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Abstract
This paper presents the performance (frequency response, open-circuit voltage, optimum load, voltage and power 
under optimum load) of various designs of cantilever-based piezoelectric energy harvester with multiple piezoelectric 
materials, which is excited at the fixed end using the source of mechanical vibration and to compare the performance 
with single piezoelectric-mounted energy harvester. The performance of the energy harvester was determined using 
experimental and numerical methods. COMSOL Multiphysics 5.3a was used to obtain the numerical results of energy 
harvester. The results show that inverted taper in thick and width, inverted taper in thick and inverted taper in width 
piezoelectric energy harvesters produce 46.15%, 13.13% and 37.70% more power than the conventional rectangular 
piezoelectric energy harvester. The resonant frequency of inverted taper in thick and width, inverted taper in thick and 
inverted taper in width energy harvesters is 52.05%, 45.5% and 11.08% lower than the conventional rectangular energy 
harvester. It is observed that the different beam geometries with two piezoelectric material produce more power than 
the beams with single piezoelectric material.
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List of symbols
S  Strain vector
sE  Elastic compliance tensor
T  Stress vector
d  Piezoelectric strain constant
E  Electric field vector
D  Electric displacement vector
�
T  Dielectric permittivity tensor
Pmax  Power
V  Voltage
Rl  Load resistance
ω  Natural frequency
Cv  Capacitance of piezoelectric material

1 Introduction

Energy harvesting is the process of receiving usable elec-
trical energy from natural sources of energy that is sur-
rounding our day-to-day environment. This process is used 
to self-power the low-power electronic devices; by using 
this process, it is possible to reduce the dependency of 
external power sources and batteries. The various energy 
sources of energy harvesting are vibration, ambient radia-
tion, ambient light, fluid flow, thermal and solar energy 
[1–5]. Vibration is a mechanical source of energy. There 
are several methods such as electrostatic, electromagnetic 
and piezoelectric conversion are used to convert the vibra-
tional energy into electrical energy. The most rampant 
method is piezoelectric conversion due to its less intricacy 
of design [6, 7].
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At the present scenario, vibration-based piezoelectric 
energy harvesters are used to self-power the wireless sen-
sor devices [8, 9]. Chopra [10] addressed about integrated 
structures of energy harvester that produces more output 
power than conventional energy harvesting system. Inte-
grated structures contain many types of actuators and sen-
sors, such as piezoelectric material, shape-memory alloy 
[11, 12], an electrostrictive material and magnetostrictive 
material. Sloss et al. [13] developed an integral equation 
approach to solve an adaptive beam with multiple patches 
of actuator and sensor mounting at the top and bottom 
surface of the beam. The integral equation governing the 
terms of the smooth kernel and Green’s function to obtain 
the locations of patches, gain factors, coupling configura-
tions and first three eigen frequencies of the system. Caruso 
et al. [14] examined the effect of vibration suppression in a 
cantilevered elastic plate with three coupled piezoelectric 
patches used as a sensor and actuator. From the simulation, 
it was found that the performance of the coupled structure 
was improved compared to conventional structure and 
the piezoelectric patches are conditioned for the purpose 
of an accurately suitable model to design the controller. 
Fahroo and Wang [15] examined the optimal placement of 
piezoceramic actuators along a flexible structure in vibra-
tion suppression. The optimal placement of piezoceramic 
was based on both linear quadratic and polynomial-based 
Galerkin method for suppressing the vibration of the struc-
ture. Demetriou [16] investigated a numerical algorithm for 
the optimal location of the piezoelectric sensor and actuator 
in a dynamically flexible structure. The optimal state of the 
piezoelectric actuator and sensors was found by minimizing 
the control performance index and dynamic compensator 
index, respectively, in the algorithm. Hendrowati et al. [17] 
designed a vibration energy harvesting mechanism in the 
vehicle suspension to deduce the relative motion of suspen-
sion and to increase the applied force to the multi-layered 
piezoelectric material. This harvester produced the output 
voltage of 2.75 and an output power of 7.17 times greater 
than conventional mounting in the vehicle suspension. 
Thein et al. [18] discussed increasing the power output of the 
bi-morph cantilever beam by optimising the volume of the 
beam in static and dynamic frequency response condition. 
Authors found that their optimised beam produces more 
output power with minimal volume compared to rectangu-
lar and triangular energy harvester. Keshmiri and Wu [19] 
proposed a new wideband tapered cantilever energy har-
vester with the same volume and length but different taper 
ratios and surface-bonded piezoelectric layers. By numerical 
analysis, they found that the new harvester design functions 
efficiently in an extensive range of ambient excitation fre-
quencies as compared to the uniform trapezoidal harvester 
[20]. Aridogan et al. [21] addressed the coupled electro-
elastic modelling and experimental analysis of rectangular 

