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ABSTRACT  

This paper present how to design and model a 

bimorph piezoelectric (PZT) cantilever device 

using the effects of piezoelectricity property to 

extract the typical car engine‟s vibration that 

generated on a dynamic shaker and convert it into 

electrical energy. The output power can be utilized 

directly to energize small electronic devices such as 

electronic transmitters and sensors which currently 

use short lifespan batteries with limited capacity, 

furthermore, a vibration frequency of 200 Hz 

produced on the car engine has been prevented 

from being wasted in vain. A cantilever of Lead-

Zirconate-Titanate (PbZrO3TiO2) with dimensions 

of (40 mm × 10 mm × 0.5 mm) has been modeled, 

simulated and characterized to produce the output 

power in the range of (100 µW - 0.4 mW) at 

resonance frequency of (≤ 0.2 KHz) under peak 

acceleration of (≤ 10 m/s2). This cantilever‟s 

targeted vibration is dynamic (damped) vibration; 

therefore it has been subjected to continuous 

vibratory force. The Static Vibration is run at the 

first stages to check the working force and stamina 

of the cantilever by applying a pulse of movement 

and observe the response of the transient wave of 

the of the cantilever. A bimorph piezoelectric 

harvester cantilever was designed under the 

optimal conditions identified to extract the car 

engine vibration produced by dynamic vibration 

shaker using the typical frequencies and 

acceleration of the car engine and it produced 

output power nearly 0.39 mW.  

  

Keywords—Piezoelectric, Bimorph harvesting 

cantilever, Proof mass, Natural frequency, Ionization. 

 

I. INTRODUCTION 

It is well recognized that many types of motions in 

our daily life involve different types of mechanical 

vibration, e.g. the movement of cars, the motion of 

machines in manufacturers, Small ovens vibration, 

the outer covering box of air conditioners as well as 

our personal computers while a Compact Disk 

(CD) running on it. These vibrations provide 

different ranges of frequencies, e.g. the car engine 

compartment generates around 200 Hz, small 

microwave oven able to produce 121 Hz and the 

windows to a busy road induces up to 100 Hz [1]. 

The source of vibration that will be investigated in 

this project is the car engine vibration; it expected 

to generate a peak frequency of 100 to 200 Hz 

during normal driving. The reason why chose this 

source because we keep using cars permanently 

and it has the ability to produce high vibration 

motion, hence, with the emergence of Micro 

Electro Mechanical Systems (MEMS) [2].  

In order to convert parasitic mechanical vibrations 

that available from the environment, while keeping 

the compactness of the MEMS device; an energy 

harvesting device needs to have a low resonant 

frequency with high acceleration magnitude. Thus 

here the effect of the proof mass, the beam shape 

and damping will appear on the harvesting 

performance to achieve output power [2]. The 

targeted cantilever is an extended beam, consists of 

three layers of piezoelectric (PZT Bimorph 

Cantilever). Two layers of PZT1 and PZT2 will be 

on the top and bottom of the cantilever interspersed 

with a metal of copper layer (Cu).  [3- 4] stated that 

the energy conversion from mechanical to 

electrical form via PZT beam must follow the 

steps: Input Vibration: Applies acceleration to the 

beam structure. Effective Mass:   Converts input 

acceleration into force. Beam Shape:  Bends 

according to the force to result in strain along the 

PZT layer and then the mechanical damping 

dissipates energy during oscillation.  

Piezoelectric layer of the Beam converts 

mechanical strain into an electrical charge, which 

results in electrical damping of the vibrating beam. 

Electrodes: Collects generated charge and electrical 

damping results. Thereby the key parameters which 

affect the magnitude and efficiency of the power 

are amplitude and frequency of the input vibration, 
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the effective mass of the beam, stiffness and 

damping coefficient of the structure [5]. The 

examined cantilever beam can be applied to two 

types of piezoelectric effects, depends on the 

purpose of the cantilever, these two effects are:  

Direct Piezoelectric Effect: It arises when the 

mechanical vibration applied to the piezoelectric 

cantilever, then it directly converts this vibration to 

electrical power, and the amount of this power is 

proportionally related to the intensity of vibration. 

This type of effect will be considered in this 

project. 

 Indirect Piezoelectric Effect: Conversely in the 

first case, a mechanical movement or vibration or 

sometimes deformation will be generated due to 

applied electric charge (current) to the piezoelectric 

material. The significance of this project stems 

from being a continuous self-generating source of 

electric energy by only absorbing the vibration 

using no any external energy source. Moreover, its 

direct relationship to MEMS technology made the 

project more significant to proceed.  

