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Electrical energy is normally generated through different sources such as hydroelectric, wind, heat, nuclear transformation, chemical
reactions or vibrations. Nowadays, harvesting power from mechanical vibration is one of the novel technologies that usually can be
done by systems based on electromagnetic, electrostatic, piezoelectric and combination of them. Piezoelectric systems can convert
motion from the vibrating structures into electrical power. Cellulose Electro-active paper (EAPap) has been recognized as a novel
smart piezoelectric material that can be used for energy harvesting purposes. One of the most prevalent method for vibration energy
harvesting is using unimorph piezoelectric cantilever beams. In this paper, an analytical solution based on distributed parameter
model is presented to calculate the generated energy from vibration of cantilever substrate that is partially covered by EAPap
material. In the studied structure, piezoelectric layer thickness in comparison to the length of the beam and thickness of substrate
material can be considered very thin. Thus its effect on the vibration behavior of structure is negligible. The results are validated by
experimental values. The analytical data was found to be very close to experimental vesults and finite element simulation values.
Findings from this study provide guidelines on system parameters that can be manipulated for more efficient performance in different

ambient source conditions.

Manuscript received: August 17, 2016 / Revised: October 25, 2016 / Accepted: October 31, 2016

1. Introduction

Energy harvesting is deriving energy from external sources,
capturing, and storing for small, wireless autonomous devices. It is also
known as power harvesting or power scavenging. Energy harvesters
usually generate a very small amount of power for low-power electronic
devices such as wireless sensor networks (WSNs) and wearable
electronics. One of the main advantages of the energy harvesters is that
the energy source of power scavengers is free and present in the ambient
surroundings, while the input fuel costs to other common methods in
large-scale is relatively high. Power harvesting from ambient vibrations,
light, wind or heat can lead to indefinite life of the smart sensors. For
example, there is a large amount of mechanical vibrations in the
environment coming from a plethora of sources, among them road and
rail traffic, vibrating components of machinery, industrial plants,
construction works, and aircrafts.

Several academic and commercial groups have focused on design,

analysis and development of vibration energy harvesting technology.
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The Vibration power scavenger is designed to incessantly power wireless
sensor nodes used in industrial and constructional monitoring and
measurement applications. Using suitable electronic devices, Vibration
power scavengers can be used for creating self-powered systems, such
as self-powered sensors for monitoring of highway bridges. This is of
particular interest whenever the use of batteries is not desired (because
of the high costs of maintenance) and a power supply via cable is not
possible (such as rotorcraft rotor and other dynamic parts of machines).'

Piezoelectric materials can convert kinetic energy into electrical
energy. These materials can generate electric charge in response to an
applied deformation. There are many effective parameters in amount of
generated power from piezoelectric materials, such as type and amount
of loading, frequency of vibrations and etc. So far, more than 200
appropriate materials have been found and are made that have different
applications. Hence, much attention is required in the choice of
piezoelectric material. Cellulose Electro-active paper (EAPap) is a novel
smart material which its efficiency in energy harvesting applications

has proven, recently.*
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Cellulose EAPap is made by coating thin electrodes on both sides
of cellulose paper. Induced charge is produced when the paper is
deformed. The main advantage of cellulose over other piezoelectric
polymers that are obtained from a chemical process, is its abundance.
This material can extracted from prevalent natural resources such as
plants, seaweed and cotton. Very recently, EAPap has been discovered
and has started to receive much attention due to its huge potential for
various piezoelectric energy harvesters as well as sensors and actuators.
The advantages of the cellulose EAPap material over other piezoelectric
materials include low price, large displacement output, low actuation
voltage, dryness, low power consumption, flexibility, sensing capability
and biodegradable characteristics.*%3

In most prevalent energy harvester designs, piezoelectric material
can be used as an additional layer that may cover some part of the
beams to harvest vibration energy for autonomous self-sufficient power
sensors. In similar circumstances, among the beams, a cantilever
structure has the maximum deflection and thus the maximum stress,
strain and consequently a higher power output. Therefore, the cantilever
beam structure is used in most vibration energy harvester designs.”!’
For the first time, Erturk and Inman developed the distributed parameter
model and presented the analytical solution to the coupled problem of
a piezoelectric power scavenger based on the Euler-Bernoulli beam
assumptions. In previous research works, the coupled vibration response
of the harvester explicitly for harmonic base excitations in the form of
translation with small rotation and the coupled voltage response across
the resistive load were obtained for fully covered piezoelectric unimorph
and bimorph configurations.”!""®

This article presents a piecewise solution of a piezoelectric cantilever
energy harvester and investigates the output voltage, current and power
of a cantilever beam that is partially covered by EAPap piezoelectric
material. Due to the desired coverage of beam by piezoelectric material,
this study offers a more comprehensive solution than previous works
based on the distributed parameter model. The analytically obtained
electromechanical expressions are used in an experimental parametric
case study that is composed of an aluminum cantilever partially covered

by EAPap piezoelectric material.

