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Abstract—This paper addresses an efficient way of 

conversion of ambient vibrational energy to electrical by 

structure optimization of piezoelectric film. Polyvinylidene 

fluoride (PVDF) has been used for this study. The effects of 

shape variations of cantilever beam with multilayer 

configuration based on Euler–Bernoulli theorem without 

considering the proof mass attached at the free end has been 

investigated in this work. Most of piezoelectric vibrational 

energy harvesters (PVEHs) are designed considering the 

presence of proof mass and in this work it has been tried to 

convey the idea, that with the new optimized shape, the 

cantilever itself can behave as a flexible proof mass for 

energy enhancement. The possibility of harvesting energy 

from three different geometries: a) Near Edge Width 

Quadratic (NEWQ), b) Half Quadratic (HQ) and c) 

Trapezoidal has been presented. Scanning Electron 

Microscopy is used to measure the thickness of the various 

layers. The NEWQ design shows the best performance in 

terms of power and resonance frequency (𝒇𝒓 < 𝟐𝟎𝟎𝑯𝒛) 

compared to the others.Here, the study of the piezo-film 

models using finite element method (FEM) simulation 

software (COMSOL Multiphysics optimization module) 

and experimental validation are also presented. Using the 

models, the generation of voltage/power has been analyzed 

under various excitation frequency and load resistance. 

Moreover, stress/strain distribution and the displacement 

have also been highlighted in this study. 

 

Index Terms—Energy harvester, multilayer cantilever, 

PVDF film, ambient vibrational energy. 

I. INTRODUCTION 

ortableand wearable self-powered devices have been of 

great interest for powering wireless sensor nodes, mobile 

systems and health monitoring systems. Ambient vibration is a 

huge free energy source which is unused and wasted in the 

environment, e.g. vibrations caused by industrial machines, 

vehicles and engines. Research and development for efficient 

energy harvester from mechanical vibration (electrostatic, 

electromagnetic and piezoelectric) have seen accelerated 

growth in the recent years. In such study piezopolymers are 
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widely used due to its advantages like lower cost, easier process 

of fabrication and capability to increase deformation of the 

material [1, 2] . 

Various studies have been carried out on piezopolymer to find 

out more information about  the characteristics of  the 

piezoelectric material [3–5] .The PVDF piezo film is usually 

used in sensors and actuators. This is because of 𝛽 phase of the 

crystal has a strong dipole moment, which has the ability to 

convert mechanical deformation into electrical energy and vice 

versa [6]. Human foot pressure is a source to harvest energy by 

the use of PVDF and PZT material which are placed in the 

insole of shoes [7]. Vatansever et al.[8] in a study proposed 

different piezoelectric films and studied mechanical stimulus of 

PVDF in vacuum at different temperatures under damped 

vibration. The results of the study showed that the longer 

sample produces lower voltage for an extended period, but the 

shorter sample generates higher voltage in shorter time. 

Moreover, this study reveals that the influence of vacuum is 

more than the temperature variation on generated voltage. 

Optimization and implementation of shape of piezoelectric 

cantilevers have been reported by several researchers, such as 

rectangular [9] and [10] or trapezoidal shapes [11]. An 

optimized array of piezoelectric patch with rectangular shape 

on a square shaped substrate has been analyzed [12]. In the 

same line, an array of individual beams by using separate set of 

piezoelectric patch has been investigated and reported [13]. The 

performance of two arc-shaped piezoelectric cantilevers, 

polarized in a radial curve direction, has been reported and the 

energy generated is found to be 2.55-4.24 times higher than a 

plane cantilever [14]. However, the effective volume occupied 

by the prototype is high. Different shapes of cantilevers have 

been designed and optimized by using PVDF material and 

excited by a rotary movement. It reveals that the optimal 

straight sided with a curved shape have better performance as 

compared with tapered cantilever [15]. In another work, 

researchers have investigated the model of linear and quadratic 

shapes with attached proof mass at the free end of the beam. 

They found that the resonance frequency is less and power 

generation is higher in the quadratic shaped cantilever. This 

work also establishes that the quadratic shaped cantilever is 

capable to generate energy two times more than a rectangular 
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one [16]. An analytical model of exponential tapering shape of 

the piezoelectric unimorph and bimorph cantilever has been 

presented and performance of bimorph cantilever under series 

and parallel connections has been analyzed [17]. Lee et 

al.[18]designed rectangular and trapezoidal cantilevers to 

compare their performances. They concluded that trapezoidal 

shaped cantilever generates more energy than the rectangular 

shaped one as it has additional strained region. In a similar 

study, optimization of rectangular and triangular shaped 

cantilever were carried out, as a result it was found that,  power 

enhancement in triangular  shape can be obtained at a particular 

length-to-width ratio with a constant resonance frequency[19]. 

Friswell et al .[20] tried to increase power in piezoelectric 

sensor by determining the effect of width  and slope using  finite 

element method (FEM) simulation. Analysis of capacitance of 

piezoelectric layer and coupling factor revealed the 

simultaneous effect of power enhancement. Thein et al.[21] 

analyzed the output power using FEM simulation and have 

shown that power density increases in bimorph cantilever with 

optimized shape of the cantilever with holes.  

This paper presents the analysis, optimization and 

implementation of PVDF specimens for three different shapes: 

Near edge width quadratic (NEWQ), Half quadratic (HQ) and 

Trapezoidal. The end of each cantilever is supported by a 

customised vibrator to provide sinusoidal vibration. The focus 

of this work is to optimize the shape of the PVDF specimens 

and obtain high power generation through coupling the load 

resistance. The strain profile of the non-symmetric cantilever 

with different shapes has been simulated using the FEM. The 

volume of two quadratic models are almost equal and the 

NEWQ model generates maximum energy at lowest resonance 

frequency due to higher strain distribution over the cantilever 

beam. In addition, the performance of the harvesters in terms of 

generated voltage/power at different frequencies are 

investigated. These three samples are compared with other 

traditional sample (rectangular) using simulation and same 

experimental setup. Finally, the comparison between optimum 

and conventional configurations (with and without proof mass) 

is discussed in this paper. 

II. SAMPLE CHARACTERIZATION 

The multilayer stack of piezoelectric film LDT0-028 K/L 

from Measurement Specialties has been considered for this 

study. The piezoelectric film PVDF is sandwiched between two 

Ag (silver) electrodes, where a polyester (PET) layer laminates 

is at the bottom of the electrode and a very thin layer of acrylic 

laminate is on the top of the cantilever as shown in Fig. 1. The 

cross-section of the multilayer piezoelectric film has been 

characterized by energy dispersive spectroscopy (EDS) and 

presence of all main elements (Ag, F, O, and C) have been 

found (Fig. 1(a)). In addition, the approximate thickness of each 

layer has been estimated using Field Emission Scanning 

Electron Microscope (FESEM) image as depicted in Fig. 1(b). 

For this study three different shapes, I: Near edge width 

quadratic (NEWQ), II: Half quadratic in middle (HQ) and III: 

trapezoidal has been prepared. Table I shows the dimensions of 

the samples after cutting out from main original sample 

(rectangular). All dimensions are labeled in accordance with the 

Fig .2(a), (b) and (c) and also include active layers Fig .2 (d) 

and (e). The width of the film is varied, keeping the length and 

the thickness at almost constant value. The electrical and the 

mechanical properties of the material are listed in Table II. 

