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Abstract 

In recent decades, the fast growth of infrastructure, industrial applications, medical applications, and the 

energy-saving importance make converting wasted surrounding vibrations to useful electrical power by 

employing piezoelectric cantilevers a promising technique. Piezoelectric energy harvesting replaces the battery 

employed to operate low-power- sensors. Also, this power can operate wireless sensor networks (WSN) in 

buildings, power plants, the manufacturing services (machines). Also, can be employed for structural health 

monitoring applications. Besides, the motion of blood and air can be harvested using piezoelectric to replace 

the battery in some medical applications.  The harvested power can run sensors, radio frequency (RF) 

transmitters, and microprocessors. So, piezoelectric energy harvesting is a growing technique that can be 

employed in our country in many applications. In this research, we aim to harvest the wasted energy of the 

buildings, transportation, and manufacturing services. A harvester consisting of two composite piezoelectric 

beams is proposed. The modeling and simulation are conducted using the Finite Element Method (FEM) 

COMSOL. The output voltage and power are simulated over a wide frequency range (10-30 Hz) (targeted 

applications frequency range). Also, the mode shapes of the proposed harvester are presented. The effect of the 

base excitation acceleration is investigated. Besides the stress distribution over the harvester is investigated to 

avoid the failure. The efficiency and durability of the harvester are checked. 
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I. Introduction 

Converting the wasted energy into useful electrical energy to replace the battery in many applications 

[1–4]. This harvested energy operates wireless sensor networks (WSN) which are mainly utilized in structural 

health monitoring to protect and monitor many 

structures in many industrial applications [5, 6] and to run sensors [7, 8]. The harvested energy can 

operate a radio frequency (RF) transmitter [9], and microprocessor [10, 11]. There are surrounding available 

energy sources like structural vibrations of bridges, transportation, rotating machines, and liquid and wind flow 

energy [12]. Simple structure, reliability, availability, high efficiency, and low cost let piezoelectric energy 

harvesting attract importance and attention in the last period [13, 14]. 

Zhang and Qin [15] presented a device for frequency up-conversion harvesters [15]. Fu and Yeatman 

[16] presented a harvester for broadband and low rotational speed harvester. Nonlinear harvesters based on an 

external magnet were presented [17–19].  This approach has a drawback to the large dimensions relative to the 

introduced broadband enhancement. Another approach is resonance tuning using the active method. The low net 

output power technique (active piezoelectric harvester) which utilizes a controller and sensor has been 

investigated [20]. 

Utilizing an array of piezoelectric energy harvesters with different natural frequencies has been 

introduced in many broadband natural frequency applications [21–28].  Maximizing and improving the output 

power of the harvesters were investigated and studied by [29-31]. Silveira et al. [32] proposed a harvester to 

harvest the vibration energy of a tilting pad bearing. Liu et al.  [33] proposed a tri-stable harvester to harvest the 

power in many directions. 

In this study, FEM COMSOL is employed to evaluate the natural frequencies of the first and second 

modes of vibrations. Also, the electrical resistance dependence study is conducted using FEM to determine the 

optimal resistance which gives the maximum output power. Then, the output power and voltage frequency 

dependence study are implemented. The efficiency of the proposed design is tested.  This paper aims to harvest 
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the ambient vibrations with a frequency lower than 100 Hz and acceleration lower than 15 m/s2 [34-37]. The 

wasted energies are excited in buildings, bridges, cars, and structures. To harvest this wasted power, two 

piezoelectric cantilevers are employed, then the harvested power operates a sensors network in many industrial 

and medical applications (see Fig. 1). 

 

 
Fig.1. proposed harvester harvests the wasted vibration(energy) to an electrical power utilized in many industrial 

and medical applications. 

 

II. Modeling and simulation 

2.2. Analytical Modeling 

In this section, the modelling of two cantilevers of piezoelectric beams using FEM (COMSOL 6 ) is presented. 

Lefeuvre et al. [38] derived an analytical model of a piezoelectric energy harvester in terms of base excitation 

U(m),  capacitance (C/V), voltage (V), mass (Kg),  electromechanical coupling coefficient, and 

 damping coefficient (N/ms). The output power can be represented as : 

                                     (1) 

After the reduction: 

 
                                              (2) 

        Where,  is the natural frequency (Hz), and R is the electrical resistance (Ω). 

 

2.2. FEM COMSOL Modeling  and Natural Frequency Evaluation         

Fig.2 reveals the proposed model employed in this study. The model consists of two cantilevers that are 

covered with piezoelectric layers of 30 mm at the fixed end. Also, four masses are employed as two tip masses 

and two enhanced masses. The masses are employed to control the frequency where the frequency mainly 

depends on the stiffness and mass.  The base material is selected to be a steel layer for its stiffness, strength, and 

elasticity. The steel layers are coated with a piezoelectric layer of PZT-5H at the fixed end. Table 1 lists the 

properties of the material employed to construct the harvest in terms of density, elasticity, and Poisson ratio. 

Table 2 lists and summarizes the geometric dimensions utilized in this study. Fig.2. reveals the mesh quality of 

the proposed harvester. Fig. 3 the value of natural frequencies of the first two modes. Also, the mode shapes are 

demonstrated. 
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Figure 1: The array model used in FEA COMSOL modelling. 

