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Improving Energy Harvesting Efficiency by Vibration-Induced Stresses of 
Piezoelectric Patch Glued Tapered Beams 

 

Fevzi Çakmak BOLAT*1 

 

Abstract 

In this study, the effects of taper ratio and boundary conditions on the energy harvest 
performance of a beam element were examined. For these purpose, different taper ratio beams 
were analyzed numerically. The energy harvesting process was achieved by gluing a 
piezoelectric patch onto the cantilever tapered beam. Different taper ratio beams were designed 
and the effects of these taper ratio on stress change were investigated. In piezoelectric materials, 
when mechanical stress or strain is applied to the material, they generate electrical potential 
energy as a response. In order to increase the stresses on the tapered beam, the boundary 
condition was applied to be the thin edge of the tapered beam element in this study. In this way, 
the effect of tip mass was created and it was aimed to increase the stress magnitude due to 
vibration on the beam. Stress changes and displacement magnitudes of beams examined by 
applying load on beams having different taper ratio. The effect of these alterations on energy 
harvest efficiency was analyzed. 

Keywords: tapered beam, piezoelectiric material, energy harvesting, vibration-induced stress. 

 

 

1. INTRODUCTION 

With the development of technology, sensor sizes 
are getting smaller each day. These advanced 
technology products require less energy. This 
energy need can also be provided with alternative 
renewable resources. In recent years [1-2], studies 
on small-scale energy harvesting studies are 
increasing. There are many studies in the 
literature where piezoelectric, electromagnetic or 
both are used together [3-8]. Voltage is generated 
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when force or stress is applied to a piezoelectric 
material. Another energy harvesting structure is 
electromechanical systems. Energy is harvested 
from these types of structures by generating 
voltage by moving of a structure in which the 
magnet and the coil interact. By giving air flow 
over an aerodynamic profile, vibration can be 
created on the energy harvesting structure. By 
using these vibrational movements, mechanical 
energy is converted into electrical energy with 
using smart materials. This research study is 
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investigated a novel high-performance 
piezoelectric wind energy harvester to improve 
wind energy harvesting performance with Y-
shaped attachments on the bluff body. A 
theoretical model was developed for the analysis 
of the energy harvesting performance of the 
proposed structure. Results were experimentally 
examined and compared with Y-geometry and 
without Y geometry [9]. 

Another one work proposes a novel geometric 
structure to energy harvesting from beam based 
harvester to gain power in low-frequency range. 
A gap was created on the tapered beam and the 
effect of the results on the energy harvest was 
examined. A parametric study was carried out to 
ensure an equal distribution of the stress 
distribution on the piezoelectric patch using a 
package program that makes numerical solutions. 
By conducting experimental studies, the effect of 
variable geometry on energy harvesting was 
investigated in reference [10]. In this study, 
energy harvesting from piezoelectric material 
adhered to a beam surface with tapered geometry 
was investigated. The result of the study that the 
amount of energy obtained from the beam with 
tapered geometry is higher than that of a normal 
beam [11]. This study aimed to increase the 
amount of energy harvest obtained by using 
ambient vibrations. For this purpose, the energy 
harvesting performance was examined by sticking 
piezoelectric material on the double-sided tapered 
beam. The energy harvesting structure was 
created with three different tapered beam designs, 
and the results obtained with the analytical model 
were experimentally confirmed [12]. In this 
research paper, different types of non-uniform 
based piezoelectric energy harvesters structures 
are analysed its enerjy harvester performance. 
Created a rectangular cavities are introduced into 
the proposed harvesters to enhance the harvester 
voltage. The suggested harvesters are modelled 
analytically and are validated with experimental 
results [13]. This research group are investigated 
the possibility of using tapered beams in 
piezoelectric energy harvesters. Numerical 
simulations did not suggest any increase in the 
generated output power and the lack of 
improvement was confirmed in practice. With the 
help of the numerical simulations it was further 

found that the tapering does work but only for 
certain design configurations, namely for 
cantilevers with long slender beams. For 
cantilevers with short wide beams, the tapering 
has no significant effect on the output power of 
the harvester [14]. Zang et al. analyzed of the sea 
wave-based energy harvesting structure. In this 
study energy harvesting performance was 
investigated using tapered beam structure glued 
with piezoelectric material. For this purpose, a 
mathematical model of the harvester is 
established based on Airy linear wave theory and 
Bessel equations to calculate the energy 
harvesting magnitude [15]. 

