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1. Introduction 

As technology continues to advance, current trends show that most devices and research have evolved towards 

small and low-power electronics. The dependency of these devices to battery as the main power source is inclining to 

the fact that battery has limited lifespan and is not cost effective for long term deployment. Therefore, in order to 

provide power sources for self-sustainable electronic devices, the concept of energy harvesting system is introduced in 

these applications. This option offers the solution to overcome the limitation of battery-based devices and has become 

popular recently especially in the wireless sensor network application. 

There are a number of ambient energies that can be harvested and collected for the use of energy conversion to 

electrical energy such as solar [1], vibration [2]–[4]  and electromagnetic waves [5], [6] . However, harvesting energy 

from vibrations is of interest as it is more ubiquitous compared to other ambient energy sources. In vibration energy 

harvesting, there are three methods of producing electricity which are by the means of electrostatic, electromagnetic 

and piezoelectric [7]. Nevertheless, the focus of this paper is on the piezoelectric technique. Piezoelectric material is a 

smart material capable of producing electricity when subjected to mechanical stress [7], [8].  

Early designs of piezoelectric energy harvester utilise the use of rectangular cantilever beam to generate the 

voltage, namely unimorph [9], [10] and bimorph [11] piezoelectric energy harvester. As the names suggest, unimorph 

setup requires one film of piezo attached on top of the cantilever beam, while bimorph setup involves two films 
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attached on the top and bottom layers of the beam. Bimorph setup proved to be more advantages than that of unimorph 

[12], [13].  

The geometry of the piezoelectric cantilever beam incredibly influences its vibration collecting capacity as well. 

Truncated shape such as triangular [4], [14], [15] and trapezoidal with rectangular cross segments proven to be better 

energy harvester as compared to the traditional design due to a more uniform strain distribution along the beam. To use 

this type of energy harvester, the resonance of the surrounding needs first to be assessed as the properties of the whole 

structure is fixed, thus resulting to a fixed natural frequency and frequency bandwidth.  

Complex shape such as spiral-shaped piezoelectric energy harvester [16], [17]  and L-shaped structure [18] 

managed to increase the number of resonant frequencies. However, these designs might be complicated and incur 

higher cost to be fabricated. Though, a number of researchers do also venture into concave [19], [20] and convex [21] 

shaped piezoelectric energy harvester, nevertheless, these designs require limited choices of piezoelectric material due 

to its flexibility requirement. Consequently, these designs are often seen in wearable devices. In addition, an array of 

cantilever beams can also be used as one of the multi modal energy harvester techniques [22], [23]. This is due to the 

fact that each beam has its own natural frequency. Therefore, more power and a wider frequency bandwidth can be 

harvested. However, using multi-modal energy harvester might not be appropriate in micro scale devices as it tends to 

be larger in size. 

As mentioned before, ambient energy in the form of vibration is usually low in amplitude and frequencies. Several 

system designs and techniques have been proposed by the researchers, to overcome the limitations of the narrow 

bandwidth, high natural frequencies and low output power. In general, the linear energy harvesting is preferred amongst 

other techniques, as no external source of energy to tune the system is required. Moreover, the design is simple and 

easy. However, for the resonance tuning method, it needs to be adjusted manually. They are characterised by a very 

narrow frequency bandwidth near to the resonance and have an optimum performance within the resonance frequency 

only. Therefore, it requires a certain excitation frequency to reach the optimum performance. If there is a slight change 

in the excitation frequency, the system performance decreases rapidly due to the narrow bandwidth. Accordingly, 

developing an energy harvester with a wide frequency bandwidth spectrum becomes one of the major concerns and 

interests for many researchers.  

In this work, a non-linear energy harvesting technique, through the use of fixed magnets on a piezoelectric energy 

harvester beam is discussed. This paper consists of 4 sections. Section 1 discusses the background and motivation for 

this study. On the other hand, Section 2 presents the simulation study of piezoelectric energy harvester using COMSOL 

Multiphysics software and Section 3 discusses the experimental work related to the title. Section 4 concludes the work. 

