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1. Abstract 

Energy supply from piezoelectric material using environmental vibrations is very attractive because 

they possess more mechanical energy for conversion into electrical energy and can withstand large 

amount of strain also. Such vibration energy harvester extracts maximum energy from environment 

when natural frequency of taper beam matches with natural frequency of environment. This paper 

presents experimental as well as theoretical optimization of power generation in taper cantilever 

beam at different tip mass position. In this paper we did theoretical and experimental analysis of 

piezoelectric power generation. 
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2. Introduction 

Piezoelectricity from the Greek word "piezo" means pressure electricity. It is the property of certain 

crystalline substances to generate electrical charges on the application of mechanical stress. 

Conversely, if the crystal is placed in an electric field, it will experience a mechanical strain. Such 

materials are useful as transducer elements for transducting electrical energy into mechanical energy 

and vice versa. When an AC voltage is applied, it will cause it to vibrate and thus generate 

mechanical waves at the same frequency of the input AC field. Similarly, it would sense the input 

mechanical vibrations and produce the proportional charge at the matching frequency of the 

mechanical input. 

Quartz is a well-known single crystal material depicting such piezoelectric effects. However, strong 

piezoelectric effects can be induced in polycrystalline Lead Zirconate Titanate based ferroelectric 

ceramic materials. These materials are represented by the formula ABO3, Perovskite crystalline 

structure wherein A-site denotes large divalent metal ion such as Pb and B-site denotes smaller 

tetravalent ion such as Ti or Zr. This class of ceramic materials has several advantages over single 

crystals including: higher piezoelectric coeffs, ease of fabrication into components of any shape and 

size, mechanically hard and robust, chemically inert and completely unaffected by atmospheric 

humidity. In contrast, single crystals must be cut along certain crystallographic direction, thus 

limiting their possible geometrical shapes. Energy harvesting or the process of acquiring energy 

from the surrounding environment has been a continuous human and endeavor throughout history. 

Need of energy harvesting due to growing need for renewable energy source of energy. It also 
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reduces dependency on battery power and increases popularity of wireless network as it suitable for 

remote devices. 

Piezoelectric cantilever beam energy harvesters are commonly used to convert ambient vibration 

into electrical energy. When pressure (stress) is applied on piezoelectric materials it creates a strain 

or deformation in the material and strain in the material creates electrical potential difference, a 

voltage. The effect is reversible, when an electrical potential is applied across two sides of a 

piezoelectric material, it strains. The piezoelectric effect is found in materials with a specific 

electrical crystalline structure. Some piezoelectric materials are Berlinite (AlPO4), Cane sugar, 

Quartz, Rochelle salt, Barium titanate (BaTiO3) Lead titanate (PbTiO3) Lead zirconate titanate 

(PZT) Potassium niobate (KNbO3) Lithium niobate (LiNbO3) Lithitantalate (LiTaO3) Sodium 

tungstate (NaxWO3) and poly vinyledene fluoride (PVDF) etc. 

 

 

 

 

 

 

 

 

Fig.2.1 Note that strain is generated along the length of the beam, hence the use of the 3-1 

mode 

Many methods have been reported to improve the harvested power of micro-generators. Some 

methods are selecting a proper coupling mode of operation and by changing the device 

configuration. This is accomplished by adding multiple pieces of piezoelectric material to the 

harvester. Harvesting efficiency can be increased by reducing beam thickness and attaching proof 

mass at the tip of the beam, Due to the less thickness and proof mass fundamental frequency of 

beam decreases. In the process of energy harvesting from environmental vibration shape of beam 

has great influence. Many researchers have showed that the triangular shaped cantilever beam with a 

small free end can withstand higher strains and allows more deflection resulting in higher power 

output. 

3. Definition of Terms and Relationships 

      3.1 - Polarization and Charge Coefficients: 

         With piezoelectric ceramics, the relationship between the applied stress and the resulting 

responses depend upon: 

 Piezoelectric properties of the ceramic. 

 Size and shape of the element, and 

 Direction of the electrical and mechanical vector quantities. 

To identify directions in a piezoelectric element, three axes termed as 1, 2 and 3; which are 

analogous to the classical three dimensional orthogonal set of axes X, Y and Z are used. Material 

properties along the 1 and 2 axes are identical to each other but different from those along the 3 axis. 

For maintaining simplicity, references are made only to the 3 and 1 directions. The poling or 3 - axis 
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is invariably taken parallel to the direction of polarization within the ceramic (Fig 3.1.1). The polar 

axis is induced during the manufacturing process by treatment with a high voltage DC field applied 

between the pair of electrode faces to align the domains of the material in the direction of the field. 

 

 

 

                                Fig.3.1.1                                                      Fig.3.1.2 

 

The polarization vector P is represented by an arrow pointing from the positive to the negative 

poling electrode. In shear mode operations, the poling electrodes are later removed and replaced by 

a set of electrodes on the second pair of the faces. The 3-axis is not altered, but it becomes parallel 

to the new electrode faces as seen on the finished element (Fig 3.1.2). 

3.2 - Piezoelectric Charge Coefficient (D Constant): 

The piezoelectric d constant is a measure of the charge density per unit stress or the strain per unit 

field.                         Dik    =    
Columb Meter 2 

Newton Meter 2 
   =    

Columb

Newton
 

                                 Dik     =     
Meter Meter 

Volt Meter 
        =     

Meter

Voltage
 

     

Piezoelectric coefficients with double subscripts link electrical and mechanical quantities. The first 

subscript gives the direction of the electrical field associated with the voltage applied or the charge 

or the voltage produced. The second subscript gives the direction of mechanical stress or the strain. 

The piezoelectric charge coefficient d33 applies when the force in the 3-direction (along the 

polarization axis) and is impressed on the same surface on which the charge is collected (Fig 3.2.1), 

whereas d31 applies when the charge is collected on the same surface as before but force is applied at 

right angles to the poling axis (Fig 3.2.2). 

 

 

            Figure.3.2.1                                                                             figure.3.2.2 

3.3 - Piezoelectric Voltage Coefficient (G Constant):  

The g coefficient is a measure of the field per unit stress or strain per unit charge density.  

                       gik =         
Volt meter 

Newton meter 2 
  =   

Volt ∗meter

Newton
 

                       gik =         
meter meter 

coulomb meter 2 
  =   

meter 2

coulomb
 

Output voltage is applied by multiplying the calculated electric field by the thickness of the ceramic 

between the electrodes. The first subscript indicates the direction of the generated voltage and the 
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second indicates the direction of the force. A "33" subscript Signifies that the electrical field 

generated and the mechanical stress are both along the polarization. A "31" subscript signifies that 

the pressure is applied at right angles. To the polarization axis but the voltage appears on the same 

electrodes as in the "33" case. 

3.4 - Relative Dielectric Constant:  
K

T
3 expresses the relative dielectric constant of the material relative to that of vacuum in the 3 

direction. Multiplying this by εo, the dielectric constant of free space yields the absolute dielectric 

constant (εo = 8.85 x 10
-12

 farads/meter). The superscript T applies to the mechanically free 

condition. K
T

3 therefore, expresses the relative dielectric constant measured in the polar direction 

under mechanically free condition. It is generally measured at 1 kHz, well below the mechanical 

resonance of the specimen. 

 

 

3.5 Relationship between G and D Coefficients: 

At frequencies far from resonance effects, piezoelectric ceramic transducers are fundamentally 

capacitors. Consequently, the voltage coefficient gik are related to the charge coefficient dik by the 

dielectric constant Ki, as in a capacitor the voltage V is related to charge Q by the capacitance C. 

Q = C. V 

d33 = K
T

3. εo. g33 

d31 = K
T

3. εo  . d31 

3.6 - Coupling Coefficients: 

Sometimes also referred as electromechanical coupling coefficients, these describe the conversion of 

energy by the ceramic element from electrical to mechanical form or vice-versa. 

