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Abstract: Energy harvesting technology, which converts wasted energy sources in everyday life into usable electric energy, is

gaining attention as a solution to the challenges of charging and managing batteries for the driving of [oT sensors, which are one

of the key technologies in the era of the fourth industrial revolution. Hybrid energy harvesting technology involves integrating

two or more energy harvesting technologies to generate electric energy from multiple energy conversion mechanisms. In this

study, a hybrid energy harvesting device called TMPPEG (thermo-magneto-piezoelectric-pyroelectric energy generator), which

utilizes low-grade waste heat, was developed by incorporating PVDF polymer piezoelectric components and optimizing the

system. The variations in piezoelectric output and thermoelectric output were examined based on the spacing of the clamps, and

it was found that the device exhibited the highest energy output when the clamp spacing was 2 mm. The voltage and energy

output characteristics of the TMPPEG were evaluated, demonstrating its potential as an efficient hybrid energy harvesting

component that effectively harnesses low-grade waste heat.
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Fig. 1. (a) Schematic of the TMPPEG consisted of heat exchanger part and actuating part [Heat exchanger part comprised of hot side Peltier
attached with permanent magnet and cold side Peltier. Actuating part comprised of two piezoelectric cantilevers coupled with soft magnet and
pyro material (PMNZT single crystal)], (b) schematic of the TMPPEG working over second order phase transition of a soft magnet during go
and return between hot side Peltier and cold side Peltier, and (c) magnetization (M) - temperature (T) hysteresis loop of a soft Gd magnet.
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Fig. 2. (a) Schematic of the TMPPEG with single piezoelectric cantilever operation (When TMPPEG operates, piezoelectric cantilever works in a
semicircle. The semicircular movement of the piezoelectric cantilever by clamping tightly hinder the operation of TMPPEG with two
piezoelectric cantilevers), (b) schematic of the TMPPEG with two piezoelectric cantilever operation (By clamping loosely make the operation
of TMPPEG smoothly), and (c) schematic of the cutting plane of the clamp which loosely fix the piezoelectric cantilever.
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Fig. 3. The open-circuit output voltages from hybrid TMPPEG with different gap-distance between clamp top and bottom. (a) 1 mm, (b) 2 mm,
(¢) 3 mm, and (d) 4 mm of hybrid energy harvesters under 92°C (hot Peltier side) and 2°C (cold Peltier side).
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Fig. 4. (a) Pyroelectric and piezoelectric output voltage and (b) total
energy and frequency of TMPPEG as a function of gap-distance
between top and bottom of clamp (The output voltage of pyroelectric
energy harvester is 11.2 V and piezoelectric energy harvester is 33.4
V at gap-distance between top and bottom of clamp is 1 mm. The total
energy and frequency of TMPPEG is 150 pJ and 0.12 Hz at gap-
distance between top and bottom of clamp is 2 mm).

Table 1. Summary of energy harvesting performance with respect to the gap-distance in the clamping part.

Gap distance Pyroelectric Average

Contact time between  Contact time between

between clamp top  output voltage  piezoelectric output Energy Frequency actuating part and cold actuating part and
and bottom Vi [V] voltage Vo [V] (] [Hz) side Peltier [sec] hot side Peltier [sec]
1 mm 11.2 33.4 139 0.09 8.5 32
2 mm 9.2 25.5 150 0.12 4.1 4.1
3 mm 9.9 24.5 128 0.08 5.5 6.5
4 mm 10.3 18.5 59 0.03 9.7 25.0
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