 

2. Simulation Studies of Piezoelectric Energy Harvester using COMSOL Multiphysics 

Software 

In this paper, in order to study the effect of adding magnetic field to the conventional piezoelectric energy 

harvester configuration, a simulation study was first conducted using COMSOL Multiphysics software. This software 

was chosen as there were limited resources that includes the effect of magnetic field on the performance of 

piezoelectric energy harvester using COMSOL Multiphysics software.  Several parameters of the piezoelectric energy 

harvester model were given fixed values for ease of computation, as listed in Table 1.  

 

Table 1 - List of parameters assigned to the PEH 

Description Value 

Magnetic dipoles 1, m1 0.019 Am
2
 

Magnetic dipoles 2, m2 -0.019 Am
2
 

Initial distance between m1 and m2 0.015 m 

Beam dimension         5.00   21.00  0.16 mm 

Permanent magnet dimension         5.00   4.00   1.70 mm 

Fixed end block dimension          1.00   1.00   5.00 mm  

 

The magnetic dipoles are set to be in attractive modes, which are indicated by the negative sign of m2 and m1‟s 

positive sign represents repulsive mode. The values are taken from study by Tang and Yang (2012). The PEH is 

modelled as a bimorph piezoelectric beam structure, equipped with a magnetic block as the proof mass at the free end 

of the beam and copper beam as the substrate (as shown in Fig. 1). The dimensions of the beams are identical, which 

are at           mm. The fixed end of the beam is attached to a solid structure to produce base excitation. Two 

permanent magnets were used, one being embedded inside the proof mass, and another magnet is assumed to face the 

proof mass at its widest cross-sectional area. 

Four materials were chosen to be the elements of the piezoelectric energy harvester which are Lead Zicronate 

Titanate (PZT-5H), structural steel, copper and neodymium. Fig.1 shows the materials in their assigned domain of the 

structure. 
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Fig. 1 - Type of materials used in COMSOL multiphysics software 

 

2.1 Boundary Condition 

The simulation was done in „solid mechanics’ physics. The whole cantilever acts as linear elastic materials with 

damping except for PZT-5H. It is assumed that the whole system has zero initial displacement and structural velocity. 

The boundaries of the whole structure were set to be free excluding the base of the support structure which was 

assigned as „fixed constraint’. The excitation force of the Piezoelectrical Energy Harvester was introduced as „Body 

Load‟ and can be expressed as in Eq. (1). 

 

             (1) 

where ρs, g and acc are density, gravitational constant and base acceleration, respectively. The gravitational constant 

was set at 1 g throughout the simulation.   

The presence of the magnetic force as a boundary load acting on the proof mass can be written as: 

 

       
      

                   
 
 

(2) 

 

where m1 and m2 are the moments of magnetic dipoles for magnet 1 and 2, τ is the vacuum permeability and D0 the 

initial distance between the two magnetic dipoles [24]. The displacement of both magnetic proof mass and magnetic 

oscillator needs to be considered and they are denoted as u1(t) and u2(t) distinctively. However, since only fixed magnet 

is of interest in this study, therefore, u2(t) is not considered. 

The piezoelectric layers are also subjected to „zero electric potential‟ so that the voltage produced can be measured 

across it. The boundaries that are exposed to the free space or air is considered as „terminal‟ while the boundaries that 

is in contact with the copper beam is the „ground‟. The setting of the meshing was set to be tetrahedral with normal 

element size to reduce the computation time as finer material requires more computation. This step is essential for the 

process of simulation as precaution against undistributed load along the structure and irregular or faulty results. 

2.2 Results 

2.2.1 Mode Shape  

The deformation of the beam at the first natural frequency is shown in Fig. 2 at around 71 Hz. Its associated stress 

analysis of the mechanical system, as depicted in Fig. 3 shows that the stresses is highly concentrated at the clamped 

area of the cantilever beam throughout the simulation. This result also indicates that for a rectangular cantilever beam, a 

higher voltage will be generated at the fixed end. 