 

II. LITERATURE REVIEW 

The primary focus of research has been on the 

vibration-based energy harvesting. Due to the 

reduced power requirement to charge small 

electronic devices; these devices can use the 

vibration energy available in their ambient 

environment, so the requirement of an external 

power source or periodic battery replacement can 

be removed or at least minimized [6]. Terms 

“Piezoelectric” or “Piezoelectricity” has been 

stemmed from the Greek word „Piezo‟ which 

means pressure or press and the word „electric‟ 

refers to electricity[7]. The concept is referring to 

harvesting energy that stored in the mechanical 

vibration and turning it into electrical energy. The 

special device that will undergo to extract this 

energy and convert it called Piezoelectric 

Cantilever.  

According to the type of the external physical 

source has been applied (vibration, light, thermal or 

radio frequency) and the targeted PZT effect (direct 

or indirect); the piezoelectric materials can fit into 

many microsensors and actuators, e.g. inertial 

sensors, pressure sensors, tactile sensors, and flow 

sensors [8]. The role of PZT energy harvesters 

appears as the power source of these sensors, 

instead of using rechargeable batteries, especially 

when these sensors applied in harsh environments 

such as desert or forest to collect some data where 

the power source will be unavailable for the long 

run. Table 1 illustrates the maximum acceleration 

and frequency for certain vibration sources [9]. 

 

Table 1 Frequency ranges and acceleration of 

vibration sources 

Vibration source 

Peak 

acceleration 

(m/s2) 

The frequency 

of peak (Hz) 

Car engine 

compartment 
10-12 200 

Small microwave oven 2.5 121 

HVAC vents in office 

building 
0.2-1.5 60 

Windows next to a busy 

road 
0.7 100 

Notebook computer 

while CD is being read 
0.6 75 

Second story floor of 

busy office 
0.2 100 

Clothes dryer 3.5 121 

Washing machine 0.5 109 

Refrigerator 0.1 240 

 

The designed cantilever consists of two ends: (end 

A) and (end B), end A will be fixed at the vibration 

source; the vibration then will fluctuate the 

cantilever and be reflected at end B, as shown in 

Figure. 1. 

 
Figure. 1 PZT cantilever energy harvester 

 

In [10] stated that, the process of converting the 

interior crystals of the PZT materials so-called the 

ionization operation. These crystals rearrange 

themselves when the vibration occurs, whereby the 

distance between the negative and positive charges 

will be changed within the crystal, and as a result, a 

net polarization appears at the surface of the 

piezoelectric cantilever as an open circuit 

measurable voltages. The main significant 

properties that characterized lead Zirconate 

Titanate to be classified as one of the important 

materials used in PZT fabrication are the large 

piezoelectric coefficient and the dielectric constant 

with the ability to produce more power for a given 

acceleration. Aluminium Nitride (AIN) also has 

been used in MEMS, although it has a smaller 

piezoelectric coefficient and dielectric constant, it‟s 

compatible with the standard Complementary 

Metal Oxide Semiconductor (CMOS) and 

processes and the Integrated Circuits (IC)  [11]. 

Cantilever Analysis: A bimorph (PZT1-Cu-PZT2) 

cantilever has been analysed, and the dimensional 
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drawing of the harvesting devices as shown in 

Figure 2.  

 
Figure. 2 3-Dimensional schematics of PZT 

cantilever 

Figure. 2 shows 3D dimensional cantilever 

consisting of length (l), width (w) and thickness (t). 

The resonant frequency of the cantilever is found 

using Equation (1) 

                                (1) 

Where fr the resonant frequency, k is stiffness 

constant, meff the cantilever effective mass. The 

stiffness constant can be obtained by 

                          (2) 

Where Eavg is the average young‟s modules, w 

width of the beam, t is thickness, l length of the 

beam. The effective mass of the beam can be found 

as 

                     (3) 

Whereas the beam mass is obtained by equation (4) 

                       (4) 

    Where avg is the average mass density, by 

considering the proof mass, the total mass can be 

found as 

                    (5)    

    Where zm, xm and ym are the lengths, width and 

height of proof mass respectively, and pm is proof 

mass density. Then the cantilever frequency 

including the proof mass (fr’) can be calculated by 

                     (6) 

In order to calculate the output power, we must 

attach an optimal load resistor (R) to the cantilever, 

the value of this resistor, R=10 Ω.  

 

III. METHODOLOGY 

The main activities in this project are to build a 

good design and simulation model of piezoelectric 

energy harvesting cantilever in order to generate 

high electrical power from the mechanical 

vibratory energy. In order, this paper discussed 

three main scenarios will be followed as a 

methodology of this project, which is: 

Mathematical Modelling, Simulation design and 

Experimental analysis. The project workflow is 

shown in Figure.3.  
 