2. Free Vibration Analysis

In this section, the estimations of natural frequencies for a rectangular
cantilever beam that is partially covered by a Nanoscale-Layered
piezoelectric material, is presented. The schematic of piezoelectric
energy scavenging system is pictured in Fig. 1. As can be seen, /4, is the
piezoelectric layer thickness, 4, is the substrate layer thickness, L is the
length of the cantilever beam and x; and x, are distance of beginning
and end of the piezoelectric layer from the base. It is noteworthy that
due to the small thickness of piezoelectric layer compared to those of
the substrate layer (usually less than 2% of the substrate layer), the
effect of piezoelectric electro-active paper on the vibration characteristic
of the structure is negligible and can be ignored. Therefore regardless
of piezoelectric layer effects, the structure vibration behavior can be
considered such as a simple cantilever beam.

For a simple unimorph cantilever beam that undergoes undamped

free vibration, the first natural frequency that plays a major role in the
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Fig. 1 Schematic drawing of energy scavenging system

vibration behavior of structure, can be obtained by using Rayleigh

method as follows;'4!®
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The Eq. (1) is a rule of thumb for calculating the main resonance
frequency of cantilever energy harvesters. In this equation, E, and E,
are young’s modulus and p, and p, are material density for substrate
and piezoelectric layers, respectively. For a simple cantilever beam
regardless of the thickness of the piezoelectric (4, ~ 0), the relation can
be expressed as;

w, = 0.1639h—‘; £, ?2)
LN Ps

It should be noted that the first mode of mechanical vibration has
the lowest resonant frequency, and typically provides the most deflection
and therefore output power. Accordingly, vibration power scavengers are
generally designed to operate in the first resonant mode of frequency.'®

There are also more complex relationships for expressing the
resonance frequency of the systems based on the Rayleigh-Ritz method

o= i | EL ©)
mL

In this relation, A is eigenvalue in k-th mode, and m and EI are mass

at k-th mode as follows;!”

per length and flexural rigidity of the beam, respectively. m can be
written as below;

m=Bph ©)

The term E7 for a simple cantilever beam is expressed as;

e EBK, S

T (5

The frequency equation for finding 4, is as follows;
1+cosAcoshAd, =0 6)

It is necessary to mention that mass normalized eigenfunction of a
clamped-free beam representing the k-th mode shape corresponding to
the undamped free vibration problem is found out to be;’

wy(x) = (cos(/%‘x) - cosh(/%‘xD

7%% (sin (f-zl‘x) —sinh (%‘x))
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3. Forced Vibration Analysis

The analytical solution for the cantilever energy harvester that is
partially covered by piezoelectric material is based on Euler-Bernoulli
or thin beam theory. The general equation of motion for a cantilever

under the influence of base excitation can be expressed as;>'®!?
2 2 2
d M()zc, t)+m8 z,e,(Qx, H_ 9 zb(;c, t) ®)
ox ot ot

where M(x, ?) is the internal moment, m is the mass per unit length of
the beam, z,(x, f) is the base motion of the beam and z.(x, ¢) is the
transverse displacement of the neutral axis (at point x and time 7) relative
to its base due to bending.

The stress-strain relations for both substrate and piezoelectric layers
can be expressed as;

01 = E,(¢{~d;,E;) &)

ol =Ez| (10)
where o is the stress, ¢ is the strain, d3; is the piezoelectric strain
constant, and Ej; is the applied electrical field. E5 can be written in terms
of voltage v(¢) as below;

E5() =—v(0)/h, (11)
The bending strain, £at a certain level, y from the neutral axis of the

beam is simply proportional to the curvature of the beam at position x
and can be expressed as;

_yazzrel(x: t)

&= >
0x

(12

The width of the piezoelectric layer is assumed to be the same as the
width of the substrate layer, denoted by B. The internal moment M(x, £),
can be written as;2

(h2)+h,

(h2)
M(x,0)=~[" OBy dy (13)

S
By dy—
—(hS/Z)O-l V@ J

(hy2)
Employing Egs. (9), (10), and (12) into Eq. (13), one may obtain;

2
07z,,(x, t)+

M(x,1) = EI—""22 4w (1)
b)

(14)

X
where;
@ =—-E,Bdy (h;+h,) (15)

Using Heaviside step function, the internal moment can be written

as;