In this study, different types of beams examined 
numerically under dynamic harmonic load in 
order to obtain vibration-based energy harvest. In 
the literature, taper beam beams are used by being 
supported by their thick edges. In this study, in 
order to create a type mass effect and increase the 
stress value on the piezoelectric material, fixed 
edge boundary condition is applied different from 
literature.  For this aim the energy harvester beam 
structure was fixed by the thin edge and the 
amount of energy harvest to be obtained from 
harvester structures increased. 

2. DESIGN AND ANALYSIS TAPERED 
BEAM 

Tapered beam structure is illustrated in Figure 1. 
Equations of motion the beam structure is given 
here by using Hamilton approach. 

 
Figure 1. Tapered beam structure 
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Here ( , )f x t  external force,   shear modulus, 
( )I x  moment of inertia, ( )A x  represent the area 
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respectively. In this study, the change of both 
single surface and two surface taper ratios 
investigated. The figure below shows three 
different structures to be examined within the 
scope of this study. Here illustrates Figure 2-a 
represent single surface tapered beam, Figure 2-b 
double surface tapered beam and Figure 2-c 
equivalent tip mass beam. Total mass of the 
equivalent tip mass beam was selected to equal 
the single tapered beam total mass. 

 
       (a)                                                (b) 

 
                        (c) 

Figure 2. Taper beams a) one surface taper, b) 
two surface taper, c) equivalent mass beam 

2.1. Nonlinear Numerical Analysis 

A dynamic load is applied to the designed beam 
in ANSYS software to examine the under-load 
behavior of each proposed beam structures. As 
seen in Figure 3, to start the free vibration for the 
wing structure the dynamic harmonic load.  

 

Figure 3. Dynamic harmonic load 

2.2. Determining the Boundary Condition 

In order to determine in which case the maximum 
stress occurs on the taper beam, the beam was 
fixed by two different boundary conditions and 
the results was examined. Figure 4 and Figure 5 
are shows the importance of the boundary 
condition. The analysis results obtained show that 
the stress and displacement values obtained by 
applying the boundary condition from the thin 
edge are larger than the thick edge. 

 
Figure 4. Stress results under the dynamic harmonic 

load 

 
Figure 5.  Deformation results under the dynamic 

harmonic load 

2.3. Analysis for Different Types of Beam 
Structures 

After determining the beam types of different 
types and thicknesses, the external force given in 
Figure 3 was applied to each beam structure and 
the effects of the results on the energy harvest 
were examined in detail.  
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Figure.6 Single and double tapered beam 
displacement results 

 

Figure.7 Single and double tapered beam stress 
results 

Figure 6 and Figure 7 also show time-dependent 
displacement and stress changes of single-surface 
and double-surface tapered beams. The results 
obtained show that beside the proposed beam 
structure, the boundary condition is also very 
important on the energy harvest to be obtained. 

    

   

Figure 8. Tapered cases and stress changes of one 
surface numeric results 

Table.1 One surface taper numeric result 

Tapered Cases Stress (MPa) One 
surface taper 

h1= h2=1 mm 35.66 
h1=1 and h2=1.6 mm 35.043 
h1=1 and h2=2.4 mm 34.105 
h1=1 and h2=3.2 mm 33.385 

As seen in Figure 8 and Table 1, maximum stress 
values decrease in single surface taper beams as 
the rate of taper increases. The stress values 
formed on the beam as a result of the applied 
dynamic load are close to each other, but are 
reduced. This shows that it is not very important 
to increase the beam thickness to increase the 
amount of energy. It also shows the same results 
in the double-sided tapered beam as seen in the 
results in Figure 9 and Table 2. 

  

  

      Figure 9. Tapered cases and stress changes of two 
surface numeric results 
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Table.2 Two surface taper numeric results. 

Tapered cases Stress (MPa) Two 
surface taper 

h1=h2=1 mm 47.46 
h1=1 and h2=1.6 mm 46.57 
h1=1 and h2=2.4 mm 45.993 
h1=1 and h2=3.2 mm 45.678 

The graphics in Figure 10-13 were obtained by 
applying the harmonic load as illustrated   in 
Figure 3. Here, time-dependent displacement and 
stress results of both single tapered beams and 
double-sided tapered beams were obtained for 
different thicknesses structures. 

 

Figure 10. Different single tapered beam 
displacement results 

 

Figure 11. Different single tapered beam stress 
results 

 

Figure 12. Different double tapered displacement 
results 

 

Figure 13. Different single tapered beam stress 
results 

Numerical analysis is performed for three 
different beams given in Figure 2 and the results 
are given in Figure 14 and Figure 15. As it can be 
seen in the graphic results, when the external 
disturbance force input is the same for all 
configurations, the most stress and deformation 
occurs in the double-sided tapered beam. Apart 
from this, a mass is added to the end point of the 
beam in the same weight as the single taper beam. 
Numerical analysis results showed beam element 
with the added of end mass is have more stress 
and displacement than the one-sided tapered 
beam. The meaning of this analysis result energy 
amount magnitude will directly affect from 
structure types. 
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Figure 14. Different type beam stress results 

 

Figure 15. Different type beam displacement results 

3. ENERGY HARVESTING STRUCTURES 

To realize energy harvesting from piezoelectric 
material, it is necessary to change the shape of the 
piezoelectric material by giving a mechanical 
input. Energy harvesting from piezoelectric 
material can be realized against this given 
mechanical input. In Figure 16, a piezoelectric 
patch is attached to a beam element to create an 
energy harvesting structure. The results obtained 
from the previous analyzes, the beam is fixed by 
the thin edge to increase the amount of energy 
harvest. This boundary condition apllied to the 
other selected type beams.  

 
Figure 16. Energy harvester structure 

Depending on the vibration of the beam element, 
a stress will occur on the piezoelectric patch and 
this mechanical energy will be converted into 
electrical energy. 

E t

T

S s d T

D Ed 

    
    
     

                                                  (2) 

T is the stress, ES  is the strain D charge density 

E  electric field, T is the dielectric permittivity, 
d is the piezoelectric coefficient. For PZT, 
BaTiO3, PbTiO3 piezoelectric type materials 
these matrixs is opened as follows [16], 

1

20 0 0 0 01 15
30 0 0 0 02 24
43 0 0 031 32 33
5

6

T

T
D d

T
D d

T
D d d d

T

T

 
 
                     
 
  

        (3) 

0 01 31
0 02 31

10 03 33
20 04 15
30 05 15

0 0 06

d

d
E

d
E

d
E

d








   
   
                        
   

     

                                (4) 

Converted electrical energy from a piezoelectric 
matarial calculated as follows equation [17] 

21 1
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where surface area S  and thickness t , the current 
constant d  voltage constant g  correspond to the 
specific co-efficients of the operational mode,   
stresss, V voltage over the piezoelectric element. 
In order to calculate the amount of energy harvest 
to be obtained from this proposed structure, the 
stress values obtained in section 2 are substituting 
in the equation (4). Properties of the piezoelectric 
material used here is taken from manufacturer 
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made using these values. Stress variation is given 
for 3 different beams in Figure 17. As can be seen 
in Figure 17, the stress value obtained on the 
double-sided taper beam is higher than the single-
surface beam. The amount of energy calculated 
based on these values is given in Figure 18. At the 
same time, it was observed that the stress value 
increased by adding an additional mass to the end 
of the beam. 
 

 

Figure 17. Stress result different beam structures 

 

Figure 18. Converted electrical energy from different 
beams 

4. DISCUSSION AND RESULTS 

The stress value is one of the most effective 
factors in energy harvest from piezoelectric 
material. Numerical analyzes were carried out for 
different taper ratios, both single surface and 
double surface taper ratio. To increase harvest 
energy, in this study the boundary condition was 
applied to the thin edge of the beam element 
unlike literature. One end of the conical beam was 
selected as 1 mm and the other end was changed 
to 1.6, 2.4 and 3.2 mm, respectively. With the 

numerical analysis, it was observed that when the 
taper was increased with one surface, the stresses 
on the beam increased. On the other hand, when 
the double surface taper is created, it has been 
found that these stress values increase even more. 
The stress change is transmitted to a directly 
tapered beam and piezoelectric material that is 
glued on the beam surface. Therefore, it has been 
shown that the amount of energy harvest will 
increase as a result of the increase in the stress 
value of the piezoelectric material. 
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