                                 km     =       
Mechanical  Energy  stored

Electrical  Energy  applied
 

                                 ke      =        
Electrical  Energy  stored

Mechanical  Energy  applied
  

Subscripts denote the relative directions of the electrical and mechanical quantities and the kind of 

motion involved. kp signifies the coupling in a thin round disc polarized in radial expansion and 

contraction, whereas k33 is appropriate for a long thin bar or rod, electrode on the ends, poled 

lengthwise and vibrating in simple length expansion or Contraction. k31 relates to a thin long bar, 

electrode on a pair of long faces, poled in thickness and vibrating in the longitudinal dimension. 

Since these coefficients are energy ratios, they are dimensionless. 

3.6 - Young’s Modulus: 

The mechanical stiffness property of a piezoelectric ceramic material is expressed as the ratio of 

stress to strain. Because mechanical stressing of the ceramic produces an electrical response which 

opposes the resultant strain, the effective Young's modulus with electrodes short circuited is lower 

than the electrodes open circuited. Furthermore, the stiffness is different in the 3 - direction from 

that in the 1 or 2 directions. Therefore, in expressing mechanical quantities both direction and 

electrical conditions must be specified.Y
D

33is the equivalent with the electrodes open circuited in the 

3 direction whereas Y
D

11isthe modulus in the 1 or 2 direction. The superscript D points out the open 

circuit condition. The inverse of Young's modulus Y is the elastic compliance’s’ 

3.7 - Dissipation Factor or Tan Δ: 

This is also frequently called loss tangent and is a measure of the dielectric losses in the material, 

expressed as the tangent of the loss angle or the ratio of resistance to reactance of a parallel 

equivalent circuit of the ceramic element. It is measured directly at 1 kHz using LCR Bridge. 
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 3.8 - Curie point: 

 It is the temperature at which the crystal structure of the material changes from a piezoelectric to 

non-piezoelectric state. It is also the temperature at which the dielectric constant peaks. Each 

ceramic composition has its characteristic Curie point and in use the operating temperature must be 

kept substantially below the Curie point. 

3.9 - Aging Rate: 

The change or aging of the material parameters that occurs after the poling of the ceramic is called 

aging rate. The aging is a logarithmic function of time. The aging rate defines change in the relevant 

parameters per decade of time, for example 1 - 10 days, 10 - 100 days etc. The most parameters that 

age with time are: K
T

3, kp, Freq. constant, Qm, etc. 

3.10 - Mechanical Quality Factor (Qm): 

The mechanical Q is a dimensionless number which gives the quality of the ceramic as a harmonic 

oscillator. It is the reciprocal of the damping factor. The electrical analogue (in an equivalent electric 

series circuit, representing the mechanical vibrating resonance system) is the ratio of reactance to 

resistance. The shape of the part affects the value. 

3.11 - Frequency Constants: 

The frequency constant, N, is the product of the resonance frequency and the linear dimension 

governing the resonance. It is also equal to half the sound velocity in the same direction. The 

constant can be used to calculate the resonant frequency at which an element would operate. 

Np    Planar mode of thin disc 

Nt    Thickness mode of thin plate. 

To calculate the resonant frequency of a given element in kHz, divide the frequency constant by the 

controlling dimensions as shown below. 

Fr    =    Frequency Constant (Hz-m) 

Dim. (l, t, d) in m. 

 

4. Mathematical Modeling 

4.1 -Theoretical Predictions: Several design parameters have been investigated to 

maximize the generated power from mechanical vibrations to electrical output using 

piezoelectric material. These parameters are summarized as follows 

 Material type as PZT, PVFD, Quick-Pack, and PVFD. Material with high quality factor 

(Q-factor) produces more energy and recently piezoelectric micro fiber composite 

(MFC) has more efficiency to generate electrical power up to 65% of the input vibration 

energy.  

 Geometry, tapered form produces more energy while the strip form is commonly 

available in the market. 

 Thickness, thin layers produce more energy. 