thin plate broadband energy harvester [22] with coupled 
piezoelectric patches. They found that the series and parallel 
multiple stacked configurations produced more electrical 
output and make effective broadband energy harvesting. 
Mehrabian and Yousefi-Koma [23] developed an algorithm 
for optimal positioning of the piezoelectric actuator based 
on neural networks for a smart fin. They used the peaks of 
frequency response function as an objective function of the 
optimisation technique to define the placement of piezo-
electric actuators and allow it to reduce vibration on the 
structure. Spier et al. [24] developed a numerical study to 
find the optimal location of multiple piezoelectric actuators 
and sensors on a cantilever beam, by which maximize the 
fundamental frequency and frequency gap between higher-
order frequencies to avoid resonance when the excitation 
frequency is less than the fundamental frequency. Pradeesh 
and Udhayakumar [25] investigated the different geometries 
of the beam for piezoelectric energy harvesting. From the 
stress and strain analysis, they found that inverted taper 
beams produce more stress and strain compared to other 
beams; and also author found that resonant frequency of 
the beams by numerical, experiment and analytical. Numeri-
cal results have good agreement with experimental and 
analytical results. From the power generation of different 
geometries of energy harvester, inverted taper piezoelectric 
energy harvester produces more power than other energy 
harvester. Authors used single piezoelectric material for 
energy harvesting.

From the literature survey, it was found that multiple 
piezoelectric energy harvester on different geometries is 
limited.

In this work, the performance of different geometries of 
beams for energy harvesting with multiple piezoelectric 
materials was experimentally and numerically analysed.

2  Basic constitutive equation of energy 
harvester

The active material in need of separation of polarised 
charges is evidence of externally applied strain. The separa-
tion of polarised charges induces electric potential within 
the piezoelectric material. This is termed as direct piezoelec-
tricity. The general piezoelectric constitutive equations gov-
erning the relations between stress, strain, electric field and 
electric displacement of piezoelectric material [26].

The governing equations are in strain-charge form,

These equations are also called as coupled field equa-
tions.where S is strain vector, sE is elastic compliance 

(1)S = s
E
T + dE

(2)D = �
T
E + dT
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tensor, T is stress vector, d is piezoelectric strain constant, 
E is electric field vector, D is electric displacement vector, 
and �T is dielectric permittivity tensor.

3  Power generation of piezoelectric 
material

Pradeesh and Udhayakumar [25] compared the perfor-
mance of different geometries of piezoelectric energy 
harvester with the single piezoelectric material. They com-
pared the performance of rectangle (REC), triangle (TRI), 
taper in width (TAP W), taper in thick (TAP T), taper in thick 
and width (TAP TW), inverted taper in width (INTAP W) and 
inverted taper in thick and width (INTAP TW) energy har-
vester with single piezoelectric material through numeri-
cal analysis by COMSOL Multiphysics 5.3a.

In this work, above-mentioned beam geometries 
were considered for energy harvesting with two serially 
mounted piezoelectric materials along with inverted taper 
in thick (INTAP T) geometry are shown in Table 1.

The power generation of REC and TRI energy harvesters 
was experimentally determined; later, it was validated with 
numerical method. Based on the validation of numerical 
method, other beams were numerically analysed to reduce 
time and cost.

3.1  Experimental work

Aluminium was chosen as substrate, and Lead Zirconate 
Titanate-5A (PZT-5A) was chosen as piezoelectric material 
due to good performance compared to other piezoelec-
tric materials [27, 28]. The geometrical dimensions and 
material properties of substrate and PZT-5A are shown in 
Table 2.

Two PZT-5A patches were placed on the top of the 
beam as shown in Fig. 1. The PZT-5A patches are placed at 
the distance of 1 mm and 21 mm from the fixed end of the 
beam. The two piezoelectric patches were connected in a 
series configuration. Figure 1 shows the placement of the 
two piezoelectric patches on the REC and TRI cantilever 
beams.

The experimental studies were done to determine the 
resonant frequency, open-circuit voltage, optimal load 
resistance, voltage and power under optimum load. The 
experimental setup is shown in Fig. 2. An electrodynamic 
shaker with the control unit was used to provide the 1 g 
of base excitation as a sine wave to the energy harvester.

NI DAQ 9234 along with an accelerometer (PCB-
356A01) that was placed on the beam was used to deter-
mine the vibrating frequency and acceleration of the 
beam. From the experiment, it was found that the natu-
ral frequency of REC and TRI beams in the first mode was 

Table 1  Beams considered for energy harvesting

Geometry Nomenclature with Dimensions 
Length(l) mm × Width(b) mm × Thick(h) mm

Rectangle (REC)

l = 100 
b = 10
h = 1

Triangle (TRI)

l = 100
b1 = 12
b2 = 0
h = 1

Taper in width (TAP W)

l = 100
b1 = 11
b2 = 5
h = 1

Taper in thick (TAP T)

l = 100
b = 10
h1 = 1

h2 = 0.5

Taper in width & thick (TAP TW)

l = 100
b1 = 11
b2 = 5
h1 = 1

h2 = 0.5

Inverted taper in width (INTAP W)

l = 100
b1 = 5

b2 = 15
h = 1

Inverted taper in thick (INTAP T)

l = 100
b = 10

h1 = 0.5
h2 = 1

Inverted taper in width & thick (INTAP TW)

l = 100
b1 = 5

b2 = 11
h1 = 0.5
h2 = 1
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73.5 and 61 Hz with the mass of the accelerometer. So 
resonant frequency of beam was around the natural fre-
quency. The REC and TRI energy harvesters were excited 

from 40 to 100 Hz to measure the resonant frequency 
and open-circuit voltage. The open-circuit voltage of REC 
and TRI energy harvesters was directly measured from 
the terminal wires of piezoelectric material using a mul-
timeter. Figure 3 shows the open-circuit voltage of REC 
and TRI beams for the corresponding excited frequency 
which is obtained experimentally.

From Fig.  3, it can be found that the REC and TRI 
energy harvesters generate maximum open-circuit volt-
age of 27.12 V and 6.08 V, respectively, at the frequency 
of 73.5 and 61 Hz.

The maximum power transfer could be attained by a 
piezoelectric energy harvester when the external load 
coincides with the energy harvester internal impedance. 
Resistance load was used as an external load to find the 
optimal load of energy harvester as shown in Fig. 2. The 
optimal load of REC and TRI energy harvesters was found 
by, keeping the energy harvester in resonant condition 

Table 2  Geometrical dimensions and material properties

Beam/PZT Dimension (l × b × h) mm Density (kg/m3) Young’s modulus 
(GPa)

Piezoelectric coefficient g31 
 (10−3 × Vm/N)

Piezoelectric 
constant (C/
m2)

REC 100 × 10 × 1 2700 70 – –
TRI 100 × 9.8–0 × 1 2700 70 – –
PZT-5A 15 × 5 × 1 7750 61 − 11 − 5.7

PZT-5A patches

REC

TRI

Fig. 1  REC and TRI energy harvesters

Fig. 2  Experimental setup
Shaker control unit

PC with LabVIEW
Multimeter

NI 9234 DAQ

Electro dynamic shaker 

Accelerometer

Beam

PZT-5A

Load resistance



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1648 | https://doi.org/10.1007/s42452-019-1709-4 Research Article

and sweeping the load resistance. The voltage across 
various resistances was measured by a multimeter.

The maximum power generation of piezoelectric 
energy harvester can be determined by [29]

V, voltage; Rl, load resistance (Ω).
Optimal load resistance of piezoelectric material

� , natural frequency (Hz), Cv , capacitance of piezoelec-
tric material (nF).

Figure 4 shows the characteristic behaviour between 
load resistance and power of REC and TRI energy harvest-
ers determined by Eq. (3).

From Fig. 4, it can be found that REC and TRI energy 
harvesters produce the maximum power of 0.261 mW 
and 0.012 mW at an optimal load resistance of 1 MΩ and 
0.9 MΩ, respectively.

Voltage and power under optimum load were calcu-
lated by maintaining the energy harvester at optimal load 
and ranging for various frequencies. The experimental 
setup for determining the voltage and power of energy 
harvester is shown in Fig. 2. The voltage across optimal 
load was measured by multimeter, and power was deter-
mined by Eq. (1). Figures 5 and 6 show the voltage and 
power of REC and TRI energy harvesters under optimal 
load resistance.

From Fig. 5, it can be found that REC and TRI energy 
harvesters produce 16.14 V and 3.49 V under optimal load 
at the resonant frequency of 73.5 Hz and 61 Hz.

From Fig. 6, it can be found that REC and TRI energy 
harvesters produce 0.261 mW and 0.012 mW under opti-
mal load at the resonant frequency of 73.5 Hz and 61 Hz.

(3)Pmax =
V2

Rl

(4)Rl =
1

� ∗ Cv

3.2  Numerical analysis

The numerical analysis of REC and TRI energy harvesters 
was performed using the software COMSOL Multiphysics 
5.3a. The geometrical dimensions and material proper-
ties of beam and PZT-5A are taken from Table 2. Solid 
mechanics, electrostatics and electrical circuit were the 
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physics used in numerical analysis. The boundary con-
ditions of the beam were one end fixed and other end 
free. 1 g of body load was applied to energy harvester. 
Isotropic damping factor 0.05 [25, 30] was considered for 
energy harvester. The mass of accelerometer was applied 
at the free end of the cantilever beam. From various sizes 
of mesh analysis, it was found that the normal triangular 
mesh produces a better result at less time step along 
with the step frequency of 0.25 Hz. The first mode eigen 
frequency of energy harvesters was found by eigen fre-
quency study in COMSOL Multiphysics 5.3a. Open-circuit 
voltage for REC and TRI energy harvesters was obtained 
numerically is shown in Fig. 7.

From Fig.  7, it can be found that the REC and TRI 
energy harvesters produce open-circuit voltage of 
26.03  V and 5.95  V at the frequency of 71  Hz and 
65.25 Hz, respectively. The numerical results have good 
agreement with experimental results as shown in Table 3 
and the deviations are less than 5%.

Optimal load of REC and TRI energy harvesters could 
found by keeping energy harvester at the resonant fre-
quency and varying the load resistance from 0.01 to 
100 MΩ. The resistance was varied in frequency domain 
study at an auxiliary sweep at the sweep rate of 1.78 Ω. 
Figure 8 shows the characteristic behaviour between 
load resistance and power of REC and TRI energy har-
vesters found from COMSOL Multiphysics 5.3a.

From Fig. 8, it can be found that REC and TRI beams 
produce maximum power of 0.251 mW and 0.013 mW at 
an optimal load resistance of 1 MΩ. The numerical results 
were in close agreement with experimental results as 
shown in Table 4.

The voltage and power under optimal load were 
determined by keeping optimal load resistance as con-
stant and sweeping the frequency. Figures  9 and 10 
show the characteristics of voltage and power under 
optimal load with excitation frequency.

From Fig. 9, it can be found that REC and TRI energy 
harvesters produce 15.85 V and 3.62 V under optimal load 
at the frequency of 71 Hz and 65.25 Hz.

From Fig. 10, it can be found that REC and TRI energy 
harvesters produce the power 0.251 mW and 0.013 mW 
under optimal load at the resonant frequency of 71 Hz and 
65.25 Hz. Table 5 shows the comparison of experimental 
and numerical results of voltage and power under optimal 
load resistance of REC and TRI energy harvesters.

From Table 5, it is found that voltage and power under 
an optimal load of REC and TRI energy harvesters have 
good agreement with experimental and numerical work 
with a maximum deviation of 7.69%.

The numerical results produced by COMSOL Multiphys-
ics 5.3a for REC and TRI energy harvesters were in close 
agreement with experimental work. The same numerical 

0

4

8

12

16

20

24

28

20 40 60 80 100 120

V
ol

ta
ge

 (V
)

Frequency (Hz)

REC TRI

Fig. 7  Frequency versus open-circuit voltage

Table 3  Experimental and numerical comparison of open-circuit 
voltage

Energy 
har-
vester

Experimental work Numerical analysis Deviation 
(%)

Fre-
quency 
(Hz)

Voltage 
(V)

Fre-
quency 
(Hz)

Voltage 
(V)

REC 73.5 27.12 71 26.03 4.02
TRI 61 6.08 65.25 5.95 2.14
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Table 4  Experimental and numerical comparison of optimal load 
and power

Energy 
harvester

Experimental work Numerical analysis

Optimal 
load (MΩ)

Power (mW) Optimal 
load (MΩ)

Power (mW)

REC 1 0.261 1 0.251
TRI 0.9 0.012 1 0.013
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methodology was followed to obtain the open-circuit volt-
age, optimal load resistance, voltage and power under 
optimal load for REC, TRI, TAP W, TAP T, TAP TW, INTAP W, 
INTAP T, INTAP TW energy harvesters.

4  Numerical analysis of considered energy 
harvesters

This section is to investigate the power generation of 
considered beam geometries with multiple piezoelectric 
materials by using COMSOL Multiphysics 5.3a. Aluminium 
is preferred as a substrate. The geometrical dimensions 
and material properties of substrates are shown in Tables 1 
and 2.

PZT-5A was used as a piezoelectric material. The geo-
metrical dimensions and properties of PZT-5A are tabu-
lated in Table 6. The configuration of mounting PZT-5A 
patches for considered beams was the same as the rec-
tangular energy harvester, which is discussed in Sect. 3.

For numerical analysis, solid mechanics, electrostatics 
and electrical circuit physics were selected in COMSOL 
Multiphysics 5.3a. 1 g of body load was given for energy 
harvester. 0.05 isotropic damping factor was [25, 30] 
applied for both substrate and piezoelectric material. 
From various sizes of mesh analysis, it was found that 
the normal triangular mesh produces a better result at 
less time step along with the step frequency of 0.25 Hz. 
The first mode eigen frequency of energy harvesters was 
found by eigen frequency study in COMSOL Multiphysics 
5.3a. The first mode eigen frequencies for various energy 
harvesters are shown in Table 7.

Open-circuit voltage for considered energy harvester 
was computed by using solid mechanics and electro-
static physics in COMSOL Multiphysics 5.3a. The results 
of open-circuit voltage produced by COMSOL Multiphys-
ics 5.3a for considered energy harvesters are plotted in 
Fig. 11.

From Fig. 11, it can be found that INTAP TW, INTAP T and 
INTAP W harvesters produce 47.21, 26.8 and 26.4% more 
than the open-circuit voltage of REC energy harvester. TAP 
W, TAP T, TAP TW and TRI produce 34.16, 37.35, 57.95 and 
65.07% less than the open-circuit voltage of REC energy 
harvester. From this, the resonant frequency of each con-
sidered energy harvesters was found by corresponding 
peak open-circuit voltage of energy harvesters.

The energy harvester produces maximum power when 
the internal impedance of energy harvester coincides with 
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Table 5  Experimental and 
numerical comparison of 
voltage and power under 
optimum load

Energy 
harvester

Voltage under optimum 
load (V)

Deviation (%) Power under optimum load 
(mW)

Deviation (%)

Experimental Numerical Experimental Numerical

REC 16.14 15.85 1.67 0.261 0.251 3.83
TRI 3.49 3.62 3.59 0.012 0.013 7.69

Table 6  Geometrical dimensions and properties of PZT-5A

Dimensions and properties Value

Length of PZT-5A (mm) 10
Width of PZT-5A (mm) 10
Thickness of PZT-5A (mm) 0.5
Density, ρ (kg/m3) 7750
Young’s modulus, E (GPa) 61
Piezoelectric constant (C/m2) − 5.7
Piezoelectric coefficient g31  (10−3×Vm/N) − 11
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an external load. This external load is called an optimal 
load. To determine the optimal load in COMSOL Multiphys-
ics 5.3a, frequency is kept constant and the load resistance 
is varied. Electrical circuit physics was used in addition 
with solid mechanics and electrostatics physics. The load 
resistance ranges from 0.01 to 100 MΩ was considered for 

auxiliary sweep extension at a sweep rate of 1.78 Ω. The 
characteristics of power and load resistance of considered 
energy harvester are plotted in Fig. 12. 

From Fig. 12, it can be found that INTAP TW and INTAP 
T produce the maximum power of 1.04 mW and 0.64 mW 
at the optimal load of 0.562 MΩ. The INTAP W, REC and 
TAP T produce the maximum power of 0.89 mW, 0.56 mW 
and 0.26 mW at an optimal load of 0.316 MΩ. TAP W, TAP 
TW and TRI produce the maximum power of 0.297 mW, 
0.136 mW and 0.132 mW at the optimal load of 0.178 MΩ.

The voltage and power under the optimal load of con-
sidered energy harvester were determined by maintain-
ing the energy harvester at optimal load and ranging for 
various frequencies. Figures 13 and 14 show the charac-
teristics of voltage and power under optimal load with 
frequency.

From Fig. 13, it can be found that INTAP TW, INTAP T and 
INTAP W harvesters produce the maximum voltage under 
optimum load of 45.52, 30.36 and 21.32% more than REC 
energy harvesters. TAP T, TAP W, TAP TW and TRI harvesters 

Table 7  First mode eigen frequency of energy harvester

Energy harvester Volume  (mm3) First mode 
eigen fre-
quency (Hz)

REC 1000 103.75
TRI 601 210.5
TAP W 800 129
TAP T 750 110
TAP TW 625 133.25
INTAP W 1250 92.25
INTAP T 750 56.5
INTAP TW 958.33 49.75

Fig. 11  Frequency versus 
open-circuit voltage
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produce 31.49, 44.97, 62.80 and 63.28% less than the volt-
age of REC energy harvester.

From Fig. 14, it can be observed that INTAP TW, INTAP 
T and INTAP W harvesters produce the maximum power 
under an optimum load of 46.15, 13.13 and 37.70% more 
than REC energy harvester. TAP W, TAP T, TAP TW and TRI 
harvesters produce 46.58, 53.42, 75.59 and 76.30% less 
than the power of REC energy harvester. The maximum 
power produced by energy harvesters is shown in Table 8.

The operating frequency range of energy harvesters are 
REC (90–113 Hz), TRI (180–240 Hz), TAP W (109–149 Hz), 
TAP T (90–130  Hz), TAP TW (97–149  Hz), INTAP W 
(68–117 Hz), INTAP T (40–70 Hz), INTAP TW (39–59 Hz), 
in the above stated operating range, each harvester pro-
duces the minimum power of 10 µW.

Table 8 shows the numerical results of optimal load, 
voltage and power under optimal load for considered 
energy harvester.

From Table 8, it is observed that INTAP TW, INTAP T 
and INTAP W energy harvester produce 48.38, 34.34 and 
21.56% more power per unit volume than REC energy 
harvester. TAP W, TAP T, TRI and TAP TW energy harvester 

produce 33.75, 38.03, 60.69 and 61.25% less power per unit 
volume than REC energy harvester. It was also observed 
that that INTAP TW, INTAP T and INTAP W energy harvest-
ers reach resonance at 52.05, 45.5 and 11.08% lower fre-
quency than REC energy harvester.

In the previously published work, Pradeesh and Udhay-
akumar [25] compared the performance of different geom-
etries of piezoelectric energy harvester with the single pie-
zoelectric material. In the present work, the performance 
of different geometries of piezoelectric energy harvester 
with two serially mounted piezoelectric material was pre-
sented. From the numerical analysis, it was found that the 
beams with two piezoelectric materials reach resonance at 
higher frequency compared to single piezoelectric materi-
als due to a change in the neutral axis of energy harvester 
[28]. The energy harvester with two serially mounted pie-
zoelectric materials on all different geometries produce 
more power per unit volume compared to single piezo-
electric materials. In the case of two piezoelectric material 
on INTAP TW, beam produces 32.71% more power than 
single piezoelectric material on INTAP TW beam. Hence, 

Fig. 13  Frequency versus volt-
age under optimum load
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the energy harvester with more piezoelectric material will 
produce more power.

5  Conclusion

Various geometries of the beam with multiple piezoelec-
tric materials were analysed for energy harvesting. Natural 
frequency, open-circuit voltage, load resistance, voltage 
and power under optimum load for REC and TRI energy 
harvesters were obtained experimentally and numeri-
cally. Numerical results obtained by COMSOL Multiphysics 
were in close agreement with experimental results with 
the maximum deviation 7.69%. Similar numerical analysis 
was performed for other type of beams. In the considered 
beams, INTAP TW, INTAP T and INTAP W produce 46.15%, 
13.13% and 37.70% more power per unit volume than 
conventional rectangular energy harvester. TAP W, TAP T, 
TAP TW and TRI produce 46.58, 53.42, 75.59 and 76.30% 
less power per unit volume than the REC energy harvester. 
INTAP TW, INTAP T and INTAP W energy harvesters reach 
resonance at 52.05, 45.5 and 11.08% lower frequency than 
REC energy harvester. The all different beam geometries 
with two serially mounted piezoelectric energy harvester 
produce more power than the different beam geometries 
with single piezoelectric energy harvester.
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