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Conversion of Energy from Ambient Vibration
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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 (PVEHSs) 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 (f, < 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

Portableand 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 § 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 ef 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
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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 .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.

e

Geometry capacitance area
for NEWQ, HQ and Trapezoidal

¥ X=l, X=I,
e e

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.

TABLE I
DIMENSIONS OF THE SAMPLES

Beam Width (um) Beam length (um)

Sample W W, W, W, l 7 [ I3
I 13000 10043 8290 - 16256 1142 8161 5722
11 13000 10043 8410 - 16256 3703 8644 2677
111 13000 10043 4835 4166 16256 5182 — 9843

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 =497 4, b=9.67 4, c =9.24 A) and cubic for Ag (a =
b =c = 4.077 A).
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Fig. 3. X-ray diffraction pattern of the sample.
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TABLE II

MECHANICAL AND ELECTRICAL PROPERTIES OF LAYERS OF THE SAMPLE

Material Mechanical and electrical properties

Piezoelectric constant dy; =23 x10712CN71L

o

_ﬂg © —~ Relative Permittivity & =16
%-’%’ é Young’s modulus E, =0235— 4GPa
S Poisson’s ratio vy =0.

sE R g

)

Ay

Density pp = 1780(Kg/m?)
Young’s modulus Epgr=1.4GPa
Poisson’s ratio Vpgr = 0.4

Polyster
(PET),
Mylar

Density prer = 930(Kg/m®)
Young’s modulus E, = 69GPa
Poisson’s ratio v, = 0.37

Silver
(Ag)

Density pe = 10500(Kg/m?)
Young’s modulus E, = 3.9GPa
%_ Poisson’s ratio v, =04 ,
2 Density pe = 1190(Kg/m")
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

0
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Where, w,.(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 wy, (x, t)
is the transverse base displacement. v(t) is the voltage across
piezoelectric patch and 9 (x)is the electromechanical coupling
of the piezoelectric material and substrate. c; is the equivalent
strain damping and ¢, 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)ppertper +
Y(X)Perter + Y(X)Ppvprtevpr + Y (X)Peztez + b(X)Pactacs
where m(x) is the mass per unit length of substrate;
PPET  Pe1, Ppvpr Pez and  pye  are  the  densities;
tper te, tpypr tep and tye 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.

3

by(x) = 2w <(2 + 2w — 4w,) (?)2
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X
l

be(x) = 2w (1 +(w; = 1) ( )) 2)

x
+ (-3 —W+4W2)7

=2 () 2= ()

+ (-3 —w, +4w,) (13 f l1> + (13 f lz)>
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Where b(x) = by (x) or b.(x) and y(x) = y,(x) or y.(x)

The relative transverse displacement beam can be defined by
an absolutely and uniformly convergent series of the
eigenfunctions as

W (5, 9) = ) 1 0,0 )

Here, 1, is the unknown modal coordinate. The mass
normalization ¢,(x) for infinite vibration modes of the
cantilever can be obtained by the (5). A, is the dimensionless
resonance frequency which is assumed for undamped free
vibration system[25,26]

Ar A
(X)) = |7/ [cosh—x —cos—x
Jy m(x)dx ! !
Ar Ay
-0 (sinh Tx —sin Tx)] (5)

sinh 4, —sin A,
o=
cosh A, + cos 4,

The force function f,.(t) can be obtained by summation of
damping f;°(t) and excitation function f;™(t) at any position of
length axis [24] as:

me) = — Ul g, (W dx x LI
T T
x=0

dt?

! 2
+f xm(x) ¢y (x)dx X dd};(zt)> (6)

L d
£ = —c, ( f ¢, (X)dx x “fiff)

=0 .

+ J- ) x¢,(x)dx % dl;(;)) @)
(O =0 + £ (t ®

The transverse deflection response in each part of unimorph
cantilever can be expressed as:
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wy(x, 1)

’f m(x)dx coshx X = cos—x -0 (smh x — sin— x)]
Z 0

Wrq

J- fr(De reortD sing, . (t — T)dr 9

The mass normalized mode shapes which are used in the
orthogonality conditions can be modified as[27][28]:

| #someogGdx = s,
0

L
f S COEI) DY (0)dx = w26, (10)
0

The function of two variable can be defined by &, 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

2
T s 260, D 4 im0+ 100 = ) (1D
Where x, denotes backwards modal coupling as
A ,
Xy = =2 =90 BO 90D (12)
1

Duhamel integral in modal response can be obtained by making
use of (11) as

t
() = [f-(0)

1
WA/ 1- vfr =0
—x, v ()]e " 18 D i w, (,/ 1-— Erz) (t —)dr (13)

Where w, is the undamped natural frequency of the modes
and ¢, is the total damping ratio (strain rate damping and
viscous air damping).