 Structure, bimorph structure doubles the output than unimorph structure. 

 Loading mode, d31 produces large strain and more output power for small applied 

forces.  

 Resonance frequency has to be matched with the fundamental vibration frequency.  

 Electrical connection, parallel (current source) and series (voltage source).  

 Fixation, cantilever produces more strain than simple beam.  

 Load impedance, it has to be matched with the piezoelectric impedance at the 

operating frequency. 
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4.2 - Power Generation by Piezoelectric Material: 

Cantilever structure with tip mass is most widely used configuration for piezoelectric power 

harvesting device. The stiffness of structure depends on the loading condition material and 

cross section area perpendicular to the direction of vibration. The governing equation of 

motion for the system shown can be obtained from energy balance equation or D’Alamberts 

principal. This configuration applies to both harvesting mechanism …. 

 

Fig.4.2.1The piezoelectric cantilever beam                                                                                    

Fig.4.2.1 Dynamic model of vibration energy harvester 

 

The governing equation of motion of a lumped spring mass system can be written as: 

                                                     m𝑧  +c𝑧  + kz = m𝑦                                                   ……......... (1)                                           

Where     y (t)    is the input vibration, 

               Ӱ (t)   is the input acceleration; 

               Z (t)    is the relative displacement of the mass with respect to the vibrating cantilever, 

 Equation (1) can also be written in terms of damping constant(C) and natural frequency (𝜔𝑛 ). A 

damping factor ξ is a dimensionless number defined as the ratio of system damping to critical 

damping as: 

                                                             ξ  =    
𝐂    

CC  
      =      

C

2  mK
                                            ….……… (2)                                       

The natural frequency of a spring mass system is defined by 

                                                              ωn =  
K

me
                                                        ………….. (3)                                                                

Where the stiffness k for each loading conditions should be initially calculated For example, in case 

of a cantilever beam loaded at free end, the stiffness k is given by k = 3𝐸𝐼/𝑙3 and loaded at a 

distance x from free end, the stiffness k is given by k = 
𝟔𝐄𝐈

  𝐥−𝐱 𝟐(𝟐𝐥+𝐱 
 where E is the modulus of 

elasticity, I is the moment of inertia, and L is the length of beam. For the taper beam conditions 

given above 
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The sections at the two ends of a beam are the same in the shape and different in size. The size of 

the section changes linearly with respect to the beam center of geometry line. The different tapering 

types can be categorized based on the characteristics of the algebra of the changing section 

properties. 

 

Figure.4.2.3 isometric view of cantilever tapered beam with linearly varying width and depth. 

The width and depth are varying linearly given by  

hx = h1 +
 h0 − h1 x

l
 

 bx = b1 +
 b0 − b1 x

l
 

Similarly area and moment of inertia will be varying accordingly 

𝐴𝑥 =   h1 +
 h0 − h1 x

l
  b1 +

 b0 − b1 x

l
   

         Ix =
1

12
  b1 +

 b0 − b1 x

l
  h1 +

 h0 − h1 x

l
 

3

  

Note: - Here in our case;     h0 = h1 = h 

                  Ix  =
t3

12
 b1 +

 b0−b1 x

l
  [For rectangular cross-section taper beam]………… (4) 

 

Fig.4.2.4 Taper beam with PZT shim 
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Stiffness of beam is given as: -
 

                                                               k =  
LOAD  (W)

DEFLECTION   δ AT  FREE  END   
 

As load is fixed for given loading condition the deflection of beam is given as for given loading 

condition: -                                               δ = 
𝑊 𝑙−𝑥 2(2𝑙+𝑥)

6EI
                                         ………..…... (5) 

But we consider deflection of beam at free end, so considering the moment of inertia of beam at free 

end then                              k       =        
𝑊

𝛿
  =   

6EI

 l−x 2(2l+x)
  =  

6EI

2𝑙3+𝑥3−3𝑙2𝑥
                       …..……… (6) 

