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Abstract: In recent years use of electronics devices such as
electronic communication device and wireless sensor network are
increasing rapidly since they consume low power, Furthermore
increase in energy consumption has led researcher to focus on
environmental energy utilization as it possesses several
advantage in comparison with electrochemical battery. Moreover
harvesting of environmental energy includes from raindrops,
water current, and wind flow, thermal and solar has been few
research area which is focused widely. In past several researcher
focused on energy harvesting however these method has two
main disadvantage either their material volume is large to adopt
for real time or they obtain very low output power. HenceIn this
paper we focus on energy harvesting based on acoustic; further
to achieve the optimal energy harvesting we propose a
mechanism named MM-PEH (Multilayered multiple Piezoelectric
Harvester ) we use lead zrcon ate titnate as a piezoelectric
generator; this cantilever type is used for harvesting sound
energy from various loudspeaker with fair distance. Here we
have employed multiple Piezoelectric Harvester in parallel for
achieving high output power. Further evaluation iscarried out in
two stage; at first we plot graph, later further evaluation is
carried out with several existing methodology and it is observed
that our model achieves massive output power.

Keywords. Energy Harvesting, MM-PZT, Acoustic harvester.

[ INTRODUCTION

Recent years have seen a several global problem such as
environment pollution, global warming, energy crisis and
other human responsible problem and this is increasing in
exponential way; energy is one of the important phenomena,
which is focused in this research. Moreover, there are
different types of sources to get clean and renewable energy
such as bio-energy, kinetic energy and solar energy these
energy have the capabilities to replace the traditiona energy
sources such as fossil fuels. Furthermore, these energy are
environmental friendly as well as more sustainable.
Considering the vibrant and wide application of these
energy research an industry folks have given fair amount of
effort to energy harvesting technologies; energy harvesting
technologies mainly focuses on scavenging waste energy
available in the environment such as water, wind, radiation,
light and vibration are converted into the electrical energy;
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portable devices as sensor nodes for Internet of Things,
transport tracking and health monitoring; Energy harvesting
these are designed for low power devices[1]. Vibrational
energy harvesting is considered one of the solution for
technique i.e. conversion of kinetic energy to electrical
energy is carried out by electromagnetic transduction
mechanism, electrostatic and piezoelectric; among these
piezoelectric have been considered by researcher due to its
higher rate of conversion of mechanical energy into
electrical energy and hence it provides the higher output
power and power density. In addition; PEH does not require
any kind of external electrical input, In general PEH
transforms vibrational energy to mechanica strain through
piezoelectric effect, later this effect creates voltage around
the piezoelectric layer; further it is very simple and has ease
of fabrication; this results in creating the higher strain
through integrating of proof mass at cantilever. However the
main issue is in its volumetric size as it is getting reduced
day by day. Mechanical energy harvesting has shown a
promising technology since it uses piezoelectric
components; this transfers the vibration energy into
electrical energy and further this electrical energy can be
stored and regulated. This al'so might replace the batteriesin
various devices such as pressure sensor  system,
implementable medica electronic and micro sensor
networks. Vibrational energy harvesting is considered one
of the solution for portable devices as sensor nodes for
Internet of Things, transport tracking and health monitoring.
The below figure shows the energy harvesting based on
piezoelectric devices; it comprises five components. First
component is transducer, which helps in converting
vibration energy into electrical energy; transducer is a
sensor, which is modeled through current source parallel
with resistor and capacitor. Moreover, electrica energy
generated as an output for transducer isirregular and strong;
hence DC supply source is implied and later these energy
are stored as supper capacitor or battery. Furthermore,
before using energy voltage regulated is required for
regulating the suitable voltage [3].
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Figure 1: energy harvesting
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Most popular piezoelectric material is PZT (zirconate
titnate), PVDF, AIN, ZNO; al these materia have
advantage and disadvantage considering the specific
application; for instance quality check of water in river
requires flexible substrate whereas for peacemaker lead free
harvester is required. Moreover, AIN is one of the materia
that are compatible with technologies of micro-fabrication
[4] [5].