 

 

Fig. 2 - The first mode shape of the system 



Muhammad Imran Jaafar et al., Journal of Science and Technology Vol. 13 No. 2 (2021) p. 17-24 

 20 

 

Fig. 3 - Stress distribution on the piezoelectric cantilever beam 

2.2.2 Power and Voltage Generation 

The performance of the PEH with magnetic oscillator shows a promising result, as observed in Fig. 4. The voltage 

generation in the system does increase by 80 mV in magnitude compared to the conventional PEH. In Fig. 4(c), in the 

case of magnetic oscillator, it is seen that the resonance frequency of the beam shifted to the right with the presence of 

the magnetic force.  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 4 - Voltage generation of a) conventional PEH; b) PEH with fixed magnet; c) PEH with magnetic oscillator 
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For the PEH with fixed magnet, the pattern of the voltage generation graph is almost identical with the 

conventional PEH. The difference is hard to notice from the graph as it is only 20 mV in magnitude. The addition of 

fixed magnet to conventional PEH does not improve the performance and even decrease the voltage generation of the 

PEH. Both systems achieved their highest amplitude of voltage generation at 73 Hz.  

The performance of the PEH with magnetic oscillator shows a promising result. The voltage generation in the 

system does increase by 80 mV in magnitude as compared to the conventional PEH. However, it is seen that the natural 

frequencies shifted to the right, indicating an increase in natural frequency. In the case of the PEH with magnetic 

oscillator, the performance of the system is more developed with the presence of the magnet. When both PEH and 

magnetic oscillator oscillate simultaneously, they are also transferring the vibration energy of their individual system 

through magnetic interaction to each other. 

One of the factors that contribute to the very small changes in the results of Fig. 4(a) and Fig. 4(b) might be due to 

the distance between the magnets as the tip mass, to the other source of magnetic field. In Fig. 4(c), the effect is more 

significant as the magnetic interaction is larger as it oscillates. Hence, the increase of frequency bandwidth is more 

visible. 

Simulation results of the PEH with fixed magnet, as shown in Fig. 5 shows small discrepancy from the 

conventional PEH. The fixed magnet model falls short of electric power output than its standard model. The power 

output stood at 0.721 mW when the system is at its natural frequency. PEH with magnetic oscillator model generates 

around 0.75 mW which surpassed the standard model. An increase of 10% of operating bandwidth is shown on the 

simulation as the purposed model has a bandwidth of 24 Hz while the standard model only has 22 Hz bandwidth. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 5 - Comparison of power in and power out of a) conventional PEH; b) PEH with fixed magnet; and c) PEH 

with magnetic oscillator 
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The explanation for the changes in performance of both PEH with fixed magnet and PEH with magnetic oscillator 

is the magnetic interaction of the system. In the fixed magnet model, the magnetic interaction act as resistor to the 

strain of the PEH as it does not vibrate. It induces more stiffness to the structure. The increase performance in magnetic 

oscillator model is due the fact that the dynamic of the magnet contributes to the vibration of the system. Overall, from 

the simulation studies, it shows that the use of magnetic force in a PEH system does increase the bandwidth frequency. 

 

3. Experimental Setup of Piezoelectric Energy Harvester  

Experimental validation was also conducted to study the effect of the presence of magnetic field at two different 

magnet polarities, as well as varying the distance between the two magnets. In this experiment, measurements were 

taken at both attractive and repulsive modes at three different distances which are 1.5 cm, 2 cm and 3 cm, respectively. 

In this work, only the case of fixed magnet was considered. The parameters used in the experiment is listed in Table 2 

and the arrangement of the experimental setup is shown in Fig. 6. The placement of the magnet, with respect to the 

piezoelectric can be clearly seen in Fig. 6(b). 
 