                                            k        = 
6EI

2𝑙3+𝑥3−3𝑙2𝑥
 

The effective mass of the beam itself is approximately 0.236 times the beam’s actual mass and if the 

proof mass is modelled a point load; the total effective mass is approximately, 

                                                𝑚𝑒  =    m + 0.236 𝜌𝐴𝑡 

                                            𝑚𝑒  =    m + 0.236 * (8900)*[2240 * (0.5)]*10−9
 

                                                𝑚𝑒    = m + 2.3524*10−3                                               …………… (7) 

Then natural frequency, 

                                                     ω𝑛 =  
𝐾

𝑚𝑒
        = 

6EI

 𝑙−𝑥 2(2𝑙+𝑥)(m + 2.3524∗10−3)
            …..…… (8)                                                                          

The ratio of output z (t) and input y (t) can be obtained by applying Laplace transform with zero 

initial condition on Eq. (1) as, 

  

                                              
 Z (t)

Y(t)
    =         

S2

S2+2ξωn s+ωn
2                                                                ............ (9)    

      

The time domain of the response can be obtained by applying inverse Laplace transform on Eq. (1) 

and assuming that the external base excitation is sinusoidal given as: 

                                                       y = Y sin (ωt - ф), 

 

                                         Z (t) =   
 

ω

ωn
 

2

  1− 
ω

ωn
 

2
 

2

+ 2ξ
ω

ωn
 

2

Ysin (ωt- ф)                             

 

The phase angle between output and input can be expressed as   

                            Ф = arc tan [  
𝐶𝜔

𝑘−𝜔2𝑚
] 

The approximate mechanical power of a piezoelectric transducer vibrating under the above 

mentioned condition can be obtained from the product of velocity and force on the mass as: 

                                              P (t)  =
 me  Y2ωn

2

2
                                       ……..….…. (10)                       

 

Where; Y is the amplitude of vibration.  

For finding, the optimum point of application of load and magnitude of load. I used two variable 

maxima & minima method, according to this method - 
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           For a maxima, p = 0; and q = 0, since p and q are function in x & m, so we have two equation 

in x and m, solving these equation and getting relation between x & m. now putting this relation 

either in p = 0 or q = 0 then the equation transform to either poorly in x or in m. solving the equation 

and gets the roots   

                         x = 0.02745 m ≈ 0.003 𝑚 

                            m = 2.92*10−3 kg ≈ 3 *10−3 kg 

Now checking the roots for maximization 

Condition for maximization  

Case – 1 if   rt – 𝑠2 > 0 and r < 0, then function attains its maximum value at points                

The maximum power dissipated in the damper occurs at ω=ωn(resonance condition)                                                                                       

Maximum power conversion to electrical domain occurs when the mechanical damping equals the 

electrical damping. Therefore, the maximum electrical output power is equal to half the value in the 

Equation (10) 

                                                         Pe =
me Y2ωn

2

4
                                             ………..….. (11)   

 

4.3 - Mode Shapes of a Vibrating Beam 

A cantilever beam can have many different modes of vibration, each with a different 

resonant frequency. The first mode of vibration has the lowest resonant frequency, and typically 

provides the most deflection and therefore electrical energy. A lower resonant frequency is 

desirable, since it is closer in frequency to natural vibration sources and generally more power is 

produced at lower Frequencies. Therefore, energy harvesters are generally designed to operate in the 

first resonant mode.  

 

 

 

 

 

 

 

                                              

                                                             

 

 

 

 

 

 

Fig.4.3.1 Types of mode shape 
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5. Estimation of Resonant Frequency Using Euler-Bernoulli Beam Equation   

The resonant frequencies of a beam can be estimated using Euler-Bernoulli beam theory. By solving 

the Euler-Bernoulli beam equation with the appropriate boundary conditions, the Eigen values of the 

system can be determined, which then allow for the calculation of the resonant frequencies. The 

differential equation describing the motion for undamped free vibrations of a uniform Euler–

Bernoulli beam can be obtained as: 

                                                
∂4δ

∂x4 +  
ρA

EI
 
∂2δ

∂t2 = 0                                            …………………. (12) 

Where δ is the beam deflection as a function of position along the beam and time, ρ is the density, A 

is the area of the cross section of the beam, E is the Young’s modulus, and I is the area moment of 

inertia. For a beam of rectangular cross section, the relevant moment is  I(x) =
1

12
 b1 +

b0−b1(xl)ℎ3  

                  The general solution for sinusoidal vibration is as follows by using the method of 

separation of variables to solve equation.    