 

 
Figure. 3 Project flow chart 

 

Mathematical Modelling: The mathematical 

modelling will be performed using a different set of 

equations that have already mentioned in the 

literature review. The design parameters of the 

beam and proof mass are shown in Table 2.  

Table 2 Cantilever beam and proof mass design 

parameters 

Cantilever Beam 

Design parameter Symbol Value (mm) 

Length l 40 

The thickness of total layers t 0.5 

Width w 10 

The thickness of the 

substrate 

(Copper) 

tcu 0.5 

Proof Mass 

Design parameter Symbol Value (mm) 

Length zm 10 

Width xm 5 

Thickness ym 3 

Simulation Design: The Simulation Design will be 

performed using Coventor Ware software, the 

software shows and analyses the designs of the 

cantilever beam before proceeding to the 

fabrication operation. CoventorWare simulator 
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considered the most advanced suite of MEMS 

design integrated circuits. It consists of three main 

modules: architect, designer and analyser, however, 

based on the project requirements; we will use only 

the designer and analyser modules.  In the designer 

module, we will perform the Deep Reactive Ion 

Etching (DRIE) process; it used to etch deep 

cavities in the substrate with relatively high aspect 

ratio, then the meshing process will come by using 

Manhattan bricks meshing with linear elements 

sized forty (40) microns in the x, y, z dimensions. 

In the analyser module, we will apply the pressure 

force to examine the design resonant frequency at 

its maximum peak. 

Experimental Analysis  The designed model in its 

real dimensions will be tested to observe the 

maximum output power that it can produce when it 

applied under the typical vibration of the car engine 

generated on the shaker. 

 

IV. RESULTS AND DISCUSSION 
 

 

 

 

 
Figure. 4 Real dimensions of the designed 

cantilever 

The Mathematical design of the cantilever 

according to parameters and material properties in 

table 2, has been obtained, and the calculated 

results are shown in Table 3.  

 

Table 3 The mathematical calculations  

Parameters 
     

Symbol 
Result 

Average mass density avg 8.02 Kg/m3 

Mass of the cantilever m 1443.6 × 10-6 g 

The effective mass of the 

cantilever 
meff 340.28 × 10-6 g 

Proof mass mpm 2.89 × 10-3 g 

Cantilever resonant 

frequency 
fr      200.96 Hz 

Cantilever and proof mass‟ 

resonant frequency 
fr’ 155.8 Hz 

 

Simulation Design. the simulation as 

aforementioned involves basically three main 

modules, which are an architect, designer and 

analyser. In this project, our concentration on the 

designer and analyser modules.  

Designer Module: Prepared the design layers 

compositions before we proceed to the analyser 

module, we must make sure the layers placed in the 

right arrangement, starting with the substrate, then 

PZT1, Cu, PZT2 and membrane. Figure.5 shows the 

main layers compositions.  

 

 

Figure. 5 Specifications of the cantilever layers 

 

DRIE Process, The main purpose of the deep 

etching to cut and remove out all the unnecessary 

parts of the examined device and highlight the 

cantilever layers to be only hanged in the substrate 

as shown in Fig. 8, the magnified part clearly 

reveals how the thickness of the copper (100 mm in 

green colour) is much thinner compared to the 

PZT‟s thicknesses (200 mm in red-colour).   
Meshing Process:  As mentioned in the 

methodology, this process is very important before 

applying any pressure or vibration to the sample, 

Normally in Coventor Ware, meshing process 

comes with five types of mesh generators, each one 

has its own unique algorithm, they are: Mapped 

Bricks, Manhattan Bricks, Extruded Bricks, 

Surface Triangle and Tetrahedrons. The type that 

has been applied here is Manhattan Bricks as it‟s 

magnified in Figure.6.  
 

 
Figure.6 3-D view of meshed cantilever magnified 

In Manhattan bricks with an element size of 40 µm 

An appropriate mesh greatly contributes to 

optimizing the accuracy and precision of 

calculation of the system. Analyser Module: In this 

module have applied pressure as vibration source to 

examine the model‟s frequency by setting the 

examined acceleration value (10 m/s
2
), the resonant 
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frequency has been determined to be about 186.801 

Hz shown in Figure.7 and this verifies the 

frequency obtained during the mathematical 

calculations which were 200.96 Hz. 
 