 

 
 
Fig. 2. Geometry of cantilevers (a) NEWQ sample, (b) HQ sample, (c) 

Trapezoidal, (d) Active layers for NEWQ and HQ and (e) active layers for 

Trapezoidal. 

The crystalline nature of PVDF and Ag are confirmed by 

XRD analysis as shown in Fig. 3. The peaks of the Brag’s 

diffraction are found at 20.64° and 25.99° for PVDF and for Ag 

at 38.13 °,44.33° and 64.45° which corresponds to (110) and 

(022) for PVDF and for  Ag (111), (200) and (220). The films 

are found to be monoclinic with lattice parameter for PVDF 

(𝑎 = 4.97 �̇�, 𝑏 = 9.67 �̇�, 𝑐 = 9.24 �̇�) and cubic for Ag (𝑎 =

𝑏 = 𝑐 = 4.077 �̇�). 

TABLE I 
DIMENSIONS OF THE SAMPLES 

Beam Width (𝜇𝑚) Beam length (𝜇𝑚) 

Sample W W1 W2 W3 𝑙 𝑙1
∗ 𝑙2

∗  𝑙3
∗

 

𝐼 
𝐼𝐼 
𝐼𝐼𝐼 

13000 
13000 
13000 

10043 
10043 
10043 

8290 
8410 
4835 

 − 
 − 
4166 

16256 
16256 
16256 

1142 
3703 
5182 

8161 
8644 

− 

5722 
2677 
9843 

 

 
 

Fig. 1. The multilayer harvester (a) Cross sectional view of the sample, 

characterized by energy dispersive spectroscopy (EDS) and (b) Thickness 
measured by use of FESEM. 

 
 

 
Fig. 3. X-ray diffraction pattern of the sample. 

 
 



1558-1748 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2018.2818822, IEEE Sensors
Journal

 3 

 

III. THEORY 

The analytical model of the unimorph multilayer cantilever 

has been derived based on Euler-Bernoulli equation [17], [22– 

24] .The Heaviside function 𝐻(𝑥) is used for each section of 

piezoelectric layer where the length of the cantilever is 

considered along x-axis. Thereby, the governing equation of 

motion of the beam can be expressed as: 

 

𝜕2

𝜕𝑥2
[𝐸𝐼(𝑥)

𝜕2𝑤𝑟(𝑥, 𝑡)

𝜕𝑥2
] + 𝑐𝑠𝐼(𝑥)

𝜕5𝑤𝑟(𝑥, 𝑡)

𝜕𝑥4𝜕𝑡
+ 𝑐𝑎

𝜕𝑤𝑟(𝑥, 𝑡)

𝜕𝑡
 

+𝑚(𝑥)
𝜕2𝑤𝑟(𝑥, 𝑡)

𝜕𝑡2
+

𝜕2𝑤𝑟(𝑥, 𝑡)

𝜕𝑥2
[𝜗(𝑥)𝑣(𝑡)[𝐻(𝑥) − 

𝐻(𝑥 − 𝐿)]] = −𝑚(𝑥)
𝜕2𝑤𝑏(𝑥, 𝑡)

𝜕𝑡2
− 𝑐𝑎

𝜕𝑤𝑏(𝑥, 𝑡)

𝜕𝑡
        (1) 

 

Where, 𝑤𝑟(𝑥, 𝑡) is the relative transverse displacement at a 

distance x from the fixed end. 𝐸𝐼(𝑥) is the flexural stiffness, 

𝐼(𝑥) is the cross-sectional area moment of inertia and 𝑤𝑏(𝑥, 𝑡)  

is the transverse base displacement. 𝑣(𝑡) is the voltage across 

piezoelectric patch and 𝜗(𝑥)is the electromechanical coupling 

of the piezoelectric material and substrate. 𝑐𝑠 is the equivalent  

strain damping and 𝑐𝑎 is the air damping coefficient. The top 

and bottom of the piezoelectric material are completely coated 

by electrodes, but the entire substrate area is not covered by the 

piezoelectric or electrode layers. So, 𝑚(𝑥) = 𝑏(𝑥)𝜌𝑃𝐸𝑇𝑡𝑃𝐸𝑇 +
𝑦(𝑥)𝜌𝑒1𝑡𝑒1 + 𝑦(𝑥)𝜌𝑃𝑉𝐷𝐹𝑡𝑃𝑉𝐷𝐹 + 𝑦(𝑥)𝜌𝑒2𝑡𝑒2 + 𝑏(𝑥)𝜌𝐴𝐶𝑡𝐴𝐶 , 

where 𝑚(𝑥) is the mass per unit length of substrate; 

𝜌𝑃𝐸𝑇 , 𝜌𝑒1 , 𝜌𝑃𝑉𝐷𝐹 , 𝜌𝑒2 and 𝜌𝐴𝐶  are the densities; 

𝑡𝑃𝐸𝑇 , 𝑡𝑒1, 𝑡𝑃𝑉𝐷𝐹, 𝑡𝑒2 𝑎𝑛𝑑 𝑡𝐴𝐶 are the thickness of the substrate, 

lower electrode, piezoelectric material, top electrode and 

protect the layer of acrylic, respectively. The width of the 

cantilever changes along the length. The variable beam width 

can be obtained as follows. 

𝑏𝑞(𝑥) = 2𝑤 ((2 + 2𝑤 − 4𝑤2) (
𝑥

𝑙
)

2

+ (−3 − 𝑤 + 4𝑤2)
𝑥

𝑙

+ 1 ) 

𝑏𝑡(𝑥) = 2𝑤 (1 + (𝑤3 − 1) (
𝑥

𝑙
))                                     (2) 

𝑦𝑞(𝑥) = 2𝑤1 ((
𝑥

𝑙1

) + (2 + 2𝑤2 − 4𝑤1) (
𝑥

𝑙3 − 𝑙1

)
2

+ (−3 − 𝑤2 + 4𝑤1) (
𝑥

𝑙3 − 𝑙1

) + (
𝑥

𝑙3 − 𝑙2

)) 

𝑦𝑡(𝑥) = 2𝑤1 ((
𝑥

𝑙1

) + (1 + (𝑤2 − 1)) (
𝑥

𝑙3 − 𝑙1

))            (3)   

 

Where 𝑏(𝑥) = 𝑏𝑞(𝑥) 𝑜𝑟 𝑏𝑡(𝑥) and 𝑦(𝑥) = 𝑦𝑞(𝑥) 𝑜𝑟 𝑦𝑡(𝑥) 

 

The relative transverse displacement beam can be defined by 

an absolutely and uniformly convergent series of the 

eigenfunctions as  

𝑤𝑟(𝑥, 𝑦) = ∑ 𝜂𝑟

∞

1

(𝑡)𝜙𝑟(𝑡)                                                  (4)  

Here, 𝜂𝑟 is the unknown modal coordinate. The mass 

normalization  𝜙𝑟(𝑥) for infinite vibration modes of the 

cantilever can be obtained by the (5). 𝜆𝑟 is the dimensionless 

resonance frequency which is assumed for  undamped free 

vibration system[25,26]  

 