1.1  Motivation and contribution of research work
Throughout the research, it is observed that many researcher
have focused on cantilever tuning through varying stiffness.
In this research work, we consider multiple PZT for
achieving the high output power; further contribution of this
research work is listed below.

1. We propose a mechanism for acoustic energy
harvesting named MM-PEH (Multilayered multiple
Piezoel ectric Harvester).

2. Proposed mechanism has multiple multilayer-PEH
model where many multilayered —PEH is placed
parallely; In general multilayer-PEH comprises six
layered which is placed one over the other with
their properties.

3. The main am of MM-PEH (Multilayered multiple
Piezoelectric Harvester) mechanism is to achieve
higher output power with low volume.

4, MM-PEH (Multilayered multiple Piezoelectric
Harvester) is evaluated considering the through
comparative anaysis.

This research work is organized like any standard research
work, here in first section we discuss the background of
energy harvesting and its need later in the same section we
discuss the energy harvesting method and the material along
with its importance. Further sub-section discuss the
motivation and contribution of this particular research work.
Second section focus on discussing existing mechanism
aong with its shortcomings; third section presents MM-
PEH mechanism along with mathematical notation. MM -
PEH is evaluated in fourth section through graphical
representation and comparative analysis is carried out to
prove the efficiency of the model.

1. LITERATURE SURVEY

[6] Presented a particular mode named d33 MEMS for
harvesting energy which comprises silicon substrate and
PMN-PT thick film; further d33 coupling was exploited
through interdigitated electrodes. Moreover [7] used a
fabrication method for thinning a bulk PMN-PT; thus
developed fabricated prototype has an active volume of
0.418 observes output power of 7.182; later after few years
same group implied PZT thick film on substrate beryllium
bronzed with the help of bonding and thinning technique
for fabricating PZT MEMS [8]; fabricated device with
active volume of 30.6 mm3 observes output of 0.979 with
acceleration of 3.59 considering frequency as 77.2 Hz
[9]Presented a model where PZT layers were deposited on
both sides of stainless steel; this is used through
customization for fabricating energy device; further
prototype developed with dimension of 9mm X 6 MM X 90
um is evaluated under the base excitation of 140.8 Hz at
1.5g observes output power of 413 pW. [10] Presented a
mems cantilever that was based on slicon and uses
aluminum nitride for piezoelectric layer; further it is
embedded into the peacemaker with 6mm diameter and 40
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mm length. Moreover, harvester observes power output
density of 454 and 97 considering heart rate of 240 bpm and
60 bpm respectively. [11] Proposed pressure sensing device
and self-powered viscosity for given application in the
microfluidic model. Here the device comprises PVDF layer,
which is deposited on PDMS substrate for forming
microchip; further the device was evaluated under water
droplet found in microfluidic model. The proposed voltage
signals are generated through the harvester is analyzed for
measuring the viscosity and pressure of microfluid. In [12]
low frequency MEMS were proposed for harvesting energy
which comprises PZT thin film aong with proof mass on
flexible substrate of phosphor bronze; Here a rectangular
hole is created on the beam harvester for minimizing
resonance frequency. Further power output of 1713.58 and
216.66mWw with acceleration of 34.3 Hz at 1.5g for load
resistance 60 kQ. [13] Used LaNiO3 along with thin film is
deposited on given ultra-thin metallic foil of Ni cr. Here
metal foil givesthe compressive stressin PZT and compared
to the substrate of silicon; further thermal expansion is
utilized for imposing large biaxial stresses and also makes
stress tuned in fabrication method. Moreover prototype
developed with 2mm X 4mm X 25 um for punching
process. It is observed that this prototype observes output
power of 5.6 uW in given 11 kQ load resistance.

M. PROPOSED METHODOLOGY

1.2  Préeliminaries

The below equation presents the dynamic motion PZT,
here a indicates any deflection in spring, z is displacement
of input, D; indicates damping coefficient (electrical) and
D,, aso indicates damping coefficient(mechanical) .