The voltage which is generated across the thickness ( tpypr)
of the piezoelectric material due to rearrangement of the electric
field through Z axis is expressed as

v*(t) = —E3(O)tpypr (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.

9 (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

9(x) = —b(x )M(tz —t)

(15)
2tpypr

(16)

te=tyg— 1
tp =ty — (t, + tpypr)

—
Ze2
Znc

Neutral Axis

Zper

Fig. 4. The multilayer cantilever.

The effective moment of inertia for quadratic and linear
shaped cantilever can be expressed as [29]

3 * 23
Nt
I(x) = b(x) ( ;EZT + tPETZPET) + y(x) ( 11261 + telze21)

N>tdvor N3te
+y(x) ( 12 + tPVDFZI%VDF> + y(x) ( 123 + teZZgZ)

+h(x )(’“ MYy tAczic) (17)

Where 13,153,135 and 1 are the ratio of modulus of elasticity
for four layers (lower electrode, piezoelectric layer, top
electrode and protective layer) and substrate with 7] =
Ee1/Epgrs M3 = Epypr/Epers M3 = Ee2/Eppr and 1m; =
E4c/Epgr. The total flexural rigidity, EI(x), of the composite
cantilever with variation of width along the length, can be
expressed as

El(x) = b(x) ( 2L ¥ topr(zopr — 2) >
£3,
+y(x) ( + te1(Zer — Z_)2>
t3,
+y(x )( 12 L+ tpvpr(Zpypr — 2) >
£3,

+ y(x) ( + te2(Ze2 — Z_)2>

3

+ b(x) ( + tac(Zac — Z_)2> (18)

The normal stress (Opgr,Oe1, Opypr, Oep ANd 04c) of the
multilayered beam is calculated by using constitutive
piezoelectric equation

oper = Epgre® (x,t)
Oc1 = Eelgel(x' t)
opvor = Epypr(e7VPF (x, ) — d31E3)
Oer = Eepe®?(x, 1)
Oac = Eace®(x,t)

Where Epgr, Eeq, Epypr, and E4  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]

(19)
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¢ . ¢
((b(x)- tppr) (% + te1 + tpyprtites + tAC) + (). 13- ter) (%1 + tpyprtites + tAC) +

3 (y(x).n3- tpypr) (CPV% ttex + tAC) + (%) n3.tez) (t% + tAC) + (b(x).n3-tac) (tATC))

(b(x).tppr) + (Y (x)- 13- ter) + (). 13- tpypr) + (¥ (%) 13- tez) + (B(x). 13- tac)

M(x,t) is the moment of inertia along the cross- sectional
beam in terms of change of the cantilever width:

M(x,t) = — (f opprb(x)zdz

+f aelb(x)zdz+f

el PVDF

+f aezb(x)zdz+f o*Acb(x)zdz> 21
e2 AC

opyprb(x)zdz

M(xt)—EI() r( 2

—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].

0%w(x, t) N
0x?

M(x, t)z
"~ EI(x)

ex.t)=—z (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= — d31Epyprtpypr fl3 M(x,t)z d 23)
Cpo o EI(x)

where Q; is the total charge generated by the piezoelectric

material , which can be expressed by [33]

I3

M(x, t)z

Q== El(x)

d31 Epvprtevpr ( ) dx (24)

0

The piezoelectric capacitance for NEWQ, HQ and
Trapezoidal shapes may be obtained by (25).
|Y:

:, (25)

C' - 80833

The area of the truncated shape (samples I, II and III) can be
estimated by (26) as follows. Where w; = w; /2, w; = w,/2
andw* =w/2.

