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ABSTRACT

This paper reports on a thermoelectric generator (TEG) used for converting human body heat energy to
electrical energy. The proposed TEG was composed of a polydimethylsiloxane (PDMS) substrate and thermocouples.
The use of PDMS provides flexibility to the TEG and low thermal conductivity that helps minimize losses in the
effective heat flowing through the thermocouples. The proposed TEG was fabricated by simple dispenser printing
for thermoelectric materials. The fabricated TEG was attached to the human body and generated electrical power of
50 nW when the temperature difference between the human body and ambient air was 7 C.
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INTRODUCTION

Energy harvesting gives the possibility to build autonomous microsystems. Especially, energy harvesting would
be ideal for implantable microsystems because it can supply the electrical energy without replacement of the battery
[1]. Among various energy harvesting methods, thermoelectric energy harvesting on human body has advantages
that human body heat is steady and large [2]. However, from the viewpoint of the curvature of the human body,
typical TEGs may be not suitable for applying to human body because most typical TEGs are composed of
thermocouples on a rigid substrate. On the other hand, flexible TEGs transduce the human body heat efficiently
since the flexible TEGs can be tightly attached on the skin [3]. Although several studies have implemented flexible
TEGs, the techniques required a complicated and precise photolithography fabrication process [4, 5]. In this paper, a
TEG which comprises PDMS and thermoelectric materials is proposed. The proposed harvester was highly flexible
through the PDMS structure and was simply fabricated by dispenser printing technology.
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Figure 1: (A)An implanted device and a flexible TEG, (B)Schematic view of the proposed TEG

DESIGN AND FABRICATION

A schematic of the proposed TEG is shown figure 1. This TEG comprises thick PDMS film that includes
thermocouples. PDMS is a flexible polymer with a low thermal conductivity. Thus, the use of PDMS reduces
thermal losses of effective heat flow that flows through the thermoelectric material. The thermocouples are
composed of series connections between N-type and P-type thermoelectric materials. This series connection defines
hot and cold junction. The defined hot junction is exposed to higher temperature, and the defined cold junction is
exposed to lower temperature. When heat is applied to hot junctions, electrical potential is generated by Seebeck
effect. The generated voltage is proportional to the temperature difference between the hot and cold junctions of the
thermocouples as follows:

AV =n XS X AT (D)
where AV is the generated voltage (V), n is the number of thermocouples, S is the Seebeck coefficient of the
thermoelectric materials (V K™*) and AT is the temperature difference between the hot and cold junctions ( °C).
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Figure 2A shows the fabrication process of the proposed TEG. A PDMS film with holes was formed on the
poly(methyl methacrylate) (PMMA) mold. The PDMS film was released and the holes were filled with the mixtures
of Bi,Tes nano-powder and polymer binder by dispenser printing. After curing the thermoelectric materials, flexible
printed circuit boards (FPCB) were attached on top and bottom of the TEG for interconnects. The fabricated TEG
had 4 hot and cold junctions in a 25 mm x 50 mm area, respectively. The fabricated TEG is shown in figure 2B.
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Figure 2. (A)Fabrication process, (B)The fabricated TEG

EXPERIMENT

The fabricated TEG was evaluated by the experimental setup shown figure 3. The experimental setup was
composed of a heating unit and cooling unit. A DC power supply unit provided constant and regulated electrical
power to the heating unit. In order to measure the temperature difference between the heating unit and cooling unit,
thermocouple temperature sensors was attached on the each unit surface. The output signal of the fabricated TEG
was measured by an oscilloscope, a microammeter. The electrical characteristic of the TEG was also measured by a
RLC meter.
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Figure 3. Experimental setup

RESULT AND DISCUSSION
Figure 4 shows the temperature difference as a function of the temperature of the heat source when the ambient

temperature was 25 °C. It was possible to retain the temperature difference between top and bottom layer (AT)
when the heat source temperature was close to the human body temperature.
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Figure 4. Temperature differences between top and bottom layer of the TEG as a function of the heat source
temperature(AT)
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Fig.5A and 5B show the measured output voltage, current and output power of the TEG as a function of AT,
respectively. The TEG generated voltage at various temperature ranges with the average output voltage, 10.25 pVK ™
per thermocouple. When the temperature difference, AT, linearly increased the output power of the TEG increased.
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Figure 5. (A)Output voltage and current, (B)Output power as a function of top-bottom temperature difference

The fabricated TEG was finally attached on the human body. The ambient temperature and body temperature
were measured by precision temperature sensor. It was confirmed that the skin temperature was constant at 32.5 -C
although the fabricated TEG was attached on the skin. When the temperature difference between ambient and body
was 7 °C, the output voltage and current of the attached TEG was 5 mV and 10 pA. The output power was 50 nW
and it was very small value, but the TEG generated output voltage continuously with movement of the body.

As stated earlier, the output power of TEG is proportional to the number of thermocouples, Seebeck coefficient
and the temperature difference between hot and cold junctions. There are several ways to increase the output power
of TEG such as enhancing of Seebeck coefficient of the thermoelectric materials or improvement of the TEG design.
First, enhancing of the coefficient is material issue and it is difficult to change the material characteristic. However,
the temperature difference and the number of thermocouples are relatively easy to change through improvement of
the device design. In the view point of the design improvement, flexibility of TEG has great advantage because the
flexible TEG can have large area with many thermocouples. The use of PDMS in this study gave flexibility to TEG
and the temperature difference between each junction was large due to its low thermal conductivity. Although, the
generated electrical power of the fabricated TEG on the human body was not large, the TEG showed feasibility of
converting human body heat to electrical energy.

CONCLUSION

In this study, a flexible TEG was fabricated and evaluated. The proposed TEG was composed of thermocouples
and PDMS body. The thermocouples were inserted into the PDMS body by dispenser printing technology. From the
experimental result, it was shown that the fabricated TEG could generate electrical power when the temperature
difference between each junction was not large. Finally, the fabricated TEG was attached to human body and it
showed the feasibility of harvesting human body heat.
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