—mZ = la+ (Df + D, )d + ma (@)
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Moreover there occurs a phenomena where the energy
conservation is maximum, this phenomena occurs when
both vibration frequency and resonant frequency matches,
else the efficiency remain on lower side. However, the
model has high Q, which results in small operating
bandwidth and it is not ideal to variable frequency
vibrations. Furthermore, PZT possesses multiple DOF
(Degree of Freedom) and the efficiency of the model
depends on the proof mass m and stiffnessk; hence, several
researcher focused on designing the resonant frequencies
generator to enhance the maximum o/p power. However, it
is possible to design such energy harvester where the
resonant frequency can be matched to the vibrant frequency;
further through the review analysis it is observed that there
is a demand of energy harvester which is capable of
operating at the wider bandwidth.

1.3 MM-PEH (Multilayered multiple Piezoelectric
Harvester )
1.3.1 Electrical eguivalency of MM-PEH (Multilayered

multiple Piezoelectric Harvester)
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Figure 2 elctrical representation of MM -PEH
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Further, we compute the deformation energy or DF and
depicted in equation 6; in here F indicates the mechanical
property, G J indicates section torsion constant; it is product
of modulus of rigidity and section torsion constant. E I is
bending force couple, which is product of
MOI (Moment of Inertia). The below diagram shows
MM-PEH in figure 4 where multiple cantilever beam are
placed parallely; this structure comprises beam where beams
are accelerated equally. Here beam supports the multiple
small cantilevers.M1to M6 indicates the proof mass.

Figure 3 effect of Piezoelectronic

In this section, we focus on designing the multiple PZT, in
the previous research work we have focused on developing
the single PZT for energy harvesting with multiple layer;
further extending the previous research work we extend our
work and add multiple multilayered PEH for achieving high
output power. At first we start with two cantilever beamsin
parallel, considering the vertical vibration for both of them.
The above diagram i.e. figure 2 presents the equivalent
circuit of MM-PEH model and comprises various parameter
voltage source indicates as V,, V, and V;; C;, C, and C;
indicates capacitors, L,, L, and L; are Inductors. HV
indicates the Harmonic voltage; figure 3 presents effect of
Piezoelectric. In this mechanism, several cantilevers are
attached to the main beam with their position with test mass
. furtherM indicates the beam length, with this parameter we
compute the bending and torsion which is depicted in the
below equation.

z(y,w) = ro(w) Py (y) + ry (W) P, (y) (2
+ 15 (W) P, (V) ...
O(y,w) = c;(w)¥;(y) + c;(W)W,(y) ... ©)

In the above equation 2 and 3, ¢ and y both are shape
function, rj(uw) and c,(uw) are considered as the co-
ordinates. Once torsion and bending are calculated we
compute shape of node through 4 and 5.
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The above equation constitutes three distinctive term, first
term represents the deformation energy, second term is
torsional deformation energy whereas third term indicates
the cantilever deformation energy. Further, we compute the
KE (Kinetic Energy) of the model and formulated through
the given equation.

Published By:
Blue Eyes Intelligence Engineering

Exploring Innovation

© Copyright: All rights reserved.



https://www.openaccess.nl/en/open-publications

Acoustic Energy Harvesting Through MM -Piezoelectric Harvester M odel

1M 1M
U(u) = —f n?(y,w) dy + —f Y62 (y, w) dy
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2
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+ m, 6 (dy))?
[0

1
2,4,6

- mkg(dk))z

Ny (Zy + z(dy)

In here, d,, indicates the location of cantilever n indicates
the total cantilevers and m indicates mass per unit length. In
above equation i.e. equation 7 there are four KE (Kinetic
Energy) term, first term, second term and third term
indicates the kinetic energy of bending, beam torsion, odd
number cantilever and even number cantilever. Further
substituting the equation 8 and equation 9 into 6 we
formulate equation 10.

O(y,w) = & WY} + &, (w)p, | (15) |
L% 1
1M . 6)
=5 J; n(fy(w) Py + ¢, (w)e,

1 L
+ ()% dy + 5 [ v(E (W
1
+ C(w)¥,)? dx + §N1(5’1 + (W) ®o(dy) + 1y (w)

1
+ m; & (W)Y, (dy))* + