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Abstract Energy harvesting is the technology which scavenges energy from the
ambient sources of energy. Several researches are moving in the field of energy har-
vesting to get maximum output power from the ambient sources. This paper deals
with the optimization on the dimensions of a piezoelectric energy harvester(PEH)
which can work at low frequency using different piezoelectric materials. An analysis
of a rectangular block-shaped geometry was done with its height and length varied
to study the effect of length and height of the geometry with its natural frequency.
Thus, the optimized geometry was used as a piezoelectric energy harvester by using
a fixed constraint at one end. An electrical circuit with a resistor is connected to the
PEH device, which measures the output voltage and current through the device. An
optimized dimension of 100mm × 1mm for the nanogenerator with PVDF material
yielded a good performance including maximum current and voltage at low fre-
quencies of 0–30Hz. The study of perturbations was implemented on the optimized
geometry of the piezoelectricmaterial, which reduced its resonant frequency to 11.96
from 1373.05 Hz.

Keywords Energy harvesters (PENG) · Piezoelectricity · Polarization ·
Nanogenerators · Resonant frequency · Voltage conversion efficiency

1 Introduction

Energy harvesting is the technology which scavenges energy from the ambient
sources of energy like sun, wind, thermal energy, etc., and converts it into some
usable energy like electrical energy which is either directly used or stored it for
some of the devices like sensor networks, wearable devices, etc. With the recent
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research and emerging trend, this energy harvesting technique is a better alternative
for conventional battery. There are different ways of energy harvesting like photo-
voltaic energy harvesting, thermoelectric energy harvesting, electromagnetic energy
harvesting, piezoelectric energy harvesting, pyroelectric energy harvesting, tribo-
electric energy harvesting, etc. [1]. Among them, piezoelectric energy harvesting
attains a relevant importance because it works on the basis of vibrations, and these
vibrations are abundantly available in nature. Piezoelectricity is the phenomenon
when a stress is applied on the material, an electrical energy is generated. This is
called direct piezoelectric effect. Amaterial deformation is observedwhen an electric
field is applied on piezoelectric material. This phenomenon is known as converse
piezoelectric effect. This direct piezoelectric effect can be used to convert some
forms of vibrational energy into an electric energy, and it can be stored and used in
low-power electronic devices to make it self-powering [2].

The four main categories of piezoelectric materials that are used for the energy
harvesting applications are as follows [3]:

• Single crystals (include Lithium niobite, Rochelle salt and quartz crystals)
• PiezoCeramics (barium titanate (BaTiO3), potassium niobite (KNbO3), lead zir-
conate titanate (PZT))

• PiezoPolymers (cellulose and derivatives , polylactic acid (PLA), polyvinylidene
fluoride (PVDF))

• Polymer composites or nanocomposites (polyvinylidene fluoride—zinc oxide, cel-
lulose BaTiO3, polyimides-PZT)

When these materials are manipulated into nanometer size range, they can be used in
various implantable and wearable devices as nanogenerators, so that they can harvest
energy from bodymotions like breathing, muscle movements, walking, joint motion,
etc. Since the input energy to these nanogenerators is of low frequency, the authors
aim to study the dimensional optimization of some piezoelectric materials which can
operate at low frequencies to self-power some low-power devices.

2 Materials and Methods

2.1 Materials

The piezoelectric material used for the study includes aluminium nitride(AlN) [4],
cadmium sulphide(CdS) [5] and polyvinylidene fluoride(PVDF). One of the newest
material which is added in the ceramic family is AlN, which is a covalently bonded
material with a hexagonal structure. They have good thermal conductivity, mechan-
ical properties, electrical insulation and dielectric insulation. Cadmium sulphide is a
yellow-coloured inorganic compound with two different crystal structures. CdS is a
direct band gap semiconductor with a piezoelectric effect. PVDF is a fluoropolymer
which is thermoplastic in nature and also non-reactive. Its piezoelectricity is very
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Table 1 Properties of AlN, CdS, PVDF

Property AlN CdS PVDF

Piezoelectric
coefficient (pm/v)

d33 = 3.0 d33=10.32 d33 = 21

Density (kg/m3) 3300 5678 1780

Young’s modulus
(GPa)

308 48.1 8.3

Relative permittivity 9 9.01,9.52 7.4,9.3,7.6

Poisson’s ratio 0.28 0.3 0.37

large, when this PVDF film is poled, it produces piezoelectricity ten times larger
than other polymers. The different properties like piezoelectric coefficient, density,
Young’s modulus, relative permittivity and Poisson’s ratio are illustrated in Table1.

2.2 Methods

To study piezoelectric effect, Comsol Multiphysics software was used by choosing
“Physics” as piezoelectricity, so that solid mechanics and electrostatics physics will
appear automatically into the model builder window as piezoelectric effect includes
strain and electricity. Under the global parameters, different variables for dimension
optimization can be given so that a parametric analysis of these variables can be
studied to obtain an optimum result. To analyse a piezoelectric energy harvesting
device [6–9], an electric circuit has to be enabled by connecting an external terminal
to the device.

2.3 Geometry of the Nanogenerator

Arectangular blockwith three sides as a variable length, breadth and height is chosen.
Length is varied from 10 to 100mm, and height is varied from 1 to 10mm. Figure2a
shows the imageof the geometry chosen.Aboundary loadof 0.5N is applied in the−z
direction of the piezoblock. In order to reduce the resonant frequency, perturbations
with width of the perturbation (w1) varying from 0.1 to 1mm and space between the
perturbation (s) varying from 0.1 to 0.3mm were implemented into the piezoblock
as depicted in Fig. 2b.
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Fig. 1 Methodology for the simulation

Fig. 2 a Geometry for dimension optimization. b Geometry when perturbations are implemented
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3 Results and Discussions

3.1 Analysis of Piezoelectric Materials by Varying Length

The length of rectangular block of AlN, CdS and PVDF kept varying from 10 to
100mm by keeping breadth as 10mm and height as 1mm. The Eigen frequency
and floating potential are calculated, and the results are depicted in Tables2 and 3,
respectively.

As per the table, it is understood that as the length of the material increases, the
resonant frequency of the material decreases, i.e. the resonant frequency is inversely
proportional to the length squared as per the fundamental frequency of a singly
clamped Euler–Bernoulli beam with a rectangular cross section of Eq. (1) [10–12].
The breadth variation by keeping length constant resembles same as that of the length
variation. From the result, it is observed that only PVDF responds at low frequencies,
and the floating potential for PVDF decreases when the length increases. CdS shows
a better result compared to AlN at lower lengths.

f1 = 1

2π

h

L2

√
E

ρ
(1)

where E is the Young’s modulus and L is the length.

Table 2 Eigen frequencies for the three materials when length is varied from 10 to 100mm

Length (mm) Eigen freq of AlN (Hz) Eigen freq of CdS (Hz) Eigen freq of PVDF
(Hz)

10 17194.59 5191.61 13073.05

20 4287.71 1280.7 517.23

30 1892.26 558.08 227.3

40 1059.41 310.09 126.92

50 675.8 196.72 80.81

60 468.25 135.89 55.94

70 343.45 99.46 41

80 262.61 75.91 31.33

90 207.27 59.82 24.72

100 167.74 48.36 20
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Table 3 Floating potential for the three materials when length varies from 10 to 100mm

Length (mm) FP of AlN (pV) FP of CdS (pV) FP of PVDF (pV)

10 0.759 1.22 1.31

20 1.11 9.58 0.898

30 −1.26 −0.494 −1.93

40 −4.12 −3.11 −6.76

50 −2.76 −3.58 −4.47

60 −3.24 −3.14 −5.32

70 −1.12 −1.70 −8.26

80 0.450 −0.5843 2.20

90 −0.633 −0.926 0.170

100 −0.937 −1.78 −0.621

Table 4 Eigen frequencies for the three materials when height is varied

Height (mm) Eigen freq of AlN (Hz) Eigen freq of CdS (Hz) Eigen freq of PVDF
(Hz)