Table 1 - System parameters used in the experiment 

Description Symbols Value Units 

The beam composite and tip mass 

Composite beam dimension           25.40  71.00   0.71 mm
3
 

Young modulus of copper Ec 110   10
9
 N/m

2
 

Young modulus of FR4 Ef 26  10
9
 N/m

2
 

Magnetic tip mass of PEH Mt 27.50 g 

Distributed mass of beam Mb 3.12 g 

Piezoelectric element 

Piezoelectric material dimension           20.80   46.00   0.18 mm
3
 

Young modulus of piezoelectric patch Ep 63   10
9
 N/m

2
 

Clamp capacitance C
s
 97   10

-9
 F 

Loss Factor ƞ 0.02 - 

Fixed magnets 

Length of magnet lm 2.75 mm 

Diameter of magnet dm 12.00 mm 

Surface flux (magnetic flux density) β - Tesla 

Permeability of medium τ0 4π   10
-7

 H.m
-1

 

 

 
 

(a) (b) 
Fig. 6 - (a) Experimental setup; (b) PEH with one fixed magnet configuration 

 
The experimental results for the PEH with one of side magnets are shown in Fig. 7. The presence of magnet 

managed to tune the natural frequency of the system. Here, the PEH without magnet is taken as the benchmark. It is 

obvious that the resonance frequency of the PEH increases when the magnets are repulsive, as is shifted to only 12.82 

Hz at 1.5 cm from the beam from 11.59 Hz (the benchmark frequency). However, it has a considerable decrement 

while they are in attractive mode whereas it is shifted to 8.3 Hz at 1.5 cm away from the PEH from the benchmark 

frequency. The variations of the resonance frequency are due to the existence of the magnetic field. In the attractive 

mode, there is an additional force applied to the beam that eases the bending, therefore, it leads to lower natural 

frequencies. However, in repulsive mode, the magnets are moving away from each other that leads to additional 

stiffness for the beam and make it harder to bend, hence, increases the natural frequency. The bandwidth is almost 

consistent for all given distances at the repulsive mode as well as the peak output voltage. 
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Fig. 7 - The experimental results for the output voltage for PEH with one of the side fixed magnets 

 

Through observations, the frequency bandwidth increases in attractive mode, as it reaches to 0.425 Hz and 0.62 Hz 

at 2 cm and 1.5 cm respectively. However, the peak output voltage decreases whilst the distance decreases at attractive 

mode, as it reaches to 161.1 V/g at 1.5 cm. This is due to the inverse relationship between bandwidth and output 

voltage. In general, the pattern given by both simulation and the experimental results yield the same observation. The 

resonance frequency of the beam increases in the case of the repulsive mode, while decreasing the distance, and 

decreases in the attractive mode. The peak power achieved in the repulsive mode has a gradual decrement while 

decreasing the distance. Also, the bandwidth achieved in the attractive mode is the largest amongst other plots. The 

measurements of the output voltage, frequency bandwidth, and the resonance frequency are summarized in Table 3. 

 

Table 3 - Summary of the experimental results for PEH with one fixed magnet for different cases 

Polarity Do (cm) 

Peak Voltage, Vp  

|
 

 
| 

Frequency bandwidth 

(Hz) 

Natural Frequency, 

ωn (Hz) 

No Magnets  - 329.5  0.20 11.59 

Attractive  3.0 282.6  0.35 11.08 

Attractive  2.0 183.1  0.43 8.83 

Attractive 1.5 161.1 0.62 8.32 

Repulsive  3.0 266.7 0.34 12.09 

Repulsive 2.0 294.5 0.26 12.53 

Repulsive 1.5 280.6  0.30 12.82 

 

4. Conclusion 

This paper reports simulation and experimental studies of piezoelectric energy harvester (PEH) with magnetic 

field. The simulation was successfully done using COMSOL Multiphysics software to include the effect of magnetic 

field on the performance of piezoelectric energy harvester. In the simulation, only attractive mode is considered, and it 

shows that using magnetic oscillator shows a more promising result as compared to the PEH with fixed magnet and 

conventional PEH, with an increase of 10% frequency bandwidth. On the other hand, in the experiment, a thorough 

analysis can be made experimentally involving variations of distances and polarities. It is seen that, in attractive mode, 

larger bandwidth is observed, and the natural frequency is seen to be shifted to the right, as compared to the repulsive 

mode. The largest frequency bandwidth is found at attractive mode, with an increment of 210%, at a distance of 1.5 cm. 

In general, the presence of magnet in a piezoelectric energy harvesting system, using either permanent magnet or 

magnetic oscillator, do provide enhancement in terms of frequency bandwidth. 
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