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A B S T R A C T   

Energy harvesting from the environment becomes a valuable technology, especially for sea wave applications, in 
which it usually ends up wasted despite its potential to be harvested. Due to its wide availability and high energy 
density, piezoelectric energy harvesting (PEH) is becoming popular for flexible energy harvesting. This paper 
presents a flexible horizontal piezoelectric (FHP) energy harvester to harvest energy from the surface of sea 
wave. The harvester is made of bimorph piezoelectric devices; they are utilised to amplify and convert the 
collected mechanical vibrations into electrical power. A finite element model is established from ANSYS simu-
lations to solve the iteration method by generating resonance frequency (fr). Then, Taguchi method, SN ratio and 
the ANOVA approach were used by considering the input variable of fr to estimate the optimum performance 
through control factors; number of blade, length and thickness. From the performance test result, it is proven that 
the higher numbers of blade including length, and minimum numbers of thickness significantly improve the 
significant level, α = 0.05% of ANOVA. Three prototypes are developed with approximate body dimensions 
through the resonance frequency perform and generate a 160.3 Hz on blade dimensions of 10 × 300 × 0.2 mm, 
with a piezoelectric (PZT) on its surface. This particular study shows that the potential of output power is 
generated from sea wave surface through a significant relationship between length, thickness, and blade design. 
This research develops a novelty for energy harvesting from flexible piezoelectric generator on sea wave 
application that could be easily install on offshore platform.   

1. Introduction 

Nowadays, conventional energy sources such as oil, coal, and natural 
gas, also known as fossil fuels, contribute to the greenhouse effect. 
Global energy demand will grow continuously by 56 % forecast from 
2010 level by 2040 [1]. To minimise the global warming crisis and 
reduce carbon emissions, it is necessary to decrease the uses of fossil 
fuels while increasing the use of renewable energy sources. The uti-
lisation of such energy harvesting for delivering power becomes 
particularly crucial for systems where batteries are difficult to swap or 
replenish [2,3]. 

Ocean wave energy is one of the most abundant energy sources in 
this world. Afsharfard et al. [4], state that ocean wave energy is a stable 
renewable energy source and has great application possibilities. This 
energy has the potential to replace the current use of non-renewable 
energy sources as it is considered as the cleanest, renewable, and most 
predictable than solar and wind powers. The advantages of using ocean 
energy sources over other renewable energy sources [5] are abundance, 
availability, high load factor, lower environmental impact and source 

predictability. Furthermore, ocean energy has additional benefits in 
term of longer service life on wave energy generation equipment and 
very efficient renewable and natural energy sources to be consumed. 

Various forms of vibration energy source from ocean waves have 
been studied to harvest the electrical energy, such as tidal energy [6], 
mechanical vibrations [7], pelamis [8], etc. As one of the aforemen-
tioned energy sources, mechanical vibration energy through ocean 
waves has recently gained significant attentions, it is prevalent in 
environment where solar or heat energy cannot be used. These me-
chanical vibrations can be converted into electrical energy through a 
variety of conversion techniques, including piezoelectric effect [9], 
triboelectric effect [3], dielectric effect [10], electrostatic effect [11], 
etc. The piezoelectric effect has drawn a lot of its advantages among the 
conversion mechanisms, including high power density, low cost, and 
easy of miniaturization. 

Meanwhile, piezoelectric transduction is one of the commonest 
mechanical energy harvesting techniques. Because of its high electro-
mechanical coupling factor and piezoelectric coefficient when compared 
to electrostatic, electromagnetic, and triboelectric transductions, the 
scientific community is very interested in piezoelectric energy 
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harvesting [12]. Therefore, the natural resonant frequency is a typical 
energy harvesting structure in the piezoelectric cantilever [13]. More-
over, the energy density for piezoelectrics is three times higher [14] than 
those for electromagnetic transduction and electrostatics, which are 
studied extensively. Even with the inconsistency of ocean waves, the 
output power is still predictable and smoother than wind and solar. 

Because of the benefits of piezoelectricity, research into piezoelectric 
mechanics and energy harvesting has grown in recent decades. When a 
piezoelectric material is being pressure, the atomic structures of the 
material change. It causes the variance formation of the material’s 
dipole moment and voltage to be different, and this phenomenon is 
called direct piezoelectric effect [15]. Meanwhile, two main groups of 
piezoceramics underlie piezoelectric materials with a high electrome-
chanical coupling coefficient and piezopolymers with appropriate flex-
ibility. Polyvinylidene Fluoride (PVDF) and Lead Zirconate Titanate 
(PZT) are classified into the common piezoelectric polymers and ce-
ramics, respectively [16]. Furthermore, harvest energy using piezo-
electric materials is possible since there are many periodic external 
forces elsewhere. In addition, piezoelectric materials are among the 
promising choices for harvesting energy from ocean waves and wind by 
utilizing a variety of methods and technologies. 

The idea of using the piezoelectric effect of ocean waves for energy 
harvesting was proposed in the 1970s and has been further explored so 
far [17]. The generated electrical power from the wave of piezoelectric 
effect energy harvesting shows that the mean value during power pro-
duction increased by having the ratio of the width to thickness of the 
cantilever, sea depth, wave height, ratio mass to cantilever mass, and 
ratio of sea depth to the wave length [18,19]. Cui et al. [20] studied the 
flexible sandwich structure of piezoelectric seaweed, calculating the 
output power by using ANSYS. Nevertheless, the limitations of blade 
design and low deformation of water flow caused relatively weak output 
voltages. Zhao et al. [21] used ANSYS to create output power for a 
design method by including cantilever beam construction with low 
frequency. Therefore, PZT piezoelectric material was often chosen due 
to its high-volume dielectric constant and coefficient. Xie et al. [22] used 
PZT piezoelectric transducers to investigate the potential of energy 
harvesting with longitudinal and transverse motion from ocean and sea 
waves. 

Models of elastic beams with Airy linear wave theory were extracted 
using mathematical equations. Wu et al. [14] proposed two horizontal 
cantilever beams for floating structures that were connected to a PZT 
piezoelectric patch for the ocean wave transverse motion. Furthermore, 

Viet et al. [23] designed a floating mass-spring device with two piezo-
electric levers with anchor rope to harvest energy from intermediate and 
deep water waves. Nevertheless, the harvesting systems are mostly 
complex, such as their size and the challenge of allocating them at 
different locations. Mutsuda et al. [24] experimental studied to harvest 
energy from ocean wave by using piezoelectric paint with flexible device 
coating. Unfortunately, it is covered in intermediate water and should be 
examined in real sea conditions in deep water to test the durability and 
reliability. 

Two simultaneous of particle motion inside of wave; longitudinal 
and transverse motion are caused by the particles of water near the free 
surface. The particles move in circular and elliptical path, which 
contribute to intermediate and deep water waveforms; this is called Airy 
linear wave theory [19]. Besides, it is part of the determining factor in 
applying the force and activating the energy harvesting mechanisms in 
the water waves. In addition, the steady operation and easy evaluation 
for maintenance and replacement of a harvesting system in an ocean 
environment are the hurdles for absorbing efficient energy, particularly 
using piezoelectric technology. 

At present, numerous models have been developed to investigate 
energy harvesting through transverse waves of piezoelectric effects. 
Nevertheless, little work has been carried out to harvest maximum en-
ergy from appropriate orientations of piezoelectric cantilever beam and 
previous works have not comprehensively considered on multiple flex-
ible horizontal beam model. Therefore, substantial study on the flexible 
horizontal piezoelectric of the individual component with multiple 
generators for absorbing electrical energy is necessary. Furthermore, the 
application of the first layer of transverse motion is essential in order to 
develop a model to understand the relative importance of the flexible 
device in energy harvesting. The remainder of this article is organized as 
follows: Section 2 presents the methodology adopted to carry out the 
study. The results obtained and their discussions are presented in Sec-
tion 3. The conclusion ends the paper in Section 4. 

2. Materials and methods 

2.1. Flexible cantilever design 

Fig. 1(a) illustrates a FHP on top of a sea wave, consisting of multi- 
directional transverse wave motion. The FHP is composed of a flexible 
cantilever structure and is attached to the base unit of the piezoelectric 
module. The PZT material was selected due to its high volume dielectric 

Acronyms 

fr Resonance Frequency 
α significant level 
d Depth 
λ Wavelength 
g Ocean gravity 
a Wave amplitude 
t Time 
n Wave number 
ω Angular frequency 
f Stiffness elastic 
e Piezoelectric matrix 
εT Permittivity dielectric 
T Matrix transpose 
S Strain vector 
N Vector stress 
M Flux density 
D Field intensity 
eT Electric strain constant 

η Surface displacement 
Z Ocean wave amplitude 
L Wave length 
w Wave number 
T Wave period 
θ Angular displacement 
ε Strain 
δ Distance of PZT 
ρ Curvature radius of PZT 
Vo Output voltage 
Ai Area of piezoelectric blade 
np Number of piezoelectric blade 
P Output power 
Ro External resistance 
Vi Voltage every blade 
d31 Piezoelectric effect 
PVDF Polyvinylidene Fluoride 
PZT Lead Zirconate Titanate 
PUR Polyurethanes  
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Fig. 1. Illustration of FHP energy harvester (a) propose FHP model on sea wave (b) schematic of the movement of the FHP with different phase motion of sea wave 
phase operation and (c) FHP with storage and anchoring type. 
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constant and coefficient [21] and placed on top of the blade to absorb 
the deformation by external force of transverse wave motion. Piezo-
electric blades are attached to polyurethanes (PUR) as a floating body on 
transverse motion from wave particles. Multiple blades are proposed 
since the wave directions are different to convert the oscillatory nature 
of the sea waves from kinetic energy into electricity. 

According to Fig. 1(b), three possible phase operations of FHP 
depending on the transverse wave operation. The depth (d) versus 
wavelength (λ) of a sea wave brings the fluid particles moving constantly 
up and down by varying the displacement and acceleration. The relative 
displacement required to trigger oscillations of different positions dur-
ing acceleration. The proposed model is designed to float on the sea 
surface. Furthermore, the harvester’s operations required anchoring for 
safety and control of movement of FHP to float freely. However, the 
operation allows free moving; and self-mobilization extracts energy 
when conditions are within a predetermined safety zone. Fig. 1(c) de-
picts the proposed model with anchoring and output generated from 
FHP connected to the bus line for storage under off-grid connections. In 
addition, the storage could store energy in a battery to have self- 
powering storage. 

The blade design is composed of a minimum of two blades and a 
maximum of six blades for each model. Typically, each blade is lami-
nated with a bimorph of piezoelectric material of varying thickness and 
length based on the dimensions properties. The piezoelectric material 
was coated on top and bottom sides of the blade with flexible material 
(PUR). Fig. 2 shows an illustration of the theoretical model for laminate 
structure in blade design. 

The entire blade was coated in PZT materials to absorb as much 
energy as possible. Therefore, a suitable blade design must be selected to 
considering the mechanical force and rigidity of devices. In addition, the 
illustration was transformed into a numerical analysis to examine the 
characteristics of the deformation results. 

2.2. System modeling and numerical simulations 

A mathematical model was developed to describe the principle of 
operation of the flexible piezoelectric in transverse wave motion. Fig. 3 
depicts the transverse wave motion of a piezoelectric energy harvester, 
consisting of flexible PZT and PUR on horizontal patches, subjected to 
wave particles. In this research, transverse wave motion is used to 
compare with its longitudinal one since directions of FHP displacements 
propagate in v-t plane. The fluid velocity; component for shallow water 
waver can be expressed as follows [25]; 

u =
gak
ω

[
cosh(ky + kh)

cosh(kh)

]

[cos(kx) − cos(ωt)] (1)  

w =

[
gak
ω

][
sinh(ky + kh)

sinh(kh)

]

[sin(kx) − sin(ωt)] (2)  

where a is the wave amplitude, t is time, n is wave number, and ω is 
angular frequency. 

Furthermore, the finite element matrix equation for the piezoelectric 
effects is defined as follows: 

N = (f )[S] + (e)[D] (3)  

M = (e)T
[S] +

(
εT)[D] (4)  

where f is the stiffness elastic, e is the piezoelectric matrix, εT is the 
permittivity dielectric (m/F) and T is the matrix transpose. S is the strain 
vector (N/m2), N is the vector stress (m2/N), e is the electric strain 
constant, M is the flux density, εT is the permittivity dielectric (m/F) at T 
= 0, T is the matrix of piezoelectric (Vm/N or m2/C) and D is field in-
tensity (V/m). 

The surface displacement of sea wave particles, u = η(v, t), is a 
function of the position, v, and time, t, which is depicted in Fig. 3. 

The surface displacement of sea waves can be expressed as below 

Fig. 2. Typical laminated blade structure for bimorph of FHP.  

Fig. 3. A profile sketch of the FHP on transverse wave motion.  
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[23]; 

η(v, t) = Z⋅sin(w⋅v − ω⋅t) (5)  

where Z is the wave amplitude. Substituting w = 2π/l and ω = 2π /T into 
(5), the following equation can be obtained; 

η(v, t) = Z⋅sin
((

2π
l

)

⋅v −
(

2π
T

)

⋅t
)

(6) 

The angular displacement of FHP, θ(v, t), shown in Fig. 3 can be 
represented as; 

tanθ =
dη(v, t)

du
= Z⋅w⋅cos(w⋅v − ω⋅t) (7)  

θ(v, t) = tan− 1(Z⋅w⋅cos(w⋅v − ω⋅t)) (8) 

Deformation of the FHP along the η are being measured through the 
curvature and distance of the piezoelectric. Therefore, differentiated 
values of strain along FHP could generate the elongation of the line 
segment. Furthermore, the strain, ε of PZT is as follows; 

ε =
Δdx′

dx
=

δ
ρ (9)  

where δ is the distance of PZT, and ρ is the curvature radius of PZT 

element in which direction is along X-direction. The output voltage of Vo 
by using Eq. (9) as shown in Fig. 3 is as follows; 

Vo =
d
dx

∫

εAi  

Vo =
d
dx

∫
δ
ρAi (10)  

where Vo is the output voltage, Ai is the area of i elements. From Eq. (10), 
the total output voltage, VT is determined by; 

VT =
∑n

i=1
Vo (11)  

where VT is the sum of the voltage Vo, where Vo is the voltage from every 
blade and n is the number of blade element. Hence, the deformation of 
PZT increases when the frequency and vibration is high, and the distance 
δ of PZT blade is needed to maximize electric power. The piezoelectric 
energy’s output power is found by; 

P =
V2

i

2Ro
(12)  

where P is the output power, Vi is the voltage from every blade and Ro is 

Fig. 4. Simulated models and their respective dimension (a) rectangular blade, (b) trapezoidal blade, and (c) stingray blade; with T varied from 0.2 mm – 1.0 mm, 
and L varied from 60 mm – 300 mm. 
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the constant value of external resistance. In additions, the piezoelectric 
effect mode of d31, were used since the sea wave operation is directly 
proportional to the PZT material. 

Three different models are proposed: rectangular, trapezoidal, and 
stingray-tail. Initially, 15 arrays were selected to obtain the optimum 
design for the energy harvested. Each model consists of different factors; 
60 mm ~ 300 mm for length (L) and 0.2 mm ~ 1.0 mm for thickness (T). 
The variation factors are required to obtain the optimum value of S/N 
ratio that will be discussed in result and discussion. 

Fig. 4 depicts all considered FHP models. It should be noted that the 
entire design model will be simulated in the numerical software that will 
be presented in the next section. 

In previous research studies [26,27], two models were attempted; 
rectangular and trapezoidal, by using a numerical method to harvest the 
energy. The data was carried to observe the design through PZT material 
to achieve higher efficiency and performance. The proposed design has a 
‘tapered’ at front (B) area to attain a constant strain level along the 
entire length of the cantilever beam. In addition, designs with different 
shapes of tapered also been explored. As mentioned, Fig. 4 (a)–(c), have 
different kinds of proposed designs in which, every blade is a bimorph 
cantilever that used serial connection of ceramic materials. The di-
mensions of the FHP in the simulations are given in Table 1. 

Multiple dimensions are used to produce different displacement 
frequencies. The floating bases; C and D with a thickness of 2.5 mm, and 
the length of cantilever from end to end; A, B, and C, with a thickness are 
varying from 0.2 mm to 1.0 mm, respectively. According to wave energy 
conversion (WEC) theory, the floating units on the surface of wave water 
are moved to the motion of the incident wave and considered as wave 
profile devices with oscillation body type. 

In this study, numerical simulations are employed to optimize the 
method since there are only few works that used this approach to 
address the problem. Therefore, through numerical simulation, the 
optimization results are more effective by reducing the time and number 
of prototypes to be constructed. Hence, numerical are one of the 
essential tools for this type of investigation. Ansys® Workbench as a 
commercial numerical simulation was utilised to solve the problem by 
using the Finite Element Method (FEM). For this purpose, the Applica-
tion Customization Toolkit (ACT) of PiezoAndMEMS® (V18.0) was 
added. Table 2 summarizes the material properties used in this study. 

The above material parameters are used for the model analysis in 
ANSYS. As can be seen, the piezoelectric coefficient, e31, and dielectric 
constant, e33, represent the effectiveness of converting mechanical to 
electrical energy via the coupling mode, as mentioned in Eqs. (3) and 

(4). 

3. Results and discussions 

3.1. Numerical results 

The first simulation tests were performed to determine the resonance 
frequency of the flexible piezoelectric cantilever beam for three pro-
posed models. Since the resonant vibrations amplify the relative 
displacement due to piezoelectric material being compressed, electrical 
power can be generated. Fig. 5 depicts the numerical simulation process 
including result of deformation distribution for three models; rectan-
gular, trapezoidal, and stingray, considering the mass free at the end of 
the cantilever. 

Since the objective of this study is to design a multiple blade model, 
the single blade of proposed FHP was not included in this simulation. To 
understand the effectiveness of the simulation, the variation of defor-
mation is produced by simulating all 5 blades from different models. In 
addition, three attempt factors are obtained from numerical methods, 
which are thickness (T), length (L), and number of blades (n), to 
determine the suitable impact factor in Section 3.2. Furthermore, these 
factors are being used in statistical analysis to further investigate which 
are suitable designs. Fig. 6 (a-e) illustrates result deformation graphs 
along models created by varying the length and fixing the thickness on 
FHP for all the considered models with the following geometric pa-
rameters: n blades, T = 0.2 mm, L = 60 – 300 mm. 

As can be seen, a smooth decrease in the fr with an increase in the 
length. This finding indicates that larger flexible blade lengths require 
smaller deformations of fr. Therefore, an increment in the blade length 
will lead to a decrease in the resonance. Furthermore, the curve depicts 
the effect of single parameters; length, are remains sensible when mul-
tiple n increased. The result indicates that the structure’s response also 
has an influence on the length of FHP and this agrees with similar 
findings reported by other researchers [21,28]. 

Regarding the curves displayed in Fig. 6, it is possible to conclude 
that a stingray has a lower value of deformations; nonetheless, by 
increasing the area accessible for energy extraction, the deformations 
are spread practically equally throughout the cantilever beam surface. 
However, this can be proved through the Analysis of Variance (ANOVA). 
To understand the effectiveness of another design factor, deformations 
of variance thickness was validate using numerical ANSYS. Fig. 7 (a-e) 
shows the deformation graphs using the models created by varying the 
thickness and fixing the length on FHP for all of them, with the following 
geometric parameters: T = 0.2 – 1,0 mm, L = 300 mm and n blades. 

Generally, thickness increased with fr as well as deformation. It can 
also been seen that the thickness of the stingray increases slowly at the 
lower fr compared with the rectangular and trapezoidal one due to 
having a smaller average of deformation. In addition, the areas available 
for energy extraction are larger since deformation is distributed along 
the entire beam surface. Overall, the obtained result for the influence of 
thickness content on deformation supports the proposed model. 

Hence, the input factor and numerical result are shown in Table 3. As 
mentioned in Fig. 6, lower fr are associated with the length; 300 mm for 
all model. Selection lengths is fixed at 300 mm and were chosen with 
orthogonal array, L27 test results; 9 readings for each shape by run in 
ANSYS were tested in ANOVA to select the best design. 

It gives support that the following approximation can be used to 
determine the resonance of deformation at various factors. 

3.2. Optimization strategy 

Apart from this, the predefined conditions of the energy harvester are 
required to optimise the output responses. Hence, the goal of this 
research is to combine simulation-based analysis with optimization 
methods to get the desired output. In addition, design of experiment 
(DOE) methods is performed using statistical analysis to gain the 

Table 1 
FHP’s dimension with A-E point varies of dimensions 60 – 300 mm of model.   