2
M) = £ 75D
ox*

+ov(t)[H(x—x,)—H(x—x,)] (16)
Heaviside step functions are added in Eq. (16) to ensure the survival
of this term when the internal moment expression, M(x, ¢) is used in the
differential equation of motion. The Heaviside function is the integral

of the Dirac delta function d(x). Employing Eq. (16) into Eq. (8) yields;

4 2
d Zre](x’ t)+ma Zrel(xa t)+

dd(x—x;) do(x—x,)
e or L
2 (7
:_ma z,(x, 1)
or

On the other hand, to obtain electrical circuit equation with
mechanical coupling, the following piezoelectric constitutive relation is
used;

T
Dy =d; 0y +e3;E, (18)
where Dj is the electrical displacement and e3T3 is the permittivity at
constant stress. The permittivity at constant strain e353, replaces the
permittivity component through e3T3 = e§3+d31Ep. Thus Eq. (18) can
be rewritten as;

S v(t
Dy =dy g (x.1) 5,252 (19)
P
The average bending strain can be expressed as;
hy N0z, (x.t
£,(x,1) = 7(§+hp) i) 20)
ox

The accumulated electric charge in the cellulose EAPap film, ¢(7), is
obtained by integrating the electrical displacement over the piezoelectric
area from x; to xp;

4(t) = | D} 7idA
21)
=X, h 82 ol (X5 (
- z[dﬂEp(—‘v-i—hp)B—Z’“l(; )+g§3gﬂjdx
X=Xy 2 ax hp
where 7 is unit outward normal and B is the vector of electric
displacement. Clearly, the nonzero terms of these vectors are the ones

in 3 direction.

Then, the current generated by the cellulose EAPap, i(¢), can be

given by;
(1) = 44
0=
22)
=X h 3 N B (
,J’ 2(d31(_x+hp)EpBa Zrelz(x, t)de€33B(x2 xl)dv(t)
T2 ox’or o d

As the terms imply, the first component of the current function is
due to the vibratory motion of the cantilever and the second component
includes the voltage across the cellulose EAPap film. The term (e§3 B
(x2—x)/ hy) is called the capacitance of the EAPap film and is
connected to the resistive load (R;). Therefore, the voltage output can
be obtained as;

v(1) = R, i(1)
X=X, h 832 (X f)J
N dy | 2+h, |E B—1L2 g
Lxl(“(z % o )

+5§3B(X2 X)) dv(f)
h dt

P

(23)

Rearranging the Eq. (23) leads to electrical circuit equation as below;
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d (huh) h 4
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£§3(x27x1) = 9x’ot

Eq. (24) is the general distributed parameter electromechanical
equation for a cantilevered piezoelectric power scavenger in transverse
vibrations that can be used for energy harvesters that partially or fully
covered by piezoelectric films.

The relative vibratory motion of the cantilever (z,./(x, f)) can be
represented by an absolutely and uniformly convergent series of the
eigenfunctions as follows;

2u(50) = 24,0 (25)
Using free vibration solution, the integral term in Eq. (24) can be

written as;

[ 0z(0) & dai() 5 dw)

¥ 9x ot =odt Cx dx
(26)
_adgfaw ) dw(x)
o dt L dx ‘V:X dx | _
') 2 xl

Accordingly, Eq. (24) can be rewritten as below;

R P @)
! 833B(x2 xR, k=1 dt
where;
dyEh (h2+h)[dw, ()|  dw,(x)
e = I — I S
E33(x—x) x=x) X=X

Eq. (27) is a differential equation that can be solved by the following

integrating factor;
iz,
n)=e 29

where 7. is the circuit time constant and can be expressed by;

_ R &53B(xy—x,)

- (30)
Combining Eq. (17) and Eq. (25) leads to;
e ¥le
EI—A{Zwk(x)qkm}m—z{iwk<x>qk<r>}
ox | k=1 of | k=1
(E2))
do(x—x;) dS(x—x)7  zy(x,0)
+m(t)[ e -

Integrating Eq. (31) over the length of the beam after multiplying it
with both sides by mass-normalized eigenfunction, w,(x), using
orthogonality condition and finally adding a proportional damping to
actualize equation,® gives the equation of motion in modal space as

follows;

d Qk(f)
ar

dq, (1)
dt

2
—— 250, + @i (1) +vv(e)

(32

7_J‘W() b(XI)

where ¢ represents the modal coupling term and can be written as;

v, = m[d—vigﬁx) 7 } (33)

Modal damping ratio can be estimated from the frequency response

dw, (x)
T dx

=X,

function curve using half power bandwidth method for each natural
frequency. In this method, FRF amplitude of the system is obtained
first. Corresponding to each natural frequency, there is a peak in FRF
amplitude. 3 dB down from the peak there are two point corresponding
to half power point. The more the damping, the more the frequency
range between the points. Half-power bandwidth BD is defined as the
ratio of the frequency range between the two half power points to the
natural frequency at this mode. For the first natural frequency, the
common method is logarithmic decrement.?’ For harmonic oscillation
of cantilever, base motion and output voltage can be written as z, =

Yo and w(£) = V™! respectively. Thus g(f) becomes;

[ma)2 YOILWk(x)dx— U, Vo}ejm
0

q,(1) = (34)
¢ a)ifa)2+2j§ka4(a)

where j is the imaginary number sign and o is the driving frequency.
Also substituting v(£) = Voe/™ in Eq. (27) leads to;

l+jor, i &
( L L) Voejw: 2 Vi
z =1

c

dg, (1)
dt

(3%)

Differentiating ¢,(f) from Eq. (34) and substituting in Eq. (35) gives

the voltage amplitude across the resistance;

(1 +ja)Tc) Voejwt
T

ja)I:ma)zYOJ‘ka(x)dxf [ V0:|ejw’ (36)
0

Yk 2 2
1 -0 +2j8 0w

Ms

5

Thus, the ratio of the voltage output to the base acceleration or

better known as the voltage FREF, is given by;

. L
_imooy( ], o))
Z 2 2
v() A o -0 28 0.0 37
@Y, (m JOUu Y, J 1o,
o, -0 +2j& o0 T

If the beam is excited around the natural frequency of the -th
mode, the main contributions in the summation signs appearing in Egs.
(36) and (37) are from the k-th mode. Often piezoelectric cantilever
energy harvesters are designed to operate mainly at their first resonant
frequency (i.e., k= 1). Accordingly, when the natural frequencies of the
system are well separated, it can be useful to simplify the equation for
the fundamental vibration mode of the cantilever. The reduced expression
for the voltage across the resistive load can be written as;
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Fig. 2 Schematic diagram showing the (a) cutting orientation of the EAPap film and (b) its coating procedure
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jmez. v (J, wi )
Jot

Vi = (38)

Yoe
Jov T A1 jorm -0+ 2 00
where the superscript 1 denotes that the respective expression is reduced
for excitation around the fundamental vibration mode. The Eq. (38) can
be rewritten as;

J(ot+6,)

vy =|ve (39)

where the amplitude of the voltage output in the first natural frequency

can be written as follows;

wi(J, wi (o)

3
Yymz . w

7| = (40)

[a)%fw21+2164’1w1]2
+28 o, w+z‘ca)vll//1+a)?fa)2]2
and the phase angle between the reduced voltage output and the base

displacement can be obtained as;

0, Zsen( [, w10t

1 2
_tan [241‘”1 YT 00\ Y+ 0 —

(4D

.

The reduced expression for the current flow through the resistive

2 2
-0 1+27,8 0,

where “sgn” is the sign function.

load can be written as;

j(or+6)

i'(0) = ngle (42)

where the amplitude of the current output in the first natural frequency

is as below;

([, wi (o)

3
Yymz,

1
i = ——=——= : (3)
[0 - 1+27. 0]
L
+28 o, a)+rca)vll//1-Hz)?fa)z]2
and the phase angle between the reduced current output and the base

displacement is same as phase angle between the reduced voltage

output and the base displacement (6;= 6,). Similarly, the amplitude of
output power can be expressed as;

(], m(x)dx)pz

[wf7w21+2rc§1a)1]2

3
(Yomrca)

Pt = (44)

' 28w ot T.00,p, +wf*w2]2

It is necessary to mention that Egs. (38) to (44) are valid only at the
excitation frequencies around the fundamental natural frequency of the
cellulose EAPap-based vibration energy harvester. Replacing the
subscripts and superscripts 1 by & can lead to respective electrical and

mechanical expressions around the k-th natural frequency.

4. Experimental Analysis

4.1 Preparation of EAPap Piezoelectric film

Cellulose is a smart material that can be used for many applications,
such as micro flying objects, micro insect robots, MEMS, biosensors,
and flexible electrical displays.”* This material exhibits piezoelectric
effect and it is shown concluded that the piezoelectricity of cellulose-
based EAPap can be used in energy transduction applications.* Also
EAPap film has a good reversibility for mechanical performance, such
as bending strain and displacement, under electric field. The fabrication
process of thin cellulose EAPap film was well explained in previous
articles.”>** So far, it is fabricated by using separated processes: Cellulose
solution fabrication, tape casting, washing with deionized (DI) water/
isopropyl alcohol (IPA) mixture, stretching and drying.” Herein the
process of fabrication in this experiment is explained briefly for clarity.

EAPap piezoelectric film is regenerated cellulose that is fabricated
from raw cotton with degree of polymerization of 4500. The cotton that
was tore into smallest pieces possible, dissolved in anhydrous N, N-
dimethyl acetamide (DMCAc) (Sigma Aldrich) together with lithium
chloride (LiCl) with specific ratio at 110°C. To produce homogeneous
solution, the mixture was stirred using magnetic bar stirrer until LiCl
and the raw cotton palp completely dissolved. It was then centrifuged
to produce transparent and highly viscous solution. After that, it was
poured on a clean glass plate and casted uniformly using doctor blade.
Deionized water and isopropyl alcohol (IPA) solutions were used to
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Fig. 3 Photograph and schematic diagram of the EAPap piezoelectric
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energy harvester

remove Li+(DMAc)x microcations residuals. While it is wet, the
cellulose was stretched at 1.6 ratios from its original length which was
subsequently dried using infrared light for approximately one hour. At
this point, a thin regenerated cellulose film of 1.5 x 10° m thickness is
produced with piezoelectric property, which is known as EAPap
piezoelectric film. For experimental use, the film was cut at 45 degree
relative to the stretching direction (see Fig. 2(a)) with the required
dimensions. For measurement purpose, aluminum electrodes were
deposited on the both sides of the film using thermal evaporating
method. To prevent short circuit between the electrodes and the host as
well as to reduce the possibility of damage, each EAPap film was
laminated with transparent films (refer to Fig. 2(b)). The EAPap sample

was fabricated to have the length 8 cm and width of 5 cm.

4.2 Preparation of EAPap Piezoelectric energy harvester

The EAPap piezoelectric energy harvester was fabricated in the
form of a cantilever beam. Aluminum beam with the length of 200 mm,
width of 50 mm and thickness of 1 mm was used as the host structure
for capturing the ambient vibration energy by bending of the structure.
The beam’s length is inclusive of 5 cm fixing part that has four holes
for screw fastening, and the EAPap film with the dimensions of 80 mm
length and 50 mm width attached 10 mm away from the fixing line
(refer to Fig. 3). The EAPap film was attached near to its clamped base
where the largest bending was found.

4.3 Measurement procedure

The EAPap piezoelectric energy harvester in the form of cantilever
beam (or simply EAPap piezobeam) was fixed on the bobbin of an
electromagnetic shaker (Eliezer HEV-50) with tightening jig. The
piezobeam was exited with 100 mV input voltage controlled using a
function generator (Agilent 33220A) and amplifier (Eliezer EA157) in
the frequency range of interest. This is corresponding to 2 mm of
displacement input. An accelerometer was used to monitor the
displacement input where the input voltage was adjusted whenever
necessaryto maintain the displacement. The experimental arrangement
is shown in Fig. 4.

A potentiometer was used as resistive external load, added in series
to the EAPap film for the measurement of power output. A picoammeter
(Keithley 6485) was used to measure the electric current in the circuit,
and a pulse analyzer (Bruel & Kjaer 35360B-030) was used to monitor

voltage output. The impedance of EAPap film was measured using

6 Channel pulse analyzer system

Load resistance

Coated Cellulose

\sUmm
<

150mm

Aluminum beam

Function Generator

Anti-Vibration Table

Fig. 4 Experimental setup for the measurement of voltage and current
and subsequently the harvested power from the excited EAPap
piezoelectric energy harvester

Table 1 First natural frequency of the cellulose EAPap-based energy

harvester based on different analytical and experimental

methods
Rayleigh Rayleigh-Ritz .
method based  method based EXp(i?ZI;lent
on Eq. (2) on Eq. (3)
Natural frequency 346 36.3 358
(Hz)
Relative error (%) 34 14 -

LCR meter (HP 4282A) and with respect to the frequency changes.

5. Results, Validation and Discussion

5.1 Resonance frequency of cellulose EAPap-based power
scavenger

Most energy harvesting devices developed to date are based on first
resonance frequency of the system and it is determined that the built-
in voltage could lead to significant change in output power over one
order of magnitude higher when the vibration frequency and the
mechanical resonance frequency of the system are matched together.
Therefore, estimating resonant frequency of the system is a key
parameter in designing process of mechanical energy harvesters.

The resonance frequency of the system is calculated based on the
theoretical equations developed in previous research works by submitting
the properties of substrate (Young’s Modulus, £ = 69 GPa, density of
the beam, o= 2700 kgm’3, thickness of the beam, 4, = 0.1 cm and length
of the beam, L = 15 cm) in Eqgs. (2) and (3)."*'5 Afterward the results
are compared with the empirical resonance frequency in Table 1. As
mentioned in,'* the fundamental natural frequency of a rectangular
cantilever beam is constant for different width but same length,
thickness and materials, because Egs. (2) and (3) is independent of the
width of the cantilever beam. As it can be seen in Table 1, there is a
good agreement between the results and the error is almost 3%. The
error might due to the experimental errors and some external factors

such as the way of fastening and fixing the cantilever to the shaker.
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Fig. 5 Peak-to-peak voltage of the EAPap-based energy harvester for a range of frequencies with different external resistive loads

5.2 Output of EAPap energy harvester

In any power scavenging circuit, impedance matching of the external
load to the energy harvester is necessary for reaching the maximum
output power. In the experiment, a simple circuit was constructed to
include a potentiometer used as a variable external load so that it could
be varied to match the source impedance (i.e., impedance of the
cellulose EAPap films). Prototype has been characterized under steady-
state sinusoidal excitation of the shaker and is subjected to its
resonance frequency, so the output electric current was sinusoidal.

The EAPap cantilever beam with length of 15 cm, width of 5 cm
and with impedance-matching external load of 90 kQ was connected to
the harvesting circuit. The peak-to-peak current, 1, ,,
the picoammeter as 284 nA at resonance frequency of 35.8 Hz.

was measured by

Measuring the root mean square (rms) current, /,,,, and the resistive
load, Rj,.4, it is possible to calculate the mean power output, P, using
the following equation;

Prcan = DX Ripg = 0.354 X1, X Ry (45)

The peak-to-peak voltage, V,,,, and peak-to-peak current, 1,.,,
measured to be 25.6 mV and 284 nA, respectively. It is notable that V.,
=2Vyand I,,
the harvester was found to be 0.907 nW as the resistance of the external
load was 90 kQ and damping ratio of the structure was 0.006876. The
Table 2 shows the theoretical values and the experimental measurements.

was

= 2]. Also the maximum mean power output, P,,e.,, for

As can be seen, the results are in a good agreement, yielding little
relative error. Accordingly the theoretical results are validated and can
be generalized for a range of frequencies, resistive loads and damping
ratios.

The theoretical output voltage, output current and mean power
output was derived for damping ratio of 0.006876 and three different
external loads R; ;= 90000, R;,= 128000, R; ;= 150000 for a range of
frequencies between 100 rad/s to 300 rad/s (about 15.92 Hz to 47.75
Hz) and the results can be seen in Figs. 5, 6 and 7, respectively. As can
be seen, the harvested power is significant around the resonance
frequency and the value of load resistance R, is an important parameter
that shapes the dynamic behavior of the system. The system is expected
to move toward the short circuit conditions for low values of load

Table 3 Analytical and experimental results of the V., 1,, and P,

>
for partially covered cellulose-based piezoelectric energy

harvester
Vpp V) Ly(0A)  Ppeyy (W)
Experimental results 25.6 284 0.9071
Theoretical values 26.6 295 0.9831
Relative error (%) 39 39 8.4

resistance (R, — 0), whereas the open circuit behavior is expected for
large values of load resistance (R, — <o). For every excitation frequency,
increasing the load resistance can lead to increasing the output voltage
and the maximum voltage is achieved in open circuit condition. Also
increasing the load resistance can lead to decreasing the output current.
The output power behavior against resistive load is more complicated
than the output voltage and the output current. Because the output
power is product of the output voltage and the output current, but the
voltage and the current have opposite behavior by changing the
resistive load. Although the behavior of power with changing load
resistance is not monotonic,'? but plotting the graph can lead to optimal
choice of resistance in different case studies. For example in this case
study, choosing 90 kQ resistance, leads to higher output power and
more harvested energy. More discussion about resistive load effects can
be found in Refs. 25 and 26.

Also the peak-to-peak voltage, V), peak-to-peak current, /,,, and
mean power output, P,,...,, of the energy harvester was investigated with
a range of damping ratios, & = 0.004, & = 0.006876 and & = 0.009 by
the developed theoretical equations. Although the structural damping is
unchangeable for this structure, but it gives a good insight for the future
researches and designs. It is notable that the width reduction of the
cantilever, will not change the vibration behavior of the system, but can
change the damping ratio. Accordingly, contrary to the expectations,
the damping ratio somewhat can be controlled by changing the width
of the cantilever.'*'>?7? As can be seen in Figs. 8, 9 and 10, all of the
electrical parameters (¥, 1,, and P,,.,,) have similar behavior against
damping ratio. The figures show that decreasing the damping ratio is a
desired option in designing the piezoelectric energy harvesters and leads
to increasing output voltage, current and the power simultaneously.

According to figures drawn and discussion, all designs that are
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Fig. 6 Peak-to-peak output current of the EAPap-based energy harvester for a range of frequencies in different external resistive loads
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Fig. 7 Mean power output of the EAPap-based energy harvester for a range of frequencies with different external resistive loads
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Fig. 8 Peak-to-peak output voltage of the EAPap-based energy harvester for a range of frequencies in different damping ratios

leading to lower damping, can increase the efficiency of the energy concluded that the smaller beams with lower damping ratios, vibrate at
harvester. For example, width reduction decreases the damping ratio higher amplitudes and they can increase the harvested energy from the
and keeps the vibration behavior of the system, constant.?’ So it can be piezoelectric power scavengers.
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Fig. 9 Peak-to-peak output current of the EAPap-based energy harvester for a range of frequencies in different damping ratios
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Fig. 10 Mean power output of the EAPap-based energy harvester for a range of frequencies in different damping ratios

6. Summary and Conclusion

Typically, a cantilevered harvester beam that is partially or fully
covered by a piezoelectric film layer is located on a vibrating host
structure and the harvester beam generates electrical power due to base
excitation. Recently, the authors have presented the closed-form
analytical solution for a cantilever energy harvesters that are fully
covered by piezoelectric layers based on the Euler-Bernoulli beam
assumptions. In this work, the analytical solution is extended to
configurations that are partially covered by piezoelectric films and
experimentally validated. In mechanical modeling, the damping effect
is considered. The developed equations are further reduced for the case
of excitation around a resonance frequency. The analytically obtained
expressions are then used in a parametric case study with a novel
piezoelectric material that has started to receive much attention due to
its huge potential for various piezoelectric energy harvesters and is
called EAPap. The values are validated by experimental results and
then output voltage, current and the power output are plotted against
frequency for different external resistive loads and damping ratios in

the first natural frequency. Although the behavior of power with

changing load resistance is not monotonic, all of the considered
electrical outputs behave monotonically and similarly to change of the
damping ratio. The results show that decreasing the damping ratio is a
desired option in designing the piezoelectric energy harvesters and
leads to increasing output voltage, current and the power simultaneously.
Width reduction is an applied method that can lead to maintaining the
fundamental natural frequency of the beam at a constant value and
increase the output harvested power. Width-split method is a practical
way for increasing the electromechanical coupling and therefore the
electrical outputs of the harvester.

Future works will consider design optimization of the cellulose
EAPap-based energy harvesters by changing the location of the
piezoelectric layer and size of load resistance. Also width-split method
will be investigated to achieve the optimal geometry.

REFERENCES

1. Sang, C. M., Dayou, J., and Liew, W. Y., “Increasing the Output
from Piezoelectric Energy Harvester Using Width-Split Method with



424 | MARCH 2017

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 18, No. 3

10.

11.

12.

13.

14.

15.

Verification,” Int. J. Precis. Eng. Manuf.,, Vol. 14, No. 12, pp. 2149-
2155, 2013.

Erturk, A. and Inman, D.J., “Piezoelectric Energy Harvesting,” John
Wiley & Sons, 2011.

Priya, S. and Inman, D. J., “Energy Harvesting Technologies,”
Springer, 2009.

Abas, Z., Kim, H. S., Zhai, L., Kim, J., and Kim, J. H., “Possibility
of Cellulose-Based Electro-Active Paper Energy Scavenging
Transducer,” Journal of Nanoscience and Nanotechnology, Vol. 14,
No. 10, pp. 7458-7462, 2014.

Abas, Z., Kim, H. S., Zhai, L., and Kim, J., “Experimental Study of
Vibrational Energy Harvesting Using Electro-Active Paper,” Int. J.
Precis. Eng. Manuf., Vol. 16, No. 6, pp. 1187-1193, 2015.

Abas, Z., Kim, H. S., Zhai, L., Kim, J., and Kim, J.-H., “Electrode
Effects of a Cellulose-Based Electro-Active Paper Energy Harvester,”
Smart Materials and Structures, Vol. 23, No. 7, Paper No. 074003,
2014.

Kim, J., “Improvement of Piezoelectricity in Piezoelectric Paper
Made with Cellulose,” DTIC Document, Report No. AOARD-
084035, 2009.

Kim, J., Yun, S., and Ounaies, Z., “Discovery of Cellulose as a Smart
Material,” Macromolecules, Vol. 39, No. 12, pp. 4202-4206, 2006.

Hosseini, R. and Hamedi, M., “Improvements in Energy Harvesting
Capabilities by Using Different Shapes of Piezoelectric Bimorphs,”
Journal of Micromechanics and Microengineering, Vol. 25, No. 12,
Paper No. 125008, 2015.

Hosseini, R. and Hamedi, M., “An Investigation into Width
Reduction Effect on the Output of Piezoelectric Cantilever Energy
Harvester Using FEM,” Proc. of 5th Conference on Emerging Trends
in Energy Conservation, 2016.

Muthalif, A. G. and Nordin, N. D., “Optimal Piezoelectric Beam
Shape for Single and Broadband Vibration Energy Harvesting:
Modeling, Simulation and Experimental Results,” Mechanical
Systems and Signal Processing, Vols. 54-55, pp. 417-426, 2015.

Erturk, A. and Inman, D. J., “A Distributed Parameter
Electromechanical Model for Cantilevered Piezoelectric Energy
Harvesters,” Journal of Vibration and Acoustics, Vol. 130, No. 4,
Paper No. 041002, 2008.

Erturk, A. and Inman, D. J., “On Mechanical Modeling of
Cantilevered Piezoelectric Vibration Energy Harvesters,” Journal of
Intelligent Material Systems and Structures, Vol. 19, No. 11, pp.
1311-1325, 2008.

Hosseini, R. and Hamedi, M., “Study of the Resonant Frequency of
Unimorph Triangular V-Shaped Piezoelectric Cantilever Energy
Harvester,” International Journal of Advanced Design and

Manufacturing Technology, Vol. 8, No. 4, pp. 75-82, 2015.

Hosseini, R., and Hamedi, M., “An Investigation into Resonant
Frequency of Trapezoidal V-Shaped Cantilever Piezoelectric Energy

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Harvester,” Microsystem Technologies, Vol. 22, No. 5, pp. 1127-
1134, 2016.

Hosseini, R. and Hamedi, M., “An Investigation into Resonant
Frequency of Triangular V-Shaped Cantilever Piezoelectric Vibration
Energy Harvester,” Journal of Solid Mechanics Vol, Vol. 8, No. 3,
pp. 560-567, 2016.

Rao, S. S., “Vibration of Continuous Systems,” John Wiley & Sons,
2007.

Hoseini, R. and Salehipoor, H., “Optimum Design Process of Vibration
Absorber via Imperialist Competitive Algorithm,” International
Journal of Structural Stability and Dynamics, Vol. 12, No. 3, Paper
No. 1250019, 2012.

Hosseini, R., Firoozbakhsh, K., and Naseri, H., “Optimal Design of
a Vibration Absorber for Tremor Control of Arm in Parkinson's
Disease,” Journal of Computational & Applied Research in
Mechanical Engineering (JCARME), Vol. 3, No. 2, pp. 85-94, 2014.

Meirovitch, L., “Analytical Methods in Vibrations,” Macmillan New
York, 1967.

Rao, S. S., “Mechanical Vibrations,” Addison-Wesley, 1995.

Kim, J., Yun, S., and Lee, S.-K., “Cellulose Smart Material: Possibility
and Challenges,” Journal of Intelligent Material Systems and
Structures, Vol. 19, No. 3, pp. 417-422, 2008.

Yun, G-Y., Kim, J., Kim, J.-H., and Kim, S.-Y., “Fabrication and
Testing of Cellulose EAPap Actuators for Haptic Application,”
Sensors and Actuators A: Physical, Vol. 164, No. 1, pp. 68-73, 2010.

Kim, J.-H., Kang, K., Yun, S., Yang, S., Lee, M.-H., Kim, J.-H., and
Kim, J., “Cellulose Electroactive Paper (EAPap): The Potential for a
Novel Electronic Material,” MRS Proceedings, Vol. 1129, Paper No.
1129-V1105-1102, 2008.

Erturk, A. and Inman, D. J., “An Experimentally Validated Bimorph
Cantilever Model for Piezoelectric Energy Harvesting from Base
Excitations,” Smart Materials and Structures, Vol. 18, No. 2, Paper
No. 025009, 2009.

Kong, N., Ha, D. S., Erturk, A., and Inman, D. J., “Resistive
Impedance Matching Circuit for Piezoelectric Energy Harvesting,”
Journal of Intelligent Material Systems and Structures, Vol. 21, No.
13, pp. 1293-1302, 2010.

Dayou, J., Kim, J., Im, J., Zhai, L., How, A. T. C., and Liew, W. Y.,
“The Effects of Width Reduction on the Damping of a Cantilever
Beam and Its Application in Increasing the Harvesting Power of
Piezoelectric Energy Harvester,” Smart Materials and Structures,
Vol. 24, No. 4, Paper No. 045006, 2015.

Sang, C. M., Dayou, J., and Liew, W. Y., “Increasing the Output
from Piezoelectric Energy Harvester Using Width-Split Method with
Verification,” Int. J. Precis. Eng. Manuf., Vol. 14, No. 12, pp. 2149-
2155, 2013.



