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Abstract— In this study, a high frequency piezoelectric energy 

harvester converted from the human low vibrated motion 

energy was newly developed. This hybrid energy harvester 

consists of the unimorph piezoelectric cantilever and a couple of 

permanent magnets. One magnet was attached at the end of 

cantilever, and the counterpart magnet was set at the end of the 

pendulum. The mechanical energy provided through the human 

walking motion, which is a typical ubiquitous presence of 

vibration, is converted to the electric energy via the piezoelectric 

cantilever vibration system. At first, we studied the energy 

convert mechanism and the performance of our energy 

harvester, where the resonance free vibration of unimorph 

cantilever with one permanent magnet under a rather high 

frequency was induced by the artificial low frequency vibration.  

The counterpart magnet attached on the pendulum. Next, we 

equipped the counterpart permanent magnet pendulum, which 

was fluctuated under a very low frequency by the human 

walking, and the piezoelectric cantilever, which had the 

permanent magnet at the end. The low-to-high frequency 

convert “hybrid system” can be characterized as an enhanced 

energy harvest one. We examined and obtained maximum 

values of voltage and power in this system, as 1.2V and 1.2 W. 

Those results show the possibility to apply for the energy 

harvester in the portable and implantable Bio-MEMS devices. 

 

I. INTRODUCTION 

Recently, studies on the body area network (BAN), which 

integrated short-range wireless network equipments, such as 

the medical and health care devices, have been carried out to 

develop the ubiquitous care system. Long-term health 

monitoring can be achieved by BAN [1,2], which will enable 

tele-communicating and health monitoring between patients 

lived in a low population and no-doctor area and medical 

doctors stayed at medical hospital in the high-population 

cities. However, there are power supply problems to 

functionalize BAN system. Until now, the power was 

provided by the electric batteries. But, these have problems 

with the permanent energy supply. It causes the loss of 

important individual data. In addition, in the case of power off 

occurrence with the battery for implantable devices, the 

surgery will be required to replace with a new battery, and 

which causes the QOL loss [3]. Therefore, studies on the 

energy harvesting for the power supply equipment for mobile 

health monitoring have been carried out [4].  
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The energy generated by the human body itself and 

motion was characterized as the thermal and vibration 

energies. Power generation using thermal energy caused by 

the temperature difference in the body was concluded as the 

inefficient process. Therefore, many studies employed the 

vibration energy, such as the mechanical energy. Further, the 

conversional energy convert method from the vibration 

mechanical energy into the electrical energy via the 

piezoelectric effect is still very effective, due to the 

ubiquitous presence of vibrations and the availability of 

piezoelectric materials with a high performance [5-10]. 

In this study, we develop a miniature size energy 

harvester to generate electricity using vibration caused by the 

human walking motion. An enhanced energy convert system 

by using the unimorph piezoelectric cantilever under the 

resonance free vibration is newly designed, fabricated and 

examined its performance.  

II. PIEZOELECTRIC CANTILEVER VIBRATOR 

In this study, a unimorph cantilever as shown in Figure 1, 

in which the piezoelectric thin film is laminated on the top 

surface of metal shim plate, was used to generate the 

electricity through the piezoelectric response.  The deflection 

of the unimorph cantilever through the vibration with the 

resonance frequency generates the voltage and the electric 

power can be charged in the battery. A rather high frequency 

is obtained by the free vibration with the resonance frequency. 

As a result, generated voltage can be written as 

 

  
        

   
                                                                             

 

where   is output voltage,     the piezoelectric strain 

constant,    the stress,    
  the permittivity, and   the 

element’s size. By using the beam theory, the stress    is 

given by the applied bending moment   as follow 

 

   
 

 
                                                                                            

 

where I is the second moment of area of beam,   the 

coordinate in the lateral direction. Bending moment in the 

vibration given by  

 

                                                                                        

 

where   is the tip mass,  and   the tip acceleration. It is 

understood that the voltage generated in the cantilever is 

proportional to the tip mass and acceleration. Usually, in this 
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vibration energy harvester, it is said that the larger the 

deflection and frequency, the larger the generated power.   

The vibration frequency of walking is assumed 1 to 5 Hz. 

Generally, the low-frequency vibration, such as 1-10 Hz, can 

be featured as inefficient system. At present, most of the 

vibrational harvesters operate at high-frequency such as 10 

Hz to 100 kHz [11-17]. In order to generate the power 

effectively through the convert from a low-frequency 

vibration to a high one, a hybrid convert system is designed. 

The high-frequency free vibration of the piezoelectric 

cantilever was generated by the low frequency forced 

deflection at the end of cantilever. A pair of magnet was used 

to deflect the cantilever to initiate the high resonance 

frequency vibration. The low-frequency vibration of the 

counterpart magnet can be converted to the high frequency 

one and consequently an effective and enhanced electric 

power generation was achieved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic view of unimorph piezoelectric cantilever. 

 

 

Figure 2 illustrates a fundamental mechanism of magnetic 

induced vibration energy harvest system. Electric power 

generation system consists of two vibration elements. One is 

the magnet attached cantilever beam to generate electric 

power under the high frequency vibration, and the other the 

counterpart magnet to input the low-frequency vibration at 

the edge of cantilever, which locates in front of the cantilever 

beam. The principle of converting the vibration from the low 

to high frequency is indicated as follow. Beam is bent by 

bending stress caused by magnetic repulsive force between 

the pair of magnets when the counterpart magnet passes in 

front of the cantilever edge as shown in Figure 3. Cantilever is 

released from the magnetic force when the elastic resistant 

force of beam becomes larger than the magnet repulsive 

force. There the electric power generation is occurred by the 

eigen frequency vibration. We employ PVDF (   = 23 pC/N) 

for piezoelectric material, stainless (SUS304) for metal shim 

plate, and neodymium magnet for magnet.  
 

III. FREQUENCY CONVERSION AND PERFORMANCE TEST OF MAGNETIC 

FORCE INDUCED MECHANICAL-ELECTRICAL ENERGY CONVERTER 

Experiments of electric power harvest system using this 

hybrid vibration system were conducted in order to evaluate 

frequency convert and power generation characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Energy conversion flow of magnetic induced system 

employing a low-high frequency vibration conversion system． 

 

 

 

 

 

 

 

 

(a) Initial state    (b) Release from magnet   (c) Eigen vibration 

Figure 3. Photos of magnet-beam motion at described stages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Conventional system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Magnetic enhanced vibration system. 

 

Figure 4. (a) The conventional piezoelectric cantilever energy 

harvest system and (b) the magnetic induced energy harvest system. 
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Two types vibration system were employed, such as the 

conventional system as shown in Figure 4(a) and the 

magnetic induced system as shown in Figure 4(b).A PVDF 

thin film (40 ×10 ×0.1 mm) was bonded on the SUS304 

plate (40 ×10 × 0.1 mm) surface. Experiments of excitation 

were performed with 5 Hz and 5 mm amplitude at the right 

fixed boundary and the left end points in two systems, 

respectively. Figure 5 shows the experimental results. The 

maximum voltage occurs at every 0.2 second interval in both 

systems. In order to investigate the frequency spectrum of the 

output voltage, FFT analysis was carried out and the result 

was shown in Figure 6. Theoretical value of first-order eigen 

frequency of cantilever beam was obtained through the linear 

theory as,  
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where   is the length of beam,    the bending stiffness,    the 

density, and   the cross-sectional area. A theoretical 

first-order eigen frequency of the beam was obtained as 39.2 

Hz, which coincided with the experimental result, such as 40 

Hz as shown in Figure 6. In the magnet enhanced hybrid 

system, 5Hz to 40 Hz frequency conversion was achieved.  
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Figure  5. Comparison of output voltage in cases of magnetic 

induced and conventional systems at 5 Hz vibration. 

















 

Figure 6. Results of FFT analyses of the magnetic induced 
system and the conventional one. 

Further, we found two values of resonant frequency, 40 Hz 
and 50 Hz in the case of the hybrid system in Figure 5 and 6, 
which had the features of large deflection. It could be related 
to the increase of the stiffness, such as hard spring cantilever, 
mainly caused by the large deflection and the large repulsive 
force from the counterpart permanent magnet.  

The maximum voltage of conventional system was 2.1 V. On 
the other hand, the magnetic induced system showed the 
maximum voltage 6.3 V. In addition, a large voltage can be 
generated continuously through the free high frequency 
vibration induced by the low frequency magnet vibration. 
Consequently, the magnetic induced system was validated as 
the power generation system at low frequency. 

 

IV. PROTOTYPE AND MEASUREMENT 

The magnet induced system was adopted to design an 

enhanced energy convert system in conjunction with the 

ubiquitous device. A newly designed system was consisted of 

the piezoelectric cantilever and the pendulum, which were 

attached the permanent magnet at the tip, as shown in Figure 

7. In this harvester, the pendulum pushes up the piezoelectric 

beam and induces eigen frequency, as shown in Figure 8. 

Actually, the pendulum vibrator was occurred by the human 

walk motion. By using this enhanced energy harvester, 2 Hz 

low-frequency human walking vibration was inputted and the 

generated voltage was measured as shown in Figure 9. A 

PVDF thin film (25 ×10 × 0.1 mm) was bonded to SUS304 

plate (25 × 10 × 0.1 mm). The maximum voltage 1.2 V was 

obtained. Figure 10 shows the output voltage and power 

delivered to the load. The optimum load resistance (  ) can 

be firstly estimated as 
 

   
 

    

                                                                                       

 

where    is the resonant frequency, and    the capacitance 

of the piezoelectric cantilever. The harvester was then 

connected with a continually adjustable load resistance from 

100 k to 1 M, which can cover the estimated value at the 

initial design. As expected, the output voltage increases with 

the load resistance. The maximum electric power 1.2 W was 

obtained at the optimum resistance value, namely 600 k as 

shown in Figure 10.  

 

V. CONCLUSION 

We have developed the magnetic induced harvester – the 

hybrid vibration system – employing the piezoelectric 

cantilever. This harvester converts the low-frequency human 

motion to high frequency resonance vibration of the 

cantilever beam. Through the frequency conversion, it is 

possible to generate electricity without dependence on the 

ambient vibration frequency. We confirmed this frequency 

convert system’s availability for the effective energy harvest.  
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Figure 7. Schematic view of magnetic induced harvester. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Photo of pendulum motion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Time history of generated voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. The generated voltage and power vs. load 

resistance at resonant frequency in the magnetic induced 

harvester. 

 

REFERENCES 

[1] C. Otto, A. Milenkovic, C. Sanders, E. Jovanov, “SYSTEM 
ARCHITECTURE OF A WIRELESS BODY AREA SENSOR 

NETWORK FOR UBIQUITUS HEALTH MONITORING”, Journal 

of Mobile Multimedia, vol. 1, no 4, 2006, 307-326. 

[2] S. Choi, S.J. Song, K. Sohn, H. Kim, J. Kim, J. Yoo and H.J. Yoo, A 

“Low-power Star-topology Body Area Network Controller for Periodic 

Data Monitoring Around and Inside the Human Body”, Wearable 
Computers, 2006, 139-140. 

[3]  L. Gu, “Low-frequency piezoelectric energy harvesting prototype 
suitable for the MEMS implementation”, Microelectronics Journal, vol. 

42, 2011, 277-282. 

[4] P.D. Mitcheson, “Energy Harvesting for Human Wearable and 
Implantable Bio-Sensors”, Engineering Medicine and Biology Society, 

2010, 3432-3436. 

[5] E. Lefeuvre, A. Badel, C. Richard, L. Petit, D. Guyomar, “A 

comparison between several vibration-powered piezoelectric 
generators for standalone system”, Sens. Actuator A vol. 126, no. 2, 

2006, 405-415. 

[6] G. Poulin, E. Sarraute, F. Costa, “Generation of electrical energy for 
portable device competitive study of an electromagnetic and a 

piezoelectric system”, Sens. Actuators A, vol. 116, no. 3, 2004, 

461-471. 

[7] M. Ferrani, V. Ferrani, D. Morioli, A. Taroni, “Modeling, fabrication 

and performance measurements of a piezoelectric energy converter for 
power harvesting in autonomous microsystems”, IEEE Trans. Instrum. 

Means, vol55, 2005, 2096-2101. 

[8] K.Y Cook-Chennault, N. Thambi, A.M. Sastry, “Power MEMS 
portable devices: a review of non-regenerative and regenerative power 

supply systems with special emphasis onb piezoelectric energy 
harvesting systems”, Smart mater. Struct, vol. 17, 2008, 1-33. 

[9] J.Q. Liura, H.B. Fanga, Z.Y. Xub, X.H. Maob, X.C. Shena, D. Chena, 
H. Liaob, B.C. Cai, “A MEMS-based piezoelectric power generator 

arry for vibration energy harvesting”, Microelectron. J., vol. 39, no. 5, 

2008, 802-806. 

[10] S. Roundy, P.K. Wright, “A piezoelectric vibration besed generator for 

wireless electronics”, Smart Mater. Struct., vol. 13, no. 5, 2004, 

1131-1142. 

[11]  S.P. Beeby, M.J. Tudor, N.M. White, “Energy harvesting vibration 

sources for microsystems applications”, Measurement Socience and 
Technology, vol. 17, 2006, 175-195. 

[12] S. Roundy, “Energy scavenging for wireless sensor nodes with a focus 
on vibration to electricity conversion”, Ph.D. dissertation, University of 

California at Berkerley, 2003. 

[13] M. Marzencki, Y. ammar, S. Basrour, “Integrated power harvesting 
system including a MEMS generator and a power management circuit”, 

Sens. Actuator A, vol. 145, no. 146, 2008, 363-370. 

[14] S. Roundy, P.K. Wright, J. Rabaey, “A study of low level vibrations as 

a power source for wireless sensor nodes”, Computer Communications, 

vol. 26, 2003, 1131-1144. 

[15] Y. Naruse, N. Matsubara, K. Mabuchi, M. Izumi, S. Suzuki, 

“Electrostatic micro power generation from low-frequency vibration 
such as human motion”, Journal of Micromechanics and 

Microengineering, vol. 19, 2009, 1-5. 

[16] B. Yang, C. Lee, W. Xiang, J. Xie, J.H. He, R.K. Kotlanka, S.P. Low, H. 

Feng, “Electromagnetic energy harvesting from vibrations of multiple 

frequencies”, Journal of Micrimechanical and Microengineering, vol. 
19, 2009, 1-8. 

[17] R. Amirtharajali, S. Meninger, J. Mur-Miranda, a. Chandrakasan, J. 

Lang, “Self-powered signal processing vibration-based power 
generation”, IEEE journal of Solid State Circuits, vol. 33, no. 5, 1998, 

687-695.  

 

1630


	MAIN MENU
	Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

