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ABSTRACT  

Nowadays, thermal-energy-harvesting is an important research topic for powering wireless sensors. Among numerous 

thermal-energy-harvesting approaches, some researchers demonstrated novel thermomagnetic-energy harvesters to 

convert a thermal-energy from an ambient temperature-difference to an electrical-output to power the sensors. However, 

the harvesters are too bulky to be integrated with the sensors embedded in tiny mechanical-structures for some structural-

health-monitoring applications. Therefore, miniaturized harvesters are needed. Hence, we demonstrate a miniature 

thermomagnetic-energy harvester. The harvester consists of CuBe-beams, PZT-piezoelectric-sheet, Gd-soft-magnet, 

NdFeB-hard-magnet, and mechanical-frame. The piezoelectric-sheet and soft-magnet is bounded at fixed-end and free-

end of the beams, respectively. The mechanical-frame assembles the beams and hard-magnet. The 

length×width×thickness of the harvester is 2.5cm×1.7cm×1.5cm. According to this, our harvester is 20-times smaller 

than the other harvesters. In the initial-state of the energy-harvesting, the beams’ free-end is near the cold-side. Thus, the 

soft-magnet is cooled lower than its curie temperature (Tc) and consequently changed from paramagnetic to ferromagnetic. 

Therefore, a magnetic-attractive force is produced between the soft-magnet and hard-magnet. Consequently, the 

beams/soft-magnet are down-pulled toward the hard-magnet fixed on the hot-side. The soft-magnet closing to the hot-side 

is heated higher than its Tc and subsequently changed to paramagnetic. Consequently, the magnetic-force is eliminated 

thus the beams are rebounded to the initial-state. Hence, when the harvester is under a temperature-difference, the beams’ 

pulling-down/back process is cyclic. Due to the piezoelectric effect, the piezoelectric-sheet fixed on the beams 

continuously produces voltage-response. Under the temperature-difference of 29˚C, the voltage-response of the harvester 

is 30.4 mV with an oscillating-frequency of 0.098 Hz. 
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1. INTRODUCTION  

To date, thermal energy harvesting is one of the important research topics for powering wireless sensors network (WSN) 

[1-4]. Among substantial thermal energy harvesting approaches, some researchers demonstrated novel thermo-magnetic 

energy harvesters to harness the ambient thermal energy from a temperature difference in the environment and 

consequently convert the thermal energy to an electrical energy to power the wireless sensors [5-11].  However, the thermo-

magnetic energy harvesters are too bulky to be integrated to the wireless sensor nodes implanted in human body for medical 

WSN applications and embedded in tiny mechanical structures for structural-health-monitoring WSN applications. 

Therefore, to be integrated with wireless sensors for these WSN applications, the thermo-magnetic energy harvesters have 

to be miniaturized. Hence, in this paper, we demonstrate a miniature thermomagnetic energy harvester. According to the 

dimension/size, our harvester is 20-times smaller than the other thermomagnetic energy harvesters. The details of the 

design, fabrication, testing, and result of the harvester are described in following sections. 

2. DESIGN 

The design and energy-harvesting process of the miniature thermomagnetic energy harvester is illustrated in figure 1 and 

2, respectively. In figure 1, the harvester consists of CuBe-alloy cantilever beams, piezoelectric PZT sheet, Gd soft magnet, 

NdFeB hard magnet, and glass mechanical frame. The piezoelectric sheet is bounded at the fixed end of the beams while 

the soft magnet is fixed on the free end of the beams. The beams, piezoelectric sheet, and connected wires are clamped by 

the mechanical frame as the harvester.  
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The harvester’s energy-harvesting process is shown in figure 2. Figure 2(a) shows the initial state of the process. In the 

initial state, the free end of the beams is near the cold side. At the cold side, the soft magnet is cooled. Thus, the temperature 

of the soft magnet is lower than its Curie temperature. This causes that the magnetic property of the soft magnet is changed 

from paramagnetic to ferromagnetic. After the soft magnet becomes ferromagnetic, a magnetic attractive force is produced 

between the soft magnet fixed on the beams and hard magnet fixed on the hot side. Due to the magnetic force, the beams 

with the soft magnet are pulled down toward the hard magnet fixed on the hot side as shown in figure 2(b). When the soft 

magnet is close to (but not contact) with the hot side, the soft magnet is heated. After the temperature of the soft magnetic 

is heated higher than its Curie temperature, the magnetic property of the soft magnet becomes from ferromagnetic to 

paramagnetic. Therefore, the magnetic attractive force is eliminated. Due to the spring-back force of the beams, the beams 

are pulled back to its initial state. The beams’ pulling-down and pulling-back process is cyclic repeated when the harvester 

is placed in an environment with a constant temperature difference (i.e., the temperature difference is capable of producing 

the hot and cold sides for the harvester). Because the cyclic process causes the beams oscillated, the piezoelectric sheet 

fixed on the beams is periodically deformed. Due to the piezoelectric effect, the piezoelectric sheet continuously produces 

voltage response. That is, the energy-harvesting process of the thermo-magnetic energy harvester under a temperature-

difference (or a thermal gradient) is achieved.     

 

 

Figure 1: The illustration of the miniature thermomagnetic energy harvester 

 

Figure 2: The energy-harvesting process of the miniature thermomagnetic energy harvester: (a) the initial state, the beam is 

near the cold side. (b) the beam is near the hard magnet fixed on the hot side.  
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3. FABRICATION 

The miniature thermomagnetic energy harvester we fabricated is shown in figure 3. The harvester consists main four 

components: a CuBe cantilever beam with a Gd soft magnet sheet (the Curie temperature is near room temperature), NdFeB 

hard magnets, PZT piezoelectric sheet, and mechanical clamp. The CuBe cantilever beam and the Gd soft magnet is altered 

from a CuBe thin sheet and Gd thin sheet, respectively. The length × width × height of the CuBe cantilever beam and the 

Gd soft magnet is 25 mm×5 mm × 10μm and 20 mm × 7mm × 250μm, respectively. After the CuBe beam and Gd soft 

magnet are fabricated, we attach the Gd soft magnet on the CuBe beam through adhesive binding. We altered a PZT-5H 

thin plate into the PZT piezoelectric sheet. After this, the PZT sheet and CuBe beam are assembled by the mechanical 

glass-clamp. Finally, the NdFeB magnets (the length × width × height of each NdFeB magnet is 10mm ×5 mm ×5 mm) 

are fixed on the mechanical frame. After this, the energy harvest is fabricated. Regarding to the dimension of the harvester, 

the length, width, and thickness of the harvester is approximate 2.5 cm, 1.7 cm, and 1.5 cm, respectively. According to this 

dimension/size, our energy harvester is 20-times smaller than the other representative thermomagnetic energy harvesters 

[10, 11].  

 

 

Figure 3: (a) Top view and (b) side view of the miniature thermomagnetic energy harvester 

 

4. TESTING 

After fabrication, the magnetic moment of the Gd soft magnet of the harvester at different temperature (i.e., M-T curve) is 

measured by superconducting Quantum Interference Device under a magnetic-bias of 500 Oe. The Curie temperature of 

the Gd soft magnet is estimated by analyzing the slope of the M-T curve (magnetic moment under different temperature). 

To measure this experimental Curie temperature is to confirm whether the real/experimental curie temperature of the Gd 

magnet is suitable for our design. After the confirmation, the harvester is tested as shown in figure 4. The harvester is set 

on a hot plate (as the hot side). The ice (as the cold side) is placed at a constant distance above the top of the harvester. A 

constant temperature difference is generated by the hot plate and ice. Under the temperature difference, the voltage 

response of the harvester is produced and subsequently measured by the oscilloscope. 
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Figure 4: (a) The illustration and (b) photograph of the testing setup of the miniature thermomagnetic energy harvester 

 

5. RESULT AND DISCUSSION 

Figure 5 is the M-T curve of the Gd magnet. The measured magnetic moment of the soft magnet Gd at different temperature 

(i.e., M-T curve) is shown in figure 9. We know the soft magnet Gd becomes paramagnetic from ferromagnetic is the Curie 

temperature of this material. By analyzing figure 5, we estimate the Curie temperature of soft magnet Gd is in the range of 

22 °C to 32 °C. That is, the soft magnet Gd is approximate at room temperature we designed. Through this analyzing, the 

harvester is able to demonstrate the thermal energy harvesting process utilizing this soft magnet Gd.  

 

  
 

Figure 5: The magnetic moment of the Gd soft magent of the harvester at different temperature under a magnetic bias of 500 
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The voltage response of the miniature thermomagnetic energy harvester at the temperature difference of 29 ˚C (the 

temperature of the cold and hot side is 6 ˚C and 35 ˚C, respectively) is shown in figure 6. In figure 6, the voltage response 

of the harvester we measured is up to 30.4 mV. The cycling frequency of the thermal energy-harvesting process is 

approximate 0.098 Hz. In each energy-harvesting cycle, there are two major voltage responses. When the Gd soft magnet 

on the CuBe beam is cooled down by approaching to the cold side, the Gd soft magnet becomes ferromagnetic. This causes 

the magnetic attractive interaction between Gd soft magnet on the CuBe beam and the NdFeB hard magnet on the 

mechanical frame. Due to this attractive interaction, the CuBe beam is attracted toward the NdFeB hard magnet and 

consequently bent. Therefore, the PZT piezoelectric sheet is deformed by the deflection of the CuBe beam and 

subsequently produces the voltage-peak of approximate 30.4 mV due to the piezoelectric effect. When the Gd soft magnet 

is heated by the hot side, the Gd magnet becomes paramagnetic resulting in reducing the magnetic attractive interaction. 

Eventually, the magnetic-attractive interaction is eliminated. Hence, the spring-back force bounces the CuBe beam back 

to its original location. This produces another voltage-peak which is also approximate 30.4 mV. According to these, both 

voltage peaks in each cycling process of our miniature thermomagnetic energy harvesting are comparable than other 

representative thermomagnetic harvesters [10,11] while the volume of our harvester is 20-times smaller than the other 

harvesters. To sum up, this result shows the harvester we demonstrated is capable of harnessing the thermal energy from 

the ambient temperature-difference and consequently converting the thermal energy to the electrical output. The most 

important is, our harvester’s voltage-response per volume is much higher than that of other harvesters.  

 

 
Figure 6: The voltage response of the miniature thermomagnetic energy harvester under the temperature difference 

 

6. CONCLUSION 

We successfully demonstrated a miniature thermomagnetic energy harvester. The harvester is capable of harnessing the 

thermal energy from the ambient temperature-difference and consequently converting the thermal energy to the electrical 

output. The most important progress we achieved is that the dimension/size of the thermomagnetic harvester is 20-times 

smaller than other representative thermomagnetic harvesters while the voltage output of these harvester are comparable. 

In the future, the harvester will be continuously improved to increase its voltage output and be miniaturized by advanced 

semiconductor manufacturing technology in order to integrate with sensors toward self-powered wireless sensors. 
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