𝜙𝑟(𝑥) = √
1

∫ 𝑚(𝑥)𝑑𝑥
𝑙

0

[𝑐𝑜𝑠ℎ
𝜆𝑟

𝑙
𝑥 − 𝑐𝑜𝑠

𝜆𝑟

𝑙
𝑥

− 𝜎 (𝑠𝑖𝑛ℎ
𝜆𝑟

𝑙
𝑥 − 𝑠𝑖𝑛

𝜆𝑟

𝑙
𝑥)]                (5)  

 

𝜎 =
sinh 𝜆𝑟 − sin 𝜆𝑟

cosh 𝜆𝑟 + cos 𝜆𝑟

 

 

The force function 𝑓𝑟(𝑡) can be obtained by summation of 

damping 𝑓𝑟
𝑐(𝑡) and excitation function 𝑓𝑟

𝑚(𝑡) at any position of 

length axis [24] as: 

    𝑓𝑟
𝑚(𝑡) = − (∫ 𝑚(𝑥)𝜙𝑟(𝑥)𝑑𝑥 ×

𝑑2𝑔(𝑡)

𝑑𝑡2

𝑙

𝑥=0

+ ∫ 𝑥𝑚(𝑥)𝜙𝑟(𝑥)𝑑𝑥 ×
𝑑2ℎ(𝑡)

𝑑𝑡2

𝑙

𝑥=0

)         (6) 

𝑓𝑟
𝑐(𝑡) = −𝑐𝑎 (∫ 𝜙𝑟(𝑥)𝑑𝑥 ×

𝑑𝑔(𝑡)

𝑑𝑡

𝑙

𝑥=0

+ ∫ 𝑥𝜙𝑟(𝑥)𝑑𝑥 ×
𝑑ℎ(𝑡)

𝑑𝑡

𝑙

𝑥=0

)                      (7) 

𝑓𝑟(𝑡) = 𝑓𝑟
𝑚(𝑡) + 𝑓𝑟

𝑐(𝑡)                                                              (8) 

 

 

The transverse deflection response in each part of unimorph 

cantilever can be expressed as: 

TABLE II 
MECHANICAL AND ELECTRICAL PROPERTIES OF LAYERS OF THE SAMPLE 

 

Material Mechanical and electrical properties 

 

P
o

ly
v
in

y
li

d
en

e 

fl
u
o

ri
d

e 

(P
V

D
F

) 

 

 

Piezoelectric constant 

Relative Permittivity 

Young’s modulus 

Poisson’s ratio 

Density 

 𝑑31 = 23 × 10−12C N−1 

𝜀𝑟 =16 

𝐸𝑝 = 2 − 4GPa 

𝜈𝑝 = 0.35 

𝜌𝑝 = 1780(Kg/m3) 

 
P

o
ly

st
er

 

(P
E

T
),

 

M
y
la

r 

Young’s modulus   

 Poisson’s ratio   

Density   

𝐸𝑃𝐸𝑇=1.4GPa 

 𝜈𝑃𝐸𝑇 = 0.4 

𝜌𝑃𝐸𝑇 = 930(Kg/m3) 

 

 
 

S
il

v
er

 

(A
g

)     
   

 

Young’s modulus 

Poisson’s ratio 

Density 

𝐸𝑒 = 69GPa 

𝜈𝑒 = 0.37 

𝜌𝑒 = 10500(Kg/m3) 

 

 

A
cr

yl
ic

 

  

 

Young’s modulus 

Poisson’s ratio 

Density 

𝐸𝑒 = 3.9GPa 

𝜈𝑒 = 0.4 

𝜌𝑒 = 1190(Kg/m3) 
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𝑤𝑟(𝑥, 𝑡)

= ∑
√

1

∫ 𝑚(𝑥)𝑑𝑥
𝑙

0

[𝑐𝑜𝑠ℎ
𝜆𝑟

𝑙
𝑥 − 𝑐𝑜𝑠

𝜆𝑟

𝑙
𝑥 − 𝜎 (𝑠𝑖𝑛ℎ

𝜆𝑟

𝑙
𝑥 − 𝑠𝑖𝑛

𝜆𝑟

𝑙
𝑥)]

𝜔𝑟𝑑

∞

𝑖=0

 

× ∫ 𝑓𝑟(𝜏)𝑒−𝜉𝑟𝜔𝑟(𝑡−𝜏)
𝑡

𝜏=0

𝑠𝑖𝑛𝜔𝑟𝑑(𝑡 − 𝜏)𝑑𝜏                             (9) 

 

The mass normalized mode shapes which are used in the 

orthogonality conditions can be modified as[27][28]: 

 

∫ 𝜙𝑠(𝑥)𝑚(𝑥)𝜙𝑟(𝑥)𝑑𝑥 = 𝛿𝑟𝑠

𝐿

0

,  

∫ 𝜙𝑠(𝑥)𝐸𝐼(𝑥)𝜙𝑟
𝐼𝑉(𝑥)𝑑𝑥 = 𝜔𝑟

2𝛿𝑟𝑠                                    (10) 
𝐿

0

 

 

The function of two variable can be defined by 𝛿𝑟𝑠 or 

Kronecker delta. By substituting (4) into (1) and applying the 

orthogonality conditions as in (10) in the modal space, the 

equation of motion of the modal response with respect to the 

length of the beam can be estimated as 

𝑑2𝜂𝑟(𝑡)

𝑑𝑡2
+ 2𝜉𝑟𝜔𝑟

𝑑𝜂𝑟(𝑡)

𝑑𝑡
+ 𝜔𝑟

2𝜂𝑟(𝑡) + 𝑥𝑟𝑣(𝑡) = 𝑓𝑟(𝑡)    (11) 

Where  𝑥𝑟   denotes backwards modal coupling as 

𝑥𝑟 =
𝑑(𝜗(𝑥)𝜙𝑟(𝑥))

𝑑𝑥
|

𝑙

= 𝜗(𝑙)′𝜙𝑟(𝑙) + 𝜗(𝑙)𝜙𝑟
′ (𝑙)               (12) 

Duhamel integral in modal response can be obtained by making 

use of (11) as 

𝜂𝑟(𝑡) =
1

𝜔𝑟√1 − 𝜉𝑟
2

∫ [𝑓𝑟(𝜏)
𝑡

𝜏=0

 

−𝑥𝑟𝑣∗(𝜏)]𝑒
−𝜉𝑟𝜔𝑟√1−𝜉𝑟

2 (𝑡−𝜏)
sin 𝜔𝑟 (√1 − 𝜉𝑟

2) (𝑡 − 𝜏)𝑑𝜏  (13) 

 

Where 𝜔𝑟 is the undamped natural frequency of the modes 

and  𝜉𝑟  is the total damping ratio (strain rate damping and 

viscous air damping).  

The voltage which is generated across the thickness ( 𝑡𝑃𝑉𝐷𝐹) 

of the piezoelectric material due to rearrangement of the electric 

field through Z axis is expressed as  

                                         𝑣∗(𝑡) = −𝐸3(𝑡)𝑡𝑃𝑉𝐷𝐹                         (14) 

 

Due to the large thickness of the substrate, in comparison to 

the other layers, the position of the neutral axis can affect the 

stress/strain distribution across the PET material. The neutral 

axis position is shown in Fig. 4. 