Dimensions (mm) 

Model A B C D E 

Rectangular 60 ~ 300 10 14 14 - 
Trapezoidal 60 ~ 300 5 14 14 - 
Stingray 30 ~ 150 5 14 14 30 ~ 150  

Table 2 
The parameters of FHP are used in numerical simulation research with density of 
PZT 7500 kg/m3.  

Properties Float (PUR) Flexible Piezo (PZT) Units 

Young’s modulus 0.0075 1.7 × 10− 5 Gpa 
Density 75 7500 kg/m3 

Poisson’s ratio 0 0.3  
Permittivity Constant  8.85E-12 A2⋅Sec4/kg⋅m3 

PIEZ e31  -5.2 A⋅Sec/m2 

PIEZ e33  15.1 A⋅Sec/m2 

PIEZ e15  12.7 A⋅Sec/m2 

DPER ep11  729  
DPER ep33  635   
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optimised value of the controllable factors. Therefore, to optimize the 
design parameters for flexible blades, Minitab® software with version 
18.1 is used, using a statistical analysis method based on Taguchi and 
ANOVA. 

Table 4 depicts a summary of the control factors which were carried 
out with the three levels of controllable factors; T1, T2, and T3 to define 
as variable during analysis. The maximum number of blades used is 6 to 
define the maximum availability of output energy. The maximum L is 

Fig. 5. Numerical simulation on ANSYS; (a) Workbench platform to create and simulate design model, (b) Meshing process for single blade, (c) Meshing process for 
multiple blade and, (d) Deformation distributions on the beam surface for FHP model. 
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300 mm and T is 1.0 mm. 
The procedure of determining quality factors is divided into two 

parts. The first part is to discover the design characteristics that decrease 
variability and their values. The second part requires us to choose the 

factor that will attempt to get the mean values closer to the objective 
point. 

Fig. 6. Deformation of FHP model; trapezoidal, rectangular and stingray along 
L varied from 60 – 300 mm and T = 0.2 mm. 

Fig. 7. Deformation of FHP model; trapezoidal, rectangular and stingray along 
T varied from 0.2 – 1.0 mm and L = 300 mm. 
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3.3. Taguchi’s DOE 

Taguchi is a statistical method that aims to improve the quality of 
design performance. This includes the output system’s response to 
changes in various parameters that are correlated in some way. It is 
based on statistical analysis, which investigates how responsive the goal 
variables are to the input factors in an effort to enhance the effectiveness 
of the output or design. The Taguchi approach is best suited for systems 
whose ideal operating conditions rely on many input parameters that are 
connected with one another. Each parameter’s impact on the Taguchi 
method system is comparable to the signal-to-noise ratio [26]. 

Furthermore, Taguchi approach has been widely used to check the 
influence of individual factors and minimise the manufacturing lead 
time on energy harvesting [27]. Taguchi’s DOE reduces the influence of 
noise factors and use them as a controllable factor in the response of a 
system. In addition, it explains how the responsiveness of a system dif-
fers comparatively under various design choices. Taguchi’s analyses 
estimated the influence of controllable factors through S/N ratio and 
response chart by quality factors. The process of quality factors is 
completed in two steps; first, identify the design parameters with their 
levels that reduce variability; second, need to select factors that carry 
means value close to the goal point. 

Therefore, three categories of goal in S/N; smaller is better, nominal is 
better, and larger is better. Because the purpose of this research is to 
achieve the minimum value of fr as deformation, the smaller is better 
feature is applied in this study. The selection of L = 300 mm as the first 

identified design parameter since the result deformation from Fig. 6 
shows that the minimum frequency is recorded for each model. Besides, 
this also analyses the suitable blade design by using Taguchi to gauge the 
impact of controllable boundaries on energy harvesting. L27 orthogonal 
array with three controllable factors, such as those shown in Table 3 and 
Table 4, is used to acquire the best value of the parameter in order to 
attain maximum energy harvester. 

Fig. 8 shows how the output response of the control factor from 
Taguchi analysis can be varied along the S/N ratio and means plots. As 
can be seen in Fig. 8 (a), deformation decreases for the stingray model 
compared with the rectangular and trapezoidal. This is because design 
tappered attracted the minimum fr of FHP respectively agreed with the 
findings of the literature [29]. In addition, a higher number of blades 
will lead to an increase of deformation. This is owing to the increasing 
number of the individual blades for each design. Furthermore, it was 
observed that deformation increases as the thickness increases. This is 
due to the effect of length on self-deformation of the fr studied. 