                                       𝛿(𝑥, 𝑡) = (C1 sin𝛽𝑥+ C2 COS 𝛽𝑥+C3 Sin h𝛽𝑥+C4 Cos h𝛽𝑥).Sinωt      ……. (13)    

Where,        𝛽 =
ρAω2

EIx
 

The clamped–free boundary conditions with no proof mass, the relevant boundary conditions for a 

beam of length l are:  

(i)    δ (0,t) =0 

(ii)    δx (0,t) = 0  

(iii)    δxx (l, t) =0 

(iv)   δxxx (l, t) = 0.    

These first two boundary conditions indicate that the fixed end of the beam is stationary, and that the 

beam is flat at the point of attachment.  The free end conditions mean that there are no forces 

applied at that point and no bending moment. The first nontrivial Eigen value of this system is βl ≈ 

1.875, so the equation for the resonant frequency of the first mode is:   

                                                𝑓 =
𝜔

 2𝜋
      =       

1.8752

2𝜋𝑙2   
EIx

ρA
                                 …………….….. (14)  

Putting the value of the (I(x) =
1

12
 b1 +  b0 − b1 (x l ) ℎ3, A = 𝑏𝑥h) then:  

For a beam with a proof mass added on the tip, the mass can be modeled as a point load on the tip. 

The fourth boundary condition then becomes. 

For a beam with a proof mass added on the tip, the mass can be modeled as 

a point load on the tip. The fourth boundary condition then becomes 

                                               δ (l, t) = 
mω2

EI
δ (l, t)                                                      ……………. (16) 

Where m is the mass of the beam .The calculation of eigenvalues in this case depends on the ratio of 

the added mass to the mass of the beam. 

 

6. Prototype Development and Measurement- 

The lead ZirconateTitanate (PZT) generating beam purchased from “Doon Ceratronics Pvt. Ltd. 

Dehradun (Uttrakhand)-INDIA Is pasted on copper taper beams. 

To verify the performance, a prototype was assembled with a copper taper beam as the driving 

beam. The fabricated beam diagram shown in fig below 
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Figure.6.1 Top view of Taper cantilever Beam 

Table 1: Dimensions & properties of PZT Strip 

Strip Length 

(mm) 𝑙𝑝 

Width 

(mm) 𝑏𝑝 

Thickness 

(mm) 𝑡𝑝 

Density 

(kg/m3) 

Elastic modulus 

(Pa) 

Piezoelectric 

constant, 𝒅𝟑𝟏 

Permittivity Capacitanc

e (nF) 

PZT  50 10 0.5 7500 72X109 -175x10-12 1.549x10-8 170 

Dimension of taper beam- 

𝑏0= 20mm, 𝑏1 = 12mm, 𝑙=140mm and taper angle β = 1.6365𝑜  

The thickness of the copper beam is constant 0.5 mm. and the density (8900 kg/𝑚3
), elastic modulus 

(100X10
9
Pa). 

Energy harvesting device was finally mounted on the Centre of a speaker for the test. Sinusoidal 

signal were applied to the speaker to generate vibrations at various frequencies. 

 

7. Experimental Setup Detail 

The experimental set-up consists of (see Fig.7.1) 

 Function generator to generate the vibration signal at different levels and different 

frequencies ranged from 5 Hz to 30 Hz with incremental step of 1 Hz; 

 Desktop shaker     to generate mechanical vibrations 

 Harvester module using a Lead ZirconateTitanate (PZT) material with dimensions of 

50mmx10mmx0.5mm; 

 Different resistance, 1Ώ, 2Ώ, 10Ώ, 1kΏ, 2kΏ, 10kΏ, 220kΏ, 270kΏ 

 Multimeter is use to show the function generator frequency 

 2-channel Oscilloscope is measured the output voltage of the harvester and harvester 

frequency and is connect to the computer 

 Tip masses :different tip masses are used i.e. 1g,2g ,3g, 4g,5g 
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Fig.7.1. Experimental setup 

Experiments were conducted with a bimorph harvester and a bimorph harvester with a tip mass and 

without tip mass. To test the energy harvesters the cantilever beams were clamped to an 

electromagnetic shaker. In order to measure charge output lead wires were attached to the beam with 

a two part conductive epoxy of both the PZT strip and the series connection of the strip. The shaker 

is excited by an amplifier module to generate vibrations. Under exciting vibration, the piezoelectric 

harvester produces AC electrical output. Then, the output signal from the harvester is connected to a 

variable resistive load. 2-channel oscilloscope is used to perform real time measurements. The 

vibration frequency and its excitation level (amplitude) are varied to test the performance of the 

harvester. The maximum voltage or maximum power is used to evaluate the system performance. 

                                               The harvester produces significant power when it works under 

excitation frequency that closing to its resonant frequency. The resonant frequency of the harvesting 

cantilever under a given set conditions is identified experimentally by monitoring the peak of power 

output. The resonant frequency is changed by adding or removing tip masses. Different tip masses 

are used to investigate their effect to the resonant frequency. The effect of different mounting 

positions for this tip mass is also investigated. 
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Fig.7.2 Arrangement of Various Devices 

 8. Result and Discussion 

 8.1 – Voltage & Power without Tip Mass: 

The resonant frequency under fixed excitation level is identified by monitoring the maximum output 

power and voltage as a function of excitation frequency. The excitation frequency from the amplifier 

module is varied from 5 to 30 Hz. In this experiment, no tip mass is mounted on the cantilever and 

the load is fixed to be 50 kΩ. Figure -8.1.1 & 8.1.2 shows the generated power and voltage from the 

harvesting system without tip mass. It is observed that the resonant frequency of the harvester is 

16.3  Hz (maximum peak of the extracted power). Under this excitation frequency; the power output 

and voltage reached to its maximum value equal to 1125 μW and 7.5 V. 

Another local peak is also observed at 27 Hz with lower power output and voltage output. This 

phenomenon is commonly known for physical systems, in which such systems have multiple 

resonant frequency modes due to its flexible structure. 
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Table 2 voltage and power at various frequencies without tip mass 

 

f(Hz) 5 10 12.13 16.3 20 23 25 

Voltage(V) 2.1 3.8 4.62 7.5 6.9 6.1 2.8 

Power(µW) 88.2 288.8 462.89 1125 952.2 744.2 156.8 

                                  

 
 

Fig.8.1.1-Voltage generated from taper beam without tip mass 

 

 
 

Fig8.1.2- Power generated from taper beam without tip mass 

 

 
 

Fig.8.1.3. Snapshot from oscilloscope 
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  8.2 - Effect of Tip Masses:  

The resonant frequency is inversely proportional to square root of effective mass. Theoretically, 

increasing cantilever mass will decrease the resonant frequency (nonlinear characteristics). This 

theoretical result has been validated by experimental work as shown in Figure 8.1.1. 

The additional masses are varied from 1 to 5 grams were mounted at free end of the cantilever with 

vibration excitation level. The resonant frequency is shifted to 17.88 Hz, 15.4 Hz, 14.88 Hz, and 

13.5 Hz, 12.9Hz and13.2 Hz respectively for 1, 2, 3, 4 and 5 gram additional tip mass. In real time 

applications, this method could be used effectively to tune the resonant frequency if the 

fundamental frequency of vibration source is pre-determined. It is observed also that the power 

output increases as the value of tip mass increases and resonant frequency decrease. If the tip value 

increase, at that time power output and voltage decrease. The generated maximum power is equal 

to 1692.8 μW by adding 3 grams tip masses. While, without adding tip   masses; the generated 

power is equal to 1280.0 μW.  Table 3 summarizes the complete results for this 

experiments.Table.3. Experiment for different tip masses 

  

Fig.8.2.1 Voltage at different mass value 

 

Fig.8.2.2. Power at different mass value 
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EXP. PMAX VOLTAGE(V) RESONANT 

 (µW)  f(Hz) 
    

Without tip mass 1280.0 8.0 17.80 

+1gram 1411.2 8.4 15.4 

+2gram 1634.4 9.04 14.88 

+3gram 1692.8 9.2 13.5 

+4gram 1377.8 8.3 12.9 

+5gram 1248.2 7.9 13.2 
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Fig.8.2.1.Resonant frequency at different mass value 

8.3 - Effect of Mounting Position for Tip Masses:  

Resonant frequency of a cantilever depends on its effective mass rather than its total mass. The 
closer the center of gravity to the free end of the cantilever, the greater the effective mass is 
achieved, and hence the lower resonant frequency. The mounting position of tip mass is varied from 
1 to 6 cm from the free end of the cantilever. The resonant frequency of the cantilever beam increase 
and decrease as the tip mass weight increase, the power output and voltage output increase.  

Table 4- summarizes the complete results for these experiments. 
 

Tip mass 

position 

1 gm 2 gm 3gm 4gm 

f 
(Hz) 

V 
(Volt.) 

P 
(µW) 

f 
(Hz) 

V 
(Volt.) 

P 
(µW) 

f 
(Hz) 

V 
(Volt.) 

P 
(µW) 

f 
(Hz) 

V  
(Volt.) 

P 
(µW) 

1 cm 17.4 5.2 540.8 16.1 6.7 897.8 15.4 8.4 1411.2 14.3 7.2 1036.8 

2 cm 16.8 5.5 605.0 15.6 7.2 1036.8 14.88 9.04 1634.4 13.7 8.1 1312.2 

3 cm 15.9 6.2 768.8 14.2 7.8 1216.8 13.5 9.2 1692.8 12.8 8.5 1445.5 

4 cm 14.2 5.9 696.2 13.5 7.1 1008.2 13.1 8.1 1312.2 12.9 8.3 1377.8 

5 cm 15.1 5.2 540.8 12.8 6.8 924.8 12.9 8.0 1280.0 12.1 7.6 1155.2 

6 cm 16.3 5.04 508.03 12.6 6.02 724.8 13.2 7.9 1248.2 12.7 7.1 1008.2 

 

 

Fig.8.3.1 Power at different mass position 
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Fig.8.3.2 Resonant frequencies at different mass position 

9. Conclusion and Future Scope: 

In this paper, the experimental results validated the theoretical analysis to enhance the system power 

output by mathematical maximization method. Piezoelectric energy harvesting is a promising 

avenue of research to develop self powered microelectronic devices. Wireless remote monitoring of 

mechanical structures, low power wireless sensors, and biomedical sensors are strongly candidates 

for piezoelectric energy harvesting applications. The piezoelectric energy harvester has a limited 

power and the optimization to extract maximum power in the whole stages is needed to enhance the 

device performance. The maximum (mechanical/electrical) power transfer depends on piezoelectric 

material properties and other matching operating conditions.  

1-Resonant frequency of the harvester can be identified experimentally by tracking the maximum 
extracted power.  
2-Increasing tip mass decreases the resonant frequency and Output power increases 

correspondingly. 
 
3- After certain limit; increasing tip mass decreases the power output due to the increasing of the 
damping effect.  
4-The position of tip mass has a great effect on the effective mass of the harvesting cantilever and 
also its resonant frequency.  
5-The position of the tip mass has the great effect on the power output and resonant frequency. 

6-The value of the resistive load is increase of internal impedance of the PZT material then the 

Maximum power transfer occurs when harvester’s internal impedance matches the resistive load. 
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