1 17194.59 5191.61 2080.64

2 33375.21 9950.69 4031.96

3 48020.35 14162.78 5790.93

4 60896.65 17785.29 7329.2

5 71991.7 20833.26 8640.03

6 81475.83 23401.45 9752.23

7 89524.91 25533.83 10682.68

8 96368.66 27322.79 11463.31

9 102190.57 28818.63 12117.28

3.2 Analysis of Piezoelectric Materials by Varying Height

The height of all the three selectedmaterials is varied from 1 to 10mmby keeping the
length as 100mm and breadth as 10mm. The results for Eigen frequency and floating
potential are illustrated in Tables 4 and 5, respectively. Due to software limitation,
the length is reduced from 10 to 9mm. The results show that resonant frequency
increases with increase in height and obeys Eq. (1). In this case, also PVDF shows
good results at lower frequencies [11].
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Table 5 Floating potential for the three materials when height is varied

Height (mm) FP of AlN (pV) FP of CdS (pV) FP of PVDF (pV)

1 0.759 1.22 1.31

2 −2.87 −7.49 −9.09

3 −0.103 0.230 −0.138

4 1.47 −1.51 −0.254

5 7.84 14.1 10.4

6 −1.53 −5.87 −6.03

7 6.85 12.6 8.99

8 0.172 −4.88 0.902

9 −7.65 −12.1 −10.8

Table 6 Output voltage of three materials

Freq (Hz) Output V of AlN (pV) Output V of CdS (pV) Output V of PVDF
(pV)

10 −0.909 1.02 4.23

20 −3.67 4.63 127

30 −8.37 13.3 −22.2

40 −15.2 37.9 −11.6

50 −24.4 252 −5.43

60 −36.5 −125 0.885

70 −52.01 −66.6 8.50

80 −71.7 −51.5 18.4

90 −97.0 −44.8 32.2

100 −130 −41.0 53.7

3.3 Analysis by Inserting Electric Circuit

Aresistor of 1000� is added to the piezoelectric block. The voltage across the resistor
is obtained and depicted in Table6. The graph for the voltage when frequency varied
from 0 to 1000Hz is shown Fig. 4a. From Fig. 3a, it is clear that only PVDF [13–16]
has high output voltage. Figure4b emphasizes the performance of PVDF at the lower
frequency of 20Hz. CdS also shows a better result but at higher frequency than that
of PVDF.



48 S. S. Panicker and P. R. Sreenidhi

Fig. 3 a Length versus Eigen frequency for AlN, CdS and PVDF. (Length in mm and freq in Hz)
b Length versus floating potential for AlN, CdS and PVDF. (Length in mm and floating potential
in volts. c Height versus Eigen frequency (Height in mm and freq in Hz) d Height versus floating
potential. (Height in mm and potential in volts)

3.4 Efficiency of the Optimized Piezoelectric Material

Efficiency of energy harvesting is defined as the ratio of output electrical power to
the input mechanical power. The efficiency for all the three materials is analysed, and
PVDF is having high efficiency at the low frequency of 20Hz, which is the resonant
frequency of the analysed PEH device [17]. The efficiency graph for all the three
materials is depicted in Fig. 4c.

E% = Ee

Em
× 100 (2)

3.5 Analysis by Varying Resistance

The resistance(in�) connected to the electric circuit is varied from 100 to 1000 ohm,
and voltage (in V) across the resistor is studied. The results are shown in Table7,
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and corresponding figures are depicted in Fig. 5a. From the table, it is clear that as
the resistance increases, the voltage increases (Fig. 5).

Fig. 4 a Output voltage when frequency varied from 10 to 1000Hz. b Output voltage when fre-
quency varied from 10 to 100Hz. c Efficiency of the three materials

Table 7 Output voltage of three materials when resistance is varied

Resistance (ohm) Voltage of PVDF (pV) Voltage of CdS (pV) Voltage of AlN (pV)

100 1.27 2.52 −51.5

200 5.07 10.1 −206

400 20.3 161 −824

600 45.6 161 −1850

800 81.1 161 −3300

1000 127 252 −5150
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Fig. 5 a Voltage of three materials when resistance is varied. bVoltage through the PVDFmaterial
at low frequency, c relationship between Eigen frequency and width of the spiral, d relationship
between Eigen frequency and space of the spiral

3.6 Analysis by Incorporating Perturbations in PVDF
Material

From the optimization of AlN, CdS and PVDF discussed above, it is clear that PVDF
canwork at low frequencies, with high efficiencies. So the further step aims to reduce
the resonant frequency at smaller lengths to use it in some personal equipments for
self-powering.

When length and breadth equal 10mm, PVDF produced a resonant frequency
of 13073.05Hz, which is very high. To reduce the Eigen frequency, the length of
the material is increased, since they are having inverse relations. Increasing length
cannot find applications in low-frequency devices [18–20] so some perturbations are
introduced in the PVDF material by keeping the length and breadth as 10mm and
height 1mm, respectively. The configuration is shown in Fig. 2b. A rectangular spiral
was inserted into the rectangular PVDF block and studied the effect of width of the
perturbations (w1) on frequency and also the spacing between the perturbation (s)
on the resonant frequencies [21, 22]. The possible combinations of w1 and s with
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Table 8 Eigen frequencies for varying width (w1) and space (s) of the spiral

Space (s) Width (w1) Freq (Hz)

0.1 0.1 11.96

0.1 0.2 13.10

0.1 0.3 14.47

0.1 0.4 16.03

0.1 0.5 17.84

0.1 0.6 19.97

0.1 0.7 22.51

0.1 0.8 25.56

0.1 0.9 29.24

0.1 1 33.81

0.2 0.1 34.10

0.2 0.2 37.57

0.2 0.3 41.44

0.2 0.4 45.92

0.2 0.5 51.12

0.2 0.6 57.25

0.2 0.7 64.57

0.2 0.8 73.29

0.2 0.9 83.73

0.2 1 96.51

0.3 0.1 62.63

0.3 0.2 69.26

0.3 0.3 76.76

0.3 0.4 84.95

0.3 0.5 94.74

resonant frequency less than 100Hz are illustrated in Table 8. Also their relationships
are plotted in Fig. 5c,d.

From Fig. 5c, d, it is understood that as the width of the spiral and spacing between
the spiral increases, the Eigen frequency also increases. The reason behind this shift
can be studied from Eq. (3), which shows that the resonant frequency is inversely
proportional to the inductance and capacitance.

fr = 1

2π
√
LC

(3)

When spiral perturbations are introduced, themutual capacitance produced due to the
spacing(s) between the spirals andmutual inductance produced due to the interactions
of field due to the current flow through the spiral increase, so as a result the resonant
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Table 9 Output voltage when perturbation of w1 = 0.5mm and s = 0.2mm are introduced

Freq (Hz) Voltage (pV)

10 −5.44E–6

20 −2.24E–5

30 −5.40E–5

40 −0.000114

50 −0.000601

60 −0.000274

70 −0.000203

80 −0.000183

90 −0.000259

100 −0.000337

frequencywill be decreased or shifted to the lower side of the frequency graph.When
spacing between the spirals is less, the mutual capacitance will be more resulting in
lower resonant frequencies. To study the voltage, a resistance of 1k� is connected
and kept w1 as 0.5mm and s as 0.2mm. The voltage for this specification is shown in
Table 9 and Fig. 5b. When perturbations are introduced, the voltage is more at their
resonant frequencies when compared to the one without perturbations.

4 Conclusion

An optimization of piezoelectric materials like AlN, CdS and PVDF is done to find
the apt piezoelectric material which is suited to operate at low frequencies. In the
length-varying analysis, it is obtained that as the length increases, resonant frequency
decreases, and in the height variation it is obtained as the resonant frequency increases
with the increase in the height. From the Eigen frequency study, it is observed that
PVDF is the best material which can operate at low frequencies. In the frequency
domain, study with an electrical circuit also shows that PVDF responds with high
voltage at low frequencies. The voltage conversion efficiency for PVDF is high at
its low resonant frequency of 20Hz. But increasing length to adjust the resonant fre-
quency is not practical, while using them in wearable electronics. To compensate the
limitation of increase in length with decrease in frequency, perturbations are intro-
duced into the geometry, which reduces the resonant frequency even at lower lengths.
The PVDF material with length and breadth of 10mm and height 1mm produced a
resonant frequency of 13073.05Hz, but by incorporating the spiral perturbations (w1

= 0.1mm and s = 0.1mm) the resonant frequency reduced to 11.96Hz. Thus, in the
implementation of perturbations in the PVDF material with the optimized geometry,
it can be suited in several wearable devices. With the PVDF material, adjusting the
design with perturbations can be a next stage of PEH design for the researchers.
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