Considering the fact that reducing the thickness will affect the actual 
resonance of the cantilever beam. The results are in agreement with 
similar findings reported by other researchers [21]. The obtained S/N 
ratio response table for the FHP is shown in Table 5. Fig. 8 (b) shows the 
mean S/N ratio graph obtained using Minitab software. A higher S/N 
ratio represents a difference minimum variation of measured output and 
desirable output. Besides, the highest mean S/N ratio obtained for FHP 
are S is 3; stingray model, number of blade at 6 and thickness at 0.2 mm 
respectively. Furthermore, the predicted optimum process parameters 
for obtaining the deformation of fr using the Taguchi method are found 
as S = 3; stingray, n = 6; number of blades, and T = 0.2 mm. Table 5 
depicts the corresponding level values for easy understanding from the 
response table. 

3.4. ANOVA’s approach 

ANOVA is a numerical method for utilising the factor of individual 
influence in independent variables on piezoelectric energy harvesting 
output. The ANOVA method was used in this study to verify the results of 
the Taguchi analysis. These optimization step and approaches are 
highlighted in Fig. 9. 

Since the approaches in Taguchi proposed that stingray model has 
predicted to be optimum for harvesting energy, ANOVA are utilized to 
verify the results of the Taguchi analysis. Besides, ANOVA identifies the 
process variable that affects the most performance parameters. The 
present analysis is conducted by defining the interval estimation and 
significant of 95 % confidence level and 5 % of risk level; α (for a 95 % 
confidence interval α equal to 0.05, hence 5 %). The purpose of this 
analysis is to determine the p-value for each factor and variable. The 
factor and variable with the lowest p-value will be more effective in 
producing the best output response. Table 6 presents the ANOVA result 
of stingray model for the S/N ratio with a 95 % confidence level. 

After the investigation, it is observed that the factor with P-Value less 
than risk level of 0.05 is a significant factor; shape, thickness and blade 
of the stingray model. Besides, Table 7 depicts a summary of the 
comparative model for stingray. In the view of the results obtained, the 
design modeling can achieve 90.74 % of R-sq. which means the design 
factor that was affected in Table 6 is accepted. 

Therefore, the record of R-sq; 90.74 % is an acceptable design as it is 
close to one. In addition, if close to one, it reveals that each variable is 
satisfied between the dependent and independent variables. 

The regression analysis propagates the linear connection between 
the independent and dependent variables of the stingray blade. The 
prediction equation was obtained through regression analysis as shown 
in Eq. (13) respectively for stingray model. 

f FHP = 148 − 2.27 L + 1046 T + 75.2 n R2 = 90.74 % (13)  

where L is length, T is thickness and n number of blades. 

Table 3 
Numerical result for L = 300 mm; L27 orthogonal array with rectangular (shape 
1), trapezoidal (shape 2) and stingray blade (shape 3).  

Shape No. of Blade Thickness (mm) Frequency (Hz) 

1 2 0.2 1800 
1 2 0.6 3221 
1 2 1.0 5232 
1 4 0.2 343 
1 4 0.6 1180 
1 4 1.0 1965 
1 6 0.2 325 
1 6 0.6 1141 
1 6 1.0 1885 
2 2 0.2 625 
2 2 0.6 1920 
2 2 1.0 3120 
2 4 0.2 485 
2 4 0.6 1425 
2 4 1.0 2370 
2 6 0.2 155 
2 6 0.6 465 
2 6 1.0 780 
3 2 0.2 32 
3 2 0.6 62 
3 2 1.0 87 
3 4 0.2 87 
3 4 0.6 318 
3 4 1.0 396 
3 6 0.2 167 
3 6 0.6 360 
3 6 1.0 599  

Table 4 
Control factor; L1, L2, and L3 with their levels.  

