of approaches for body temperature control, consisting of core
temperature monitoring, thermal model and cooling methods. As application for users, we collected
data from wheelchair athletes and succeeded in preventing core temperature increase during
exercise. Further developments are required for a portable model and for fitting the device to various

setting in daily life where body temperature control is needed by people with disabilities.
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