 

Table 1. The properties of the base and piezoelectric materials. 

Material Steel Piezoelectric (PZT-5H) 

Density (kg m-3) 8000 7500 

Young’s modulus (GPa) 193 64 

Poisson’s ratio 0.29 0.3 

Coupling coef.(CV / Nm)         - 0.12 

Strain constant (m/V×10-12) - 274 

 

Table 2. Geometric parameters of piezoelectric array harvester. 

Parameters Steel cantilevers Piezoelectric (PZT-5H) 

Length (mm) 120/cantilever 30 

Width (mm) 15/cantilever 15 

Thickness (mm) 0.5 and 0.7 0.3 



American Journal of Engineering Research (AJER) 2023 
 

 
w w w . a j e r . o r g  

w w w . a j e r . o r g  

 

Page 4 

 
Fig.2. The mesh quality of the proposed harvester. 

 
(a) 
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( b ) 

( c ) 

( d ) 
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Fig. 3. The mode shapes and the resonant frequencies of the array harvester (a) mode 1  of beam 1 (14.3 Hz), (b) 

mode 1  of beam 2(22 Hz), (c) mode 2  of beam 1 (129.7 Hz), (d) mode 2  of beam 2 (193.19 Hz). 

 

III. Results and discussions 

The simulations of the proposed model are conducted based on 15 m/s2 as base excitation acceleration. 

The proposed acceleration is the maximum acceleration in the applications of bridges and transportation. Also, 

the simulations are conducted at a frequency lower than 100 Hz.  The simulations are conducted in forced and 

damped vibration modes where the damping coefficient is selected to be 0.05.  Figs. 4-7 show the electrical 

resistance effect on the output power and voltage. Figs. 4-5 reveal the simulations of the output voltage and 

power respectively over a range from the resistance at the first mode natural frequency. It is observed from Figs. 

that the optimal resistance that produces the maximum electrical power is 100 KΩ. Figs. 6-7 reveal the 

simulations of the output voltage and power respectively over a range from the resistance at the second mode 

natural frequency. It is observed from Figs. that the optimal resistance that produces the maximum electrical 

power is 100 KΩ. so the frequency domain study is conducted at 100 KΩ as electrical resistance. Figs. 8-9 show 

the frequency response of the output voltage and output power. It is observed that the maximum voltage is 

around 100 V and the maximum power is around 50 mW. The resulting power and voltage are high enough to 

operate a sensor in industrial applications. Also, the effect of increasing the acceleration base excitation is 

investigated as shown in Fig. 10, so we can determine the output power and voltage at any input (acceleration). 

Fig. 11 shows the stress distribution over the harvester at the 1.5 g base excitation. It is proven the reliability of 

the harvester where the maximum stress is lower than the strength of the steel and piezoelectric materials. Fig. 

12 reveals the deflection distribution over the two beams around the first two natural frequencies at 14 and 22 

Hz. Fig. 13 shows the strain distribution over the two beams around the first two natural frequencies at 14 and 

22 Hz. Fig. 14 reveals the potential voltage distribution over the piezoelectric material around the first two 

natural frequencies at 14 and 22 Hz. 

 

 
Fig. 4. The load resistance study of the voltage at the first mode. 

 

 
Fig. 5. The load resistance study of the power at the first mode. 
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Fig. 6. The load resistance study of the voltage at the second mode. 

 

 
Fig. 7. The load resistance study of the power at the second mode. 

 

 
Fig. 8. The frequency response study of the voltage. 
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Fig. 9. The frequency response study of the power. 

 

 
Fig. 10. Output power and voltage against the base excitation acceleration. 

 
Fig. 11. Stress distribution over the two beams at 1.6 g acceleration. 
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(a) 

 
(b) 

Fig. 12. The deflection (displacement (mm)) in Z direction distribution over the two beams (a) at 14 Hz, (b) at 

22 Hz. 

 
(a) 
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Fig. 13. The strain in X direction distribution over the two beams (a) at 14 Hz, (b) at 22 Hz. 

 

 
(a) 

( b ) 
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(b) 

Fig. 14. The potential voltage(V) distribution over the two beams (a) at 14 Hz, (b) at 22 Hz. 

 

IV. Conclusions 

A harvester consisting of two composite piezoelectric beams was constructed to harvest the wasted 

energy of surroundings. The modeling and simulation were conducted using the Finite Element Method (FEM) 

COMSOL. The resistance dependence study was conducted at the first and second mode shapes. It was found 

that the optimal resistance is 100 KΩ. The output voltage and power were simulated over a wide frequency 

range. It is observed that the maximum power is around 50 mW and the maximum voltage is around 100 V 

which can operate a sensor in industrial applications during structural health monitoring.  Also, the mode shape 

of the vibrations was presented. The effect of the base excitation acceleration was investigated. Finally, the 

stress distribution over the harvester was introduced. The efficiency and durability of the harvester were 

investigated. The deflection, strain, and potential voltage distribution along the two beams were presented 

around the first two natural frequencies. 
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