Control factor T1 T2 T3 Type 

Blade 2 4 6 - 
Length (mm) 60 180 300 - 
Thickness (mm) 0.2 0.6 1 - 
Shape - - - 1 

- - - 2 
- - - 3  
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Linear relationship between dependant variable and independent 
variable of FHP are interpolated by regression analysis. Furthermore, it 
depicts how the value of response variable changes with the indepen-
dent variable. Confirmation test were conducted using Eq. (13) to vali-
date the three factor of independent variable; L, T and n respectively. 

Fig. 10 shows the regression analysis variation in output voltage with 
different independent variables. As can be seen, the length and number 
of blades are proportional to the output voltage, while the thickness 
decreases with higher voltage. In addition, it is anticipated that voltage 
will be higher by increasing the factor of blade and length. R2 constantly 
exceeds 85% for better regression with a voltage recorded of 184.78 mV 

and 1230.6 mV for length and blade deformations as shown in Fig. 10 (a) 
and (b). In Fig. 10 (c), the voltages decrease with increased thicknesses, 
with a maximum of 185 mV recorded. This finding is owing to a 
deformation of fr resulting in a significant factor of harvester, which in 
turn generates electrical output on the FHP. From the confirmation 
result, it was found the result followed within the given range param-
eters. In the literature, the trend was also in agreement with similar 
finding reported by other researches [21,28]. 

Fig. 11 shows the individual relationship between voltage and fr for 
the stingray model. In general, the self-resonance frequency was recor-
ded at 160.32 Hz. The peak voltage at single resonance was 184.78 mV, 
with an average power of 17.07 μW/mm2. Thus, the output energy is 
optimised once the deformations of the FHP generator are maximized. In 
conjunction with the design, as the frequency recorded will be affected 
by the input factor, the excitation frequency exceeds the resonance 
frequency. 

Table 8 presents the comparison strategy and method application in 
this work in relation to the other works already mentioned. From there, 
it is possible to state that the method optimization for this research is 
possible to affirm that the power generated in this work is acceptable. 
Furthermore, the novelty of this research has been validated as useful in 

Fig. 8. Effect of FHP energy harvesting; (a) means values (b) S/N ratio.  

Table 5 
Response table via S/N ratio and mean values.    

Means S/N Ratio  

Symbol Process Parameters L1 L2 L3 Rank 

S Shape -62.73 -58.97 -44.07 1 
T Thickness -48.08 -56.88 -60.80 2 
n Blade -56.2 -55.9 -53.67 3  
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comparison to previous studies. 
As beneficiaries, the propose energy harvester is expected to replace 

conventional methods of supplying the energy demand of normal op-
erations in home appliances and one of the initiative to support green- 
environmental promising technology. Furthermore, because the device 
is simple to install, construct, and maintain, there are no special con-
straints if it is used in real-world applications. 

4. Conclusions 

In this work, piezoelectric ceramics (PZT) was studied, and experi-
ments were designed using the Taguchi and ANOVA methods in order to 
assess the effect of length, thickness, and shape on the mechanical 
properties. From the effect of resonance frequency on design properties, 
the numerical method suggested that the optimum conditions can be 
obtained by using six blades on the stingray model. Besides, in this 
investigation, it was shown that the harvesters were still able to generate 
output power by using the piezoelectric effect d31, even with low results, 
which were easily employed through design. Therefore, future work 
should focus on the development of prototypes and products for prac-
tical application. Other methods to increase material size include large- 
scale production to satisfy the demand and increase output energy. 
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Fig. 9. Optimization step and approach for ANOVA method.  

Table 6 
ANOVA table for FHP with P-Value less than risk level; α = 0.05.  

Source DF Add SS Adj MS F-Value P-Value Significant 

Shape 2 1.27E+07 6.35E+06 10.08 0.001 Significant 
Blade 2 6.20E+06 3.12E+06 4.95 0.018 Significant 
Thickness 2 8.56E+06 4.28E+06 6.8 0.006 Significant 
Error 20 1.26E+07 6.30E+05 - - - 
Total 26 4.01E+07 - - - -  

Table 7 
Summary of FHP energy harvester with R-sq; 90.74 % for stingray model.  

S R-sq R-sq(adj) R-sq(pred) 

58.3136 90.74% 86.11% 77.40%  

Fig. 10. Regression analysis for output voltage with (a) length; R2 = 0.8826 (b) 
blade; R2 

= 0.9934 and (c) thickness; R2 
= 0.9889. 
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