𝜗(𝑥) is the electromechanical coupling of unimorph beam by 

considering the position of the top and bottom of the 

piezoelectric layer from  the neutral axis of the  beam 

 

     𝜗(𝑥) = −𝑏(𝑥)
𝐸𝑃𝑉𝐷𝐹𝑑31

2𝑡𝑃𝑉𝐷𝐹

(𝑡𝑐
2 − 𝑡𝑏

2)                                 (15) 

        𝑡𝑐 = 𝑡𝐻 − 𝑡𝐿                                                                      (16) 

         𝑡𝑏 = 𝑡𝐻 − (𝑡𝐿 + 𝑡𝑃𝑉𝐷𝐹) 

 

The effective moment of inertia for quadratic and linear 

shaped cantilever can be expressed as [29] 

𝐼(𝑥) = 𝑏(𝑥) (
𝑡𝑃𝐸𝑇

3

12
+ 𝑡𝑃𝐸𝑇𝑧𝑃𝐸𝑇

2 ) + 𝑦(𝑥) (
𝜂1

∗, 𝑡𝑒1
3

12
+ 𝑡𝑒1𝑧𝑒1

2 ) 

+𝑦(𝑥) (
𝜂2

∗𝑡𝑃𝑉𝐷𝐹
3

12
+ 𝑡𝑃𝑉𝐷𝐹𝑧𝑃𝑉𝐷𝐹

2 ) + 𝑦(𝑥) (
𝜂3

∗𝑡𝑒2
3

12
+ 𝑡𝑒2𝑧𝑒2

2 ) 

+𝑏(𝑥) (
𝜂4

∗𝑡𝑀𝑌
3

12
+ 𝑡𝐴𝐶𝑧𝐴𝐶

2 )                                                (17) 

 

Where  𝜂1
∗, 𝜂2

∗ , 𝜂3
∗  and 𝜂4

∗  are the ratio of modulus of elasticity 

for four layers (lower electrode, piezoelectric layer, top 

electrode and protective layer) and substrate with 𝜂1
∗ =

𝐸𝑒1 𝐸𝑃𝐸𝑇⁄ , 𝜂2
∗ = 𝐸𝑃𝑉𝐷𝐹 𝐸𝑃𝐸𝑇⁄ , 𝜂3

∗ = 𝐸𝑒2 𝐸𝑃𝐸𝑇⁄  and 𝜂4
∗ =

𝐸𝐴𝐶 𝐸𝑃𝐸𝑇⁄ . The total flexural rigidity, 𝐸𝐼(𝑥),  of the composite 

cantilever  with variation of width along the length,  can be 

expressed as 

𝐸𝐼(𝑥) = 𝑏(𝑥) (
𝑡𝑃𝐸𝑇

3

12
+ 𝑡𝑃𝐸𝑇(𝑧𝑃𝐸𝑇 − 𝑧̅)2)

+ 𝑦(𝑥) (
𝑡𝑒1

3

12
+ 𝑡𝑒1(𝑧𝑒1 − 𝑧̅)2)

+ 𝑦(𝑥) (
𝑡𝑃𝑉𝐷𝐹

3

12
+ 𝑡𝑃𝑉𝐷𝐹(𝑧𝑃𝑉𝐷𝐹 − 𝑧̅)2)

+ 𝑦(𝑥) (
𝑡𝑒1

3

12
+ 𝑡𝑒2(𝑧𝑒2 − 𝑧̅)2)

+ 𝑏(𝑥) (
𝑡𝐴𝐶

3

12
+ 𝑡𝐴𝐶(𝑧𝐴𝐶 − 𝑧)̅2)      (18) 

 

The normal stress (𝜎𝑃𝐸𝑇 , 𝜎𝑒1, 𝜎𝑃𝑉𝐷𝐹 , 𝜎𝑒2 𝑎𝑛𝑑 𝜎𝐴𝐶) of the 

multilayered beam is calculated by using constitutive 

piezoelectric equation 

𝜎𝑃𝐸𝑇 = 𝐸𝑃𝐸𝑇𝜀𝑃𝐸𝑇(𝑥, 𝑡) 

𝜎𝑒1 = 𝐸𝑒1𝜀𝑒1(𝑥, 𝑡) 

 𝜎𝑃𝑉𝐷𝐹 = 𝐸𝑃𝑉𝐷𝐹(𝜀𝑃𝑉𝐷𝐹(𝑥, 𝑡) − 𝑑31𝐸3)                                   (19) 

𝜎𝑒2 = 𝐸𝑒2𝜀𝑒2(𝑥, 𝑡) 

𝜎𝐴𝐶 = 𝐸𝐴𝐶𝜀𝐴𝐶(𝑥, 𝑡) 

Where 𝐸𝑃𝐸𝑇 , 𝐸𝑒1, 𝐸𝑃𝑉𝐷𝐹 , 𝑎𝑛𝑑 𝐸𝐴𝐶  are the modulus of 

elasticity of the composite layers. The position of  the neutral 

axis  of the multilayer beam  can be calculated by  the following 

equation [30] 

 

 

 

 
Fig. 4. The multilayer cantilever.  
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𝑧  =

((𝑏(𝑥). 𝑡𝑃𝐸𝑇). (
𝑡𝑃𝐸𝑇

2
+ 𝑡𝑒1 + 𝑡𝑃𝑉𝐷𝐹+𝑡𝑒2 + 𝑡𝐴𝐶) + (𝑦(𝑥). 𝜂1

∗ . 𝑡𝑒1) (
𝑡𝑒1

2
+ 𝑡𝑃𝑉𝐷𝐹+𝑡𝑒2 + 𝑡𝐴𝐶) +

(𝑦(𝑥). 𝜂2
∗ . 𝑡𝑃𝑉𝐷𝐹) (

𝑡𝑃𝑉𝐷𝐹

2
+𝑡𝑒2 + 𝑡𝐴𝐶) + (𝑦(𝑥). 𝜂3

∗ . 𝑡𝑒2) (
𝑡𝑒2

2
+ 𝑡𝐴𝐶) + (𝑏(𝑥). 𝜂4

∗ . 𝑡𝐴𝐶) (
𝑡𝐴𝐶

2
))

(𝑏(𝑥). 𝑡𝑃𝐸𝑇) + (𝑦(𝑥). 𝜂1
∗. 𝑡𝑒1) + (𝑦(𝑥). 𝜂2

∗ . 𝑡𝑃𝑉𝐷𝐹) + (𝑦(𝑥). 𝜂3
∗ . 𝑡𝑒2) + (𝑏(𝑥). 𝜂4

∗ . 𝑡𝐴𝐶)
                      (20) 

 

M(x,t) is  the moment of inertia along the cross- sectional 

beam in terms of  change of  the cantilever width: 

𝑀(𝑥, 𝑡) = − (∫ 𝜎𝑃𝐸𝑇𝑏(𝑥)𝑧𝑑𝑧
𝑃𝐸𝑇

+ ∫ 𝜎𝑒1𝑏(𝑥)𝑧𝑑𝑧 + ∫ 𝜎𝑃𝑉𝐷𝐹𝑏(𝑥)𝑧𝑑𝑧
𝑃𝑉𝐷𝐹𝑒1

+ ∫ 𝜎𝑒2𝑏(𝑥)𝑧𝑑𝑧 + ∫ 𝜎𝐴𝐶𝑏(𝑥)𝑧𝑑𝑧
𝐴𝐶𝑒2

)  (21) 

 

𝑀(𝑥, 𝑡) = 𝐸𝐼(𝑥)
𝜕2𝑤𝑟(𝑥, 𝑡)

𝜕𝑥2
− 𝐾𝑣∗[𝐻(𝑥) − 𝐻(𝑥 − 𝐿)] 

 

The average strain on  the plate for various layers in the 

cantilever material can be obtained for  different geometries 

[31]. 

𝜀∗(𝑥. 𝑡) = −𝑧
𝜕2𝑤(𝑥, 𝑡)

𝜕𝑥2
≈ −

𝑀(𝑥, 𝑡)𝑧

𝐸𝐼(𝑥)
            (22) 

A. Theory of charge and voltage distribution under deflection 

The generated voltage across the electrodes is the integration 

of strain function distribution (22). Therefore, the increase in 

voltage depends on the increase of strain function [32]. 

      𝑉 = −
𝑑31𝐸𝑃𝑉𝐷𝐹𝑡𝑃𝑉𝐷𝐹

𝑐𝑝𝑄

∫
𝑀(𝑥, 𝑡)𝑧

𝐸𝐼(𝑥)

𝑙3

0

𝑑𝑥                           (23) 

where 𝑄𝑖  is the total charge generated by  the piezoelectric 

material , which can be expressed by [33] 

 

𝑄𝑖 = − ∫  𝑑31

𝑙3

0

𝐸𝑃𝑉𝐷𝐹𝑡𝑃𝑉𝐷𝐹 (
𝑀(𝑥, 𝑡)𝑧

𝐸𝐼(𝑥)
) 𝑑𝑥    (24) 

 

The piezoelectric capacitance for NEWQ, HQ and 

Trapezoidal shapes may be obtained by (25). 

                                       𝑐𝑖 = 𝜀0𝜀33
𝑇

|𝑌𝑖|

𝑡𝑝

                               (25)       

 

 

The area of the truncated shape (samples I, II and III) can be 

estimated by (26) as follows. Where  𝑤1
∗ = 𝑤1/2 , 𝑤2

∗ = 𝑤2/2 

and 𝑤∗ = 𝑤/2 . 

 

𝑌𝑄 = 2 × [∫ 𝑤1
∗𝑑𝑥 +

𝑙1

0

∫(𝑤1
∗((2 + 2𝑤2

∗ − 4𝑤1
∗) (

𝑥

𝑙
)

2
𝑙2

𝑙1

 

+(−3 − 𝑤2
∗ + 4𝑤1

∗)
𝑥

𝑙
+ 1))𝑑𝑥 + ∫ 𝑤1

∗

𝑙3

𝑙2

𝑑𝑥] 

   𝑌𝑇 = 2 × [∫ 𝑤1
∗𝑑𝑥 +

𝑙1

0

∫ 𝑤1
∗(1 + (𝑤2

∗ − 1)
𝑥

𝑙

𝑙3

𝑙1

𝑑𝑥] (26) 

 

 

Where 𝑌𝑖 = 𝑌𝑄  𝑜𝑟 𝑌𝑇 and 𝐶𝑖 = 𝐶𝑄  𝑜𝑟 𝐶𝑇 

The corresponding output power can be expressed by the 

following equation 

𝑉𝑜.𝑐,𝑖 =
𝑄𝑖

𝐶𝑖

 ;   𝑉𝑝 = [
𝑉𝑜.𝑐,𝑖𝑅𝑖

2𝑅𝑖

] =
𝑉𝑜.𝑐,𝑖

2
                           (27) 

𝑃𝑜𝑢𝑡,𝑖 = [
𝑉𝑜.𝑐,𝑖

2𝑅𝑖

]
2

× 𝑅𝑖 =
(𝑉𝑜.𝑐,𝑖)

2

(4𝑅𝑖)
𝑜𝑟 (

𝑉𝑜.𝑐,𝑖

𝑅𝐿 + 𝑅𝑖

)
2

× 𝑅𝑖       (28) 

Where  𝑉𝑝 is the maximum amplitude. For a real load, the 

maximum power is transferred when 𝑅𝑖is equal to 𝑅𝐿 .  

|𝑧𝑝| =
1

2𝜋𝑓𝑟 . 𝐶𝑖

= 𝑅𝐿                                                               (29) 

Where, 𝑉𝑜.𝑐,𝑖 is the open circuit output voltage (𝑉𝑜.𝑐,𝑖 ≈ 𝑉) 

and 𝑃𝑜𝑢𝑡,𝑖is the power across a discrete load resistance RL, 𝑓𝑟 is 

resonance frequency.  

IV. SIMULATION USING FINITE ELEMENT METHOD 

The Finite Element Method has been used to simulate the 

models and for comparison of the experimental measurements. 

The PC with Intel core i7 and 12Gb RAM has been used for the 

simulation. COMSOL Multiphysics is used to handle static and 

dynamic responses. The multilayer 3D models were developed 

based on FEM by applying mesh in models. Here, the triangular 

boundary for passive layer (sides of its edges) and mapping one 

for the middle of the geometry (active layers and passive in the 

middle one) has been considered (Fig. 5). To set the boundary 

condition, the cantilever has been fixed at the clamping edge in 

the solid mechanical interface. For electrostatic boundary 

conditions, the bottom of the piezoelectric layer (interface 

between electrode and PVDF) has been set as ground or zero 

potential and the top of PVDF is terminated to the external 

circuit along the piezoelectric layer. The charge on the 

peripheral surface of the beam is considered to be zero. 

The eigenfrequency analysis is essential to estimate the first 

resonance mode of the models. The static analysis under 

mechanical loading has been performed to evaluate the 

stress/strain distribution of the cantilevers. In addition, the 

frequency analysis based on harmonic excitation of the base is 

also carried out for a range of frequencies to calculate the 

approximate average power and output voltage generated by the 

 
 

Fig. 5. Illustrated finite element model for Sample I, II and III. 
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models.  

The three designs of quadratic and linear-shaped structure 

has been studied for strain analysis by imposing a constant 

acceleration (0.1g). The contour graph in Fig. 6(a) shows the 

normalized strain distribution (NSD) on the top of PVDF/Ag. 

Zizys et al [34] claimed that the tensile and compression cause 

the change in strain distribution in Piezoeletric layer under  

sinusoidal vibration  which occur at the same cycle of the 

period. Analysis shows that the generated strain distribution 

appears in the laminated part which is caused by the integrated 

effect of the piezoelectric layer and the electrode. The NEWQ 

produces more internal strain on the laminated part as compared 

to HQ and Trapezoidal shapes. Fig. 6(b) shows the strain 

distribution on the coverage area in each portion, the average is 

calculated according to the integration of all the 5000 bins 

laying on the laminated part. Here, the average strain 

distribution (ASD) on the relative area (percentage of values in 

each bin) of the surface of PVDF are negative values. The 

values, calculated for NEWQ, HQ and Trapezoidal are 

−1.40 × 10−7, −1.26 × 10−7 and −1.00 × 10−7, 

respectively. It is to be noted that the mass of the cantilever is 

the factor that provides more strain at near fixed clamped area. 

However, the strain reduces at the free end of the cantilever. In 

other words, from the center of the curve edge to the  free end 

of the cantilever, the cantilever  behaves as a flexible proof 

mass[35]. Due to the shape of the beam, mass per unit length 

effect is more on the free end of the beam, so the resonance 

frequency is reduced in NEWQ. 

In a multilayer model like NEWQ strain transfers from outer 

layer (PET) to the inner PVDF material. The longitudinal 

strains of several layers in the form of a continuous function are 

shown in Fig. 7. The positive and negative strains are created 

unequally along the surface of each layer. 

These strains cancel each other partly on the piezoelectric 

film which induces asymmetry charge on the surface of the 

film. It is noteworthy to mention that zero strain distribution is 

located at the natural axis position of the beam. If the designed 

substrate (PET) is very thin, then it will cause the neutral axis 

to lay inside of piezoelectric material.  Due to this phenomena 

positive and negative charges will be produced inside the 

piezoelectric material. As the opposite charges cancels each 

other hence less voltage will be generated. However, in a thick 

substrate, neutral axis lies out of the piezoelectric layer and as 

a result a net charge is created across the layer. 

The simulation results of the von Mises stress distribution of 

the first bending mode along the cantilevers are shown in Fig. 

8. The result is stemmed from responses of the sample to 0.1g 

acceleration along z direction when beams are deformed in 

upwards direction. The maximum von Mises stress obtained for 

NEWQ, HQ and Trapezoidal are 4.32 × 103𝑁/𝑚2, 3.26 ×
103𝑁/𝑚2  𝑎𝑛𝑑 2.44 × 103𝑁/𝑚2, respectively. The maximum 

von Mises stress distribution is found to be more explicit at the 

fixed constant edge of all models which is highlighted with red 

colour. However, in NEWQ stress appears on the curve edge 

except the sides of the fixed clamped point.  

 

A. Simulation in Actuation 

A numerical modeling of the piezoelectric actuator was 

conducted by applying FEM. Solid mechanical boundary 

conditions are applied in the FEM, as mentioned in the previous 

method. Although, in the electrostatics interface, bottom 

surface of PVDF is considered as the ground and the top of the 

piezoelectric layer has been taken as the electrode to apply the 

potential. Harmonic response analysis is carried out by using 

the parallel sparse direct solver and additionally, the nested 

dissection multithreaded preordering algorithm has been 

performed. 

 
 

Fig. 6. The simulated result of three different samples (a) contour plot of the 

normalized strain distribution and (b) relative surface area versus strain 

distribution. 
 
 

 
 

Fig. 7. The longitudinal strain in all parts of NEWQ considering the relative 
area in each portion. 

 
 

 
 

Fig. 8. Normalized von Mises stress of three different structures.  
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V. EXPERIMENTS 

A vertical vibrator has been designed which functions as an 

external vibration source as shown in Fig.9.It is made from a 

loudspeaker (305 diameter and power 200/250 watt). The 

internal cone part is cut out and extracted from the basket of the 

loudspeaker to reduce the effect of the acoustic wave. Two 

pieces of rectangular epoxy glass beams are used to constrain 

the vibration along x and y. The amplitude and frequency of 

vibration can be adjusted and controlled by a signal generator 

and an audio power amplifier (FX-7000). The output voltage 

from PVDF samples is measured using an oscilloscope (Agilent 

DSO5052A). In order to measure the cantilever displacement, 

an optical arrangement has been setup. The samples are 

mounted on the center of the vibrator. A typical accelerometer 

(MMA7361) was attached to the same base to measure the 

acceleration created by the vibrator. Fig. 10 shows the 

accelerometer output for an acceleration of 1g (9.8m/s^2) 

which has a sensitivity of 800 mV/g. 

For tip deflection measurement, an optical setup as shown in 

Fig. 11 has been arranged .The angle of bending is assumed to 

be zero at the equilibrium. The angle of incidence of the LASER 

beam at the tip of the un-deflected beam is 𝛼. When the tip 

vibrates the angle of incidence changes from 𝛾 to 𝛽. The 

displacement (L) of the reflected beam, as shown in the Fig. 11, 

is 

𝐿 =  𝐿1 − 𝐿2  =  
𝐿3

tan 𝛽
−

𝐿3

tan 𝛾
 .                             (30) 

The value of 𝜃 is expressed by[36] 

𝜃 =
𝛾 − 𝛼

2
 𝑜𝑟 𝜃 =

−(𝛽 − 𝛼)

2
                                     (31) 

 

The vertical tip displacement at the end of the beam can be 

derived for beam without proof mass as  

 

𝛿𝑛 = 𝑟(1 − cos 𝜃) =
𝑙(1 − cos 𝜃)

sin 𝜃
                              (32) 

 

Where r is the radius of the beam bending.  

Since 𝑠𝑖𝑛 𝜃 = 𝑙/𝑟. When, 𝑙𝑖𝑚 𝜃 → 0, (sin 𝜃) ≈ 𝜃. Then  

𝛿𝑛 = 𝑙(1 − cos 𝜃)/𝜃. This method is applied for actuation of 

the beam also. For this purpose, a sinusoidal voltage from an 

audio power amplifier is applied to the top and bottom of the 

PVDF NEWQ and tip displacement is measured. 

VI. RESULTS 

Fig. 12 shows the experimental results for the average power 

and the peak to peak voltage versus frequency for all the three 
 

 

Fig. 9. Experimental setup for the measurement prototype generator. 

 
 

 
 

Fig. 10. Maximum acceleration used during the experiment.  

 
 

 

 
 

Fig. 11. Measurement of tip displacement by using an optical setup. 

 
 

 
(a) 

 
(b) 

 
(c) 

 
Fig. 12. The experimental results for each shape (a) NEWQ-sample I, (b) HQ-

sample-II, (c) Trapezoidal sample-III. 
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samples. The blue line is the representation for the load 

resistance of 1𝑀Ω (matched load resistance) and the red line for 

the load resistance at  39𝑀Ω. Fig. 12(a) represents the variation 

of NEWQ model, whereas Fig. 12(b) and (c) are for HQ and 

trapezoidal, respectively. As it is seen from Fig. 12(a) that 

NEWQ sample generates a voltage (1.80𝑉𝑔−1) and average 

power409 𝑛𝑊𝑔−2 has been obtained at the optimal load 

resistance 1𝑀Ω. The higher peak to peak voltage (3.11𝑉𝑔−1) 

as a function of frequency for 39𝑀Ω load has been 

obtained.Fig.12b are the results for the sample II (HQ) with an 

average power output of 286 𝑛𝑊𝑔−2  and maximum peak to 

peak voltage 1.51𝑉𝑔−1 at load resistances of 1𝑀Ω  and 39𝑀Ω  

respectively. Fig. 12(c) presents the variations for sample III 

(trapezoidal) in which the lowest average power (263 𝑛𝑊𝑔−2) 

at optimum load resistance  (739𝐾Ω) and the highest voltage 

(1.24𝑉𝑔−1)  for 39𝑀Ω. 

Due to the effect of internal structure, air damping is different 

in the samples which causes loss of energy or damping. The 

quality factor is expressed by the half-power bandwidth method  

as [37]: 

𝑄 =
𝑓𝑟

∆𝑓
=

𝑓𝑟

𝑓ℎ − 𝑓𝑙

                  (33) 

𝜉 =
1

2𝑄
                                      (34) 

𝑓𝑟 is the resonance frequency, 𝑓ℎ and 𝑓𝑙are two high and low 

-3dB frequencies. 

Comparison of simulation and experimental results have 

been presented in Fig. 13. The samples have been excited at 

different acceleration levels ranging from 0.1g to 1g at various 

frequencies close to the resonance frequencies in order to 

compare the performance of the samples with different shapes. 

In all the samples, the variation of the average power/g2 

increases sharply until they approach the highest average 

power/g2 at resonance frequency (NEWQ=164 Hz, HQ=184 Hz 

and Trapezoidal=248 Hz) then they start decreasing in the same 

manner. The numerical simulation result shows resemblance 

with the experimental one at the resonance frequency. When the 

cantilever beam is clamped in correct position, the resonant 

frequency is almost close to each other. 

The experimental and simulation curve deviates slightly in 

the case of the NEWQ model. This observed nonlinearity is due 

to the fact that the property of the PVDF changes under larger 

stress/strain distribution in multilayer stacks. Moreover, the 

piezoelectric constant in samples tend to increase in comparison 

to a linear model due to the increase in longitudinal strain in 

piezoelectric patch [38]. 

In order to analyze the nonlinearity, coefficient of 

determination 𝑅2 is calculated from experimental data as well 

as from the simulation models. The nonlinear curve fitting has 

been applied to all the three models, as well as their 

experimental data using Lorentz function. 𝑅2 describes the non-

linear relationships between the predictors and the response 

variables. The experimental data reveal the value of 𝑅2  for 

different samples NEWQ, HQ and Trapezoidal as 0.96133, 

0.98245 and 0.98508 respectively. The value of 𝑅2 found 

from the models are 0.9992, 1 and 1 for the samples 

respectively. The coefficient of determination evaluated from 

experimental data is almost close to 1 in trapezoidal one, 

whereas the coefficient of determination value in the NEWQ 

sample is slightly lower than the HQ and trapezoidal sample. 

The difference between the coefficient of determination 

calculated from the experiment and simulation for NEWQ is a 

bit higher as compared to the other samples. In addition, due to 

increase in nonlinearity in the sample 'I' it shows better 

performance in frequency bandwidth (NEWQ≅ 11.79𝐻𝑧) than 

the others (HQ≅ 9.92𝐻𝑧 and Trapezoidal≅ 6.73𝐻𝑧). 

The FEM simulation results shown in Fig. 14 indicate that 

power output versus frequency of excitation across 15 different 

load impedances ranging from 44𝑘Ω to 4.74𝑀Ω for all the 

models: I, II and III. Evidently, the NEWQ harvester produces 

higher average power at the particular load resistance. 

It is possible to calculate the performance of models 

regarding developed average power in the NEWQ and HQ 

harvesters which are almost 54.9% and 8% more than that of 

trapezoidal harvester respectively. The variation of optimum 

power as a function of the excitation frequency for different 

quadratic shapes are shown in Fig. 15. In order to study the 

performance of energy harvesters the thickness to substrate 

 
Fig. 13. Experimental and simulation results of maximum average power 
comparison for sample I-III.  

 
 

 
 

 
 

Fig. 14. The optimum power harvesting is obtained from models were 

coupled to various external load resistance and derived excitation frequency 

NEWQ, HQ and Trapezoidal (I, II and III). 
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ratio for a fixed resonances has been considered. 

A cantilever of length 𝑙 with width 𝑤at the curved edge has 

been considered in the simulation. During the simulation the 

width has been varied from the middle of the cantilever (𝑙/2)  

to near to the fixed end (𝑙/10) at five different positions of the 

beam. In the principal axis of the beam, the ratio of width to 

length is 1 at  (𝑙/2) and 0.2 at (𝑙/10). Also, the ratio of 

thickness to substrate changes from 0.85 to 1. This is due to the 

influence of substrate's stiffness in resonance frequency. 

In the simulation, the electrical load resistance is considered 

to be 1𝑀Ω and damping ratio as 3 percent. The results show 

that movement of curved edge towards fixed end of the 

cantilever has caused significant power enhancement in 

quadratic shape. The NEWQ cantilever with low width to 

length ratio (0.8) and highest thickness to substrate ratio (0.88) 

provides highest average power. It is obvious from (20) the 

neutral axis almost lies in optimized position, so, the maximum 

charge generation occurs on the piezoelectric layer. 

The highest width to length ratio (1) with the thickness to 

substrate ratio (0.85) produces the lowest average power almost 

equal to 345nW/g2 in HQ. 

Fig. 16 shows the peak to peak voltage and average power 

obtained as a function of acceleration for the samples I to III 

when all beams were excited at first resonance frequency 

(164Hz, 184 Hz and 248Hz). If the internal resistance of PVDF 

piezoelectric is equal to the external load resistance, it will 

result in the highest average power extraction in the samples. 

When the optimal load resistance of 1MΩ, 1MΩ and 739KΩ 

were coupled with pizoelectric materials, the voltages 1.80 V/g 

,1.51V/g and 1.24V/g were measured in the sample I,II and III, 

the  average powers of 409.2nW/g2, 285nW/g2  and 262nW/g2 

were delivered. As observed in NEWQ harvester, it generates 

much more power than conventional shape HQ and trapezoidal. 

The simulated output power versus load resistance agrees well 

with the experimental results as shown in the figures. The 

sample II provided almost constant power stability in higher 

load resistance R>1MΩ which seems to have a little disparity 

with the linear model. 

The voltage and average power output of the rectangular sample 

as a function of resistive load are plotted in Fig. 17(a), where 

the excitation frequency of vibration is 195 Hz. The average 

power is found to be306 𝑛𝑊𝑔−2  at the optimal load 

resistance1.1𝑀Ω for this sample and the result of peak to peak 

voltage is 1.64𝑉𝑔−1. The slight discrepancy between observed 

and simulated results may be due to the variations of the 

material properties, the PET thicknesses as well as capacitance 

value with considering the variation of dielectric material. The 

thickness variation of the PVDF material could be the main 

drawback between experiment and simulation results.  

 
 
Fig. 15. Tapering with shifting shape from HQ to NEWQ by changing the 

thickness ratio.  

 
 

 

 

 
 
Fig. 16. The voltage peak to peak /power generated  as  a function of electrical 

load resistance for the sample I-III 
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TABLE III 
EXPERIMENTAL RESULTS OF SEVERAL SENSORS AS ENERGY HARVESTER 

 

Type (—)           Material  Volume of 

device(𝑚𝑚3) 

Power 

(𝑛𝑊. 𝑔−2) 

Voltage p-p 

(𝑉. 𝑔−1) 

Damp 𝜉 
 

Quality 

factor ,Q 

Frequency(

Hz) 
RL(Ω)  NPD 

(𝑛𝑊. 𝑔−2. 𝐻𝑧−1. 𝑐𝑚−3) 

NEWQ1                     PVDF 

HQ1                            PVDF      
Trapezoidal1              PVDF 

Rectangular 1             PVDF 

Rectangular 2 [10]       ZnO 

Rectangular 1 [9]        PZT 

Trapezoidal 2 [11]      PZT 

41.19 

41.17 
34.8 

52.62 
11.5 

0.075 

1.19 

409.2 

285.2 
262 

306 
941 

0.34 

20.5 

1.80 

1.51 
1.24 

1.64 
1.22 

0.00027 

0.044 

0.0604 

0.0457 
0.022 

0.024 
--- 

0.0077 

0.0001 

8.2648 

10.92 
22.72 

20.83 
--- 

64.93 

415 

164 

184 
248 

195 
1300 

9275 

232 

1𝑀Ω 

1𝑀Ω 

739𝑘Ω 

1.1𝑀Ω 

380𝑘Ω 

220𝑘Ω 

9𝑘Ω 

60.54 
37.62 
30.35 
29.81 

62.80 
0.489 

73.90 

1 Without proof mass 
2 With proof mass 

 
 
 

 

 
 
Fig. 17. (a) Simulation and experimental average power and peak to peak 

voltage values versus load resistance for the rectangular generator, (b) the 

average power versus the vibration frequency. 
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Fig. 17(b) exhibits the average power spectra as functions of 

vibration frequency when rectangular generator connected with 

1.1 𝑀Ω load resistance. 