 
Figure. 7 Analysed cantilever beam when the 

dynamic pressure force is applied 
 

Experimental Analysis : Applied the dynamic 

shaker to generate damped vibration same as car 

engine vibration in frequency range 100 – 200 Hz 

and acceleration up to 10 m/s2, when the shaker 

starts running, the fluctuation starts, and as long as 

we apply high accelerations values, the output 

voltage is expected to increase, to illustrate this 

relationship between acceleration and output 

voltage; we have considered three cases of 

acceleration starting from 6 m/s
2 

up to the real car 

acceleration 10 m/s
2
. 

1) Acceleration              

Applying frequency range 100 – 200 Hz, we 

accelerated the shaker by 6 m/s
2
, the fluctuation 

wave is shown in Figure. 8 
 

 
Figure. 8 Maximum output voltage at acceleration 

 =6m/s2 

According to Figure.8, when the applied shaker‟s 

frequency matches the resonant frequency of the 

cantilever, the highest output voltage can be 

achieved, and as long as we keep increasing the 

acceleration, higher voltage can be generated. From 

the graph, the value of output voltage around 

0.0281 V at frequency 166.01 Hz, so if we consider 

a value of 10 Ω external resistors, the output 

current and the produced power will be 2.81 mA 

and 78.961 µW respectively. 

2) Acceleration             

Higher voltage is expected to be generated, because 

of the proportional relationship between the 

acceleration and the voltage, thus the output 

voltage pulse, in this case, is shown in Figure.9. 
 

 
Figure. 9 Maximum output voltage at acceleration 

 =7m/s2 

Comparing to the case before, the highest voltage is 

achieved here and around 0.0461 V, with frequency 

up to 166.02 Hz, which is very near to the one we 

got in the modeling part, so again if we attach a 10 

Ω resistor to measure the current, we‟ll get a value 

of 4.61 mA, therefore the induced power around 

0.213 mW which is higher compared to case (1).      

Acceleration              
The natural acceleration for a car engine 

compartment normally up to 10 m/s
2
, so if we 

apply this acceleration in this case, higher power 

can be introduced, to confirm that, Figure.10 proofs 

the output voltage pulse. 

 

 
Figure. 10 The maximum output voltage at 

acceleration  =6m/s2 
 

Referring to Figure. 9- 10, can conclude that the 

resonant frequency of this cantilever is 166.02 Hz, 

The maximum output voltage can be generated is 

0.0628 V under 10 m/s
2
, thereby the maximum 

induced current and output power around 6.28 mA 

and 0.39 mW respectively. Table 4 summarizes the 

experimental results that we achieved for the three 

examined cases of accelerations: 
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Table 4 Generated outputs  to applied accelerations 

Accelerati

on (m/s2) 

Voltage  

(V) 

Current 

(A) 

Power 

(mW) 

Resonant 

Frq (Hz) 

6 0.0281 2.81 0.0789 166.01 

7 0.0461 4.61 0.213 166.02 

10 0.0628 6.28 0.39 166.02 

 

Thus the experimental analysis of the cantilever 

approved that the designed cantilever has 

successfully harvested the typical dynamic car 

vibration which generated by dynamic vibration 

shaker, and produced maximum output power up to 

0.39 mW, with output current 6.28 mA under the 

resonant frequency of 166.02 Hz.  

 

V. CONCLUSION  

Bimorph piezoelectric cantilever lead zirconate 

titanate (PbZrO3TiO2) with dimensions of (40 × 10 

× 0.5 mm) has been modelled based on dual PZT-

5H layers separated by a layer of Copper. The 

resonant frequency of this cantilever has been 

calculated in the modelling part and found to be 

200.96 Hz. With very accurate and advanced 

simulation Software (CoventorWare), the 

simulation is performed to design the solid model, 

by applying only the designer and analyser 

Modules, and performing the meshing and deep 

etching process and the results in more details have 

been a discussion. The verification step was in the 

experimental part, where the designed cantilever 

harvester had applied to typical car engine 

compartment specifications using vibration shaker 

under frequency 100 to 200 Hz, and acceleration in 

the range of 6 to 10 m/s
2
 which up to 1.02 g value. 

Finally, the output power is calculated by attaching 

an optimal resistor of 10 Ω to the cantilever while it 

was running under acceleration 1.02 g, and 

according to the maximum output voltage achieved 

0.0628 Volt the power is 0.39 mW. The 

recommended improvement for future work to 

build a cantilever that‟s targeting lower frequency 

with suitable proof mass to be added to take 

advantage of all surrounding vibrations, 

furthermore the challenge will exist in improving 

the scale up to microscale based on MEMS 

properties and performing more advanced 

CoventorWare processes for further analyze. 
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