121 1y
2
Yo =2x [f Wldx+f(wl((2+2w2 4w1)( )
5%
I3
x
+(=3—-w; + 4wi")7 +1))dx + f wy dx]
I
l I3

Y, =2 x fwl*dx+fwl*(1+(w2*—1)§dx (26)
0
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Where Y; = Y, or Yy and C; = C or Cr
The corresponding output power can be expressed by the
following equation

Qi [VociRi Voci
Vpei =—; V= [22 1) = 2= (27)
oct = ¢ P 2R; 2
2 2
o.c,i (Vo c L) < Vo.c,i )
. X R; 28
Pos = [2t] xR =S or () xR @28)

Where 1, is the maximum amplitude. For a real load, the

maximum power is transferred when R;is equal to R;.
1

2] = mfC

Where, V, .; is the open circuit output voltage (V,.; = V)

and P, ;is the power across a discrete load resistance Ry, f; is
resonance frequency.

(29)

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 17 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.

u 1

Load

i Resistance
Clamping - PET-Mylar

point

o

<
r L Aq Cost{ot)
x

il Piezoelectric
PET-Mylar PVDF

o
Ag electrode

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

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
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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 x 1077, —1.26 x 1077 and —1.00 x 1077,
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.

Relative area

S0

[}
10

Strain (b)

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.

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

6

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

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 x 103N/m?, 3.26 x
103N /m? and 2.44 X 103N /m?, 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.

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

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.
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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
DSO05052A). 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.

Accelerometer|

’/;/,lﬁﬂ'

— =

Function
generator

-

> Dual power
W . suppl

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

] 8

Maximum acceleration=1g

Fig. 10. Maximum acceleration used during the experiment.

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 @. When the tip
vibrates the angle of incidence changes from y to . The
displacement (L) of the reflected beam, as shown in the Fig. 11,
is

R B 30
Tt "2 7 tanB tany G0
The value of 8 is expressed by[36]
—a -B—-a
0=""%0oro-= % 31)

The vertical tip displacement at the end of the beam can be
derived for beam without proof mass as

7

Cantilever

\B s
Base Tip
displacement] | displacement

Surfaceof .~
plate

Red line=Shaker
Blue line=Actuator
Fig. 11. Measurement of tip displacement by using an optical setup.
[(1—cosB)

6, =71(1—cosB) = pm

(32)
Where r is the radius of the beam bending.

Since sin 6 =1/r. When, lim@ — 0, (sinf) = 8. Then
6, = l(1 —cos 8)/6. 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
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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 1M (matched load resistance) and the red line for
the load resistance at 39M(). 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 nW g~2 has been obtained at the optimal load
resistance 1MQ. The higher peak to peak voltage (3.11Vg™1)
as a function of frequency for 39MQ load has been
obtained.Fig.12b are the results for the sample II (HQ) with an
average power output of 286 nW g~? and maximum peak to
peak voltage 1.51V g~1 at load resistances of 1MQ and 39MQ
respectively. Fig. 12(c) presents the variations for sample III
(trapezoidal) in which the lowest average power (263 nW g~2)
at optimum load resistance (739K()) and the highest voltage
(1.24Vg™1) for 39MQ.

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‘?f‘fh—fl (33)
t=5o (34)

f» is the resonance frequency, f;, and f;are 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/g?
increases sharply until they approach the highest average
power/g? 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.

@
=3
=3

@ Trapezoidal

o
o
=)

— Simulation

Noow B
e o o
e o o

Average power/g? (nWig?2)
s
S

140 160 180 200 220 240 260 280
Frequency (Hz)

Fig. 13. Experimental and simulation results of maximum average power

comparison for sample I-II1.

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

8

piezoelectric patch [38].

In order to analyze the nonlinearity, coefficient of
determination R? 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. R? describes the non-
linear relationships between the predictors and the response
variables. The experimental data reveal the value of R? for
different samples NEWQ, HQ and Trapezoidal as 0.96133,
0.98245 and 0.98508 respectively. The value of R? 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 'T' 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 44kQ to 4.74MQ for all the
models: I, II and III. Evidently, the NEWQ harvester produces
higher average power at the particular load resistance.

NEWQ

4

fEEFF
Powersy zf’rrw/ o 5.

Average

I 44 (k) I 1956 (k)
[ 208 (ko B 2420 (k)
I 372 k) B 2554 (k)
[ 536k B 3348 (k)
700 (ko 212 (<o)

)

864 (k) 530 |\
I 1028 (k) %, e

o

=
1492 (k) & "
o2k b,

L 274 (k)

B 4740 (k)

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, IT and III).

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

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
9
TABLE III
EXPERIMENTAL RESULTS OF SEVERAL SENSORS AS ENERGY HARVESTER
Type (—) Material Volume of Power Voltage ;. Damp & Quality Frequency(  Rp(Q) NPD
device(mm?®)  (nW.g™?) W.g™» factor ,Q Hz) (nW.g 2. Hz '.cm™3)

NEWQ! PVDF 41.19 409.2 1.80 0.0604 8.2648 164 1MQ 60.54
HQ' PVDF 41.17 285.2 1.51 0.0457 10.92 184 1MQ 37.62
Trapezoidal' PVDF 34.8 262 1.24 0.022 22.72 248 739kQ 30.35
Rectangular ! PVDF 52.62 306 1.64 0.024 20.83 195 1.1MQ 29.81
Rectangular?[10] ZnO 11.5 941 1.22 - - 1300 380k 62.80
Rectangular ' [9] PZT 0.075 0.34 0.00027 0.0077 64.93 9275 220kQ 0.489
Trapezoidal 2[11]  PZT 1.19 20.5 0.044 0.0001 415 232 9kQ 73.90

1 Without proof mass
2 With proof mass

ratio for a fixed resonances has been considered.

A cantilever of length [ 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 (I/2)
to near to the fixed end (I/10) at five different positions of the
beam. In the principal axis of the beam, the ratio of width to
length is 1 at (I/2) and 0.2 at (I/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 1MQ 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
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Fig. 15. Tapering with shifting shape from HQ to NEWQ by changing the
thickness ratio.

substrate ratio (0.85) produces the lowest average power almost
equal to 345nW/g? 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 1MQ, 1IMQ and 739KQ
were coupled with pizoelectric materials, the voltages 1.80 V/g
,1.51V/g and 1.24V/g were measured in the sample LII and III,
the average powers of 409.2nW/g?, 285nW/g? and 262nW/g?
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
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Fig. 16. The voltage peak to peak /power generated as a function of electrical

load resistance for the sample I-11I

load resistance R>1MQ 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
resistance1.1MQ for this sample and the result of peak to peak
voltage is 1.64V g~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

Average power/g? |

360 @ Peak to peak Vollagelg?ﬁ 36 =

270 " — Simulation a7 “s
180 18 T
=
20 . tos &
. Resistance (Q) @y >
000  750.00k 1.80M  2.25M  3.00M  3.75M  4.50M

@ 1.1MQ
—— Simulation

300 ( b )
200

100

Average power/g2 (nW/g?)

168 176 184 192 200 208 216 224

Frequency (Hz)

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.

drawback between experiment and simulation results.
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Fig. 17(b) exhibits the average power spectra as functions of
vibration frequency when rectangular generator connected with
1.1 MQ 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 l.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.
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Fig. 18. Average power and natural frequency for four different samples
versus the NPD (Normalized power density).

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 um at the peak. The displacement of base

10

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(Db) 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 =
1IMQ. 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].
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Fig. 19. (a) NEWQ based on acceleration and actuation and (b) Maximum
power as a function of acceleration obtained by accelerometer.

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
mm?3 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 X
1077 ,—1.49 x 1077 and —1.49 X 10~ "respectively. The ASD
is more for models A' (—1.61 X 10~7) and A"(—1.69 X 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.

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

%1077

———— — 233

0.005 {——ASD=161107 —— ASD=4910 ] | C 173
ASD=151107 . AsD=14910" | 113
——ASD=-168"107 | 0.53
0.004 A A" -0.07
0.67
127
-1.87
i 1 without proof mass(A=B=C) | -2.47
0.002 I d -3.07
: 3.67
c'i B'=with proof mass -4.27
/ 3 -4.87
5.47
-6.07

A B

0.003

Relative area

NSD (Ag/PVDF)

Sx107  -4x107  -3x107  -2x107  -1x107 0
Strain (a)

%107

6.53
5.63
4.73
3.83
2.93
2.03
113
0.23
-0.67
N -1.57
4 -2.47
-3.37
-4.27
-5.17
-6.07

T T T T

ASD=16610""
Nickel
proof mass
. - -
i A

{
i
i
i

0.005 -
—— AsD=1.3210""
0.004 -

0.003

Relative area

Volume of the cantilevers
i hout proof mass|

0.002 -

NSD (Ag/PVDF)

0.001

-3x107  -2x107 -1x107
Strain (b)

-5x107  -4x107
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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~?) and  normalized  power  density
(60.54nW.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.
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Due to the absence of the proof mass the volume of the
harvester will decrease.
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