Table III provides a comparison of the samples I, II, III, 

rectangular and other published harvesters with different 

parameters. These parameters, obtained from the characterized 

data, are usually used to carry out metric comparison of 

different systems. The normalized power densities (NPD) were 

calculated taking into consideration the effective volume of the 

selected samples. The piezoelectric polymers typically generate 

low power output as compared to ceramic-based piezoelectric. 

However, the shape optimization helps to improve NPD. NPD 

of sample NEWQ, which is almost comparable with the PVEH 

types which are reported in the literatures [10] and [11]. It was 

found that the optimum design reported in this work has a 

lowest resonance frequency (164 Hz) without proof mass. It is 

obtained the highest NPD in PVEH within the suitable 

resonance frequency (<200Hz). 

The output power of NEWQ device was better than other 

samples as well as PZT based as a rectangular harvester and 

trapezoidal harvester with seismic mass demonstrated by other 

reports [9,11]. The disadvantage of these devices is the 

optimum load resistance greater than other works [9-11]. This 

may be due to the low electromechanical coupling coefficient 

of PVDF film.  

Fig. 18 shows the calculation of NPD for other quadrilateral 

traditional sample (rectangular) making use of the present 

experimental method. Traditional shapes such as rectangular 

shape show the lowest NPD 29.82 (𝑛𝑊. 𝑔−2. 𝐻𝑧−1. 𝑐𝑚−3). 

However, the approximate NPD for the proposed novel NEWQ 

was 60.54 (𝑛𝑊. 𝑔−2. 𝐻𝑧−1. 𝑐𝑚−3), signifying its favourability 

among the rest of the three samples. 

The frequency range of 134 Hz to 196 Hz with an interval of 4 

Hz was applied to the unimorph NEWQ sample (Fig. 19(a)). 

The tip displacement was measured at an acceleration of 0.185g 

by making use of the developed optical setup. The tip 

displacement and relative displacement were measured and 

calculated at an acceleration of 0.185 g by making use of the 

developed optical setup. The amplitude of base displacement is 

small as compared to the tip displacement. So, we used a piece 

of polished Si (mirror) at the top of the base for observing the 

reflection in long distance between sample and surface plates. 

The difference between the base displacement and tip 

displacement is 56.8 𝜇𝑚 at the peak. The displacement of base 

at 0.185 g is low as compared to tip displacement which can be 

negligible. The AC excitation voltage of 74V was applied to the 

top and bottom surface of PVDF layer for measure tip 

displacement. In order to compare maximum tip displacement 

over excitation frequency, FEM simulation were conducted for 

both the cases (vibrator and actuator). One can see that the FEM 

result agrees well with the theoretical calculation (32) in both 

actuation and energy harvesting application. It is observed that 

air damping can significantly affect the prototype for actuation 

and vibration operation. This provides more nonlinearity in 

deflection when input acceleration is applied to the sample.  

Fig. 19(b) illustrates the measurement of acceleration versus 

output power. The cantilever (NEWQ) was set at a range of 

input acceleration of 0.25g to 1g and the load resistance is𝑅 =
1𝑀Ω. As it is clear from this figure, the output power has 

increased dramatically which is fitted with a nonlinear curve. 

The maximum amount of power has been obtained in NEWQ. 

The stiffness of the cantilever and damping ratio are the two 

most important parameters which effect the nonlinearity in 

response of piezoelectric material [39]. 

Fig. 20(a) illustrates the simulated histogram as well as 

contour of strain distribution analysis for several models. The 

models named as types A, A', A", B, B', C and C'. Models A, B 

and C are equal in volume (approximate volume of trapezoidal 

without proof mass). Models B' (i.e. attached with a proof mass 

of 10.23 mg with approximate total volume of 35.95 𝑚𝑚3and 

resonance frequency of 184.9 Hz) and C' (i.e. attached with a 

proof mass of 5.11 mg with approximate total volume of 35.37 

𝑚𝑚3 and frequency 159.2 Hz) are compared with models A (at 

146.4Hz) and the reduction of size in same models (A' and A'' 

with approximate total volume 29.2 𝑚𝑚3 and 27.4 𝑚𝑚3 and 

resonance frequencies of 131.8 Hz and 125Hz, respectively). 

The ASD are calculated in models A, B’ and C' with−1.51 ×
10−7 ,−1.49 × 10−7 and −1.49 × 10−7respectively. The ASD 

is more for models A' (−1.61 × 10−7) and A''(−1.69 × 10−7) 

as compared the other rest of the models. Fig. 20(b) extended 

the study without changing the traditional rectangular model 

(without and with proof mass A and B' (total volume 53.37 

𝑚𝑚3 with 10.23 mg proof mass and resonance frequencies of 

163 Hz)). It is also observed that the ASD for model B' (with 

proof mass) is equal to the model A'' (NEWQ) without proof 

mass. 

 

 
Fig. 19. (a) NEWQ based on acceleration and actuation and (b) Maximum 

power as a function of acceleration obtained by accelerometer. 
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Fig. 18. Average power and natural frequency for four different samples 

versus the NPD (Normalized power density). 
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VII. CONCLUSION 

In this work, the piezoelectric film (PVDF) sample with 

truncated shapes without attaching the poof mass at the free end 

was optimized, designed and characterized. The model was 

investigated based on Euler–Bernoulli beam theory where the 

beams were subjected to vertical excitation. The previous 

studies by the authors was concentrated on a traditional model 

without proof mass [40], [24]. Here it is tried to investigate 

three different types of beam geometry NEWQ, HQ and 

Trapezoidal. The proposed model of NEWQ performs 

significantly better and power extraction shows improvement in 

unimorph cantilever. The NEWQ sample shows higher power 

(409.2 𝑛𝑊. 𝑔−2) and normalized power density 

(60.54 𝑛𝑊. 𝑔−2. 𝐻𝑧−1. 𝑐𝑚−3) in NEWQ than HQ and 

trapezoidal shapes. According to the results, resonance 

frequency has been shifted for different shapes. FEM 

simulation reveals that influence of mass per unit area can lead 

to a high longitudinal strain near the clamped area of the 

cantilevers. The strain distribution over the relative surface area 

has been found to be higher in NEWQ, compared to HQ and 

trapezoidal cantilever, but strain distribution over the relative 

surface area is uniform in trapezoidal cantilever. It is observed 

that when the near edge of the cantilever moves towards the 

anchor, while considering thickness and length ratio the average 

power tends to increase at constant resonance frequency. 

Additionally, the strain distribution changes in each layer. 

NEQW model (without proof mass) with a minimum width at 

curved edge provides equal ASD with conventional model with 

nickel proof mass at free end. This may result in size reduction 

for future mobile devices, wireless sensor network modules. 

Due to the absence of the proof mass the volume of the 

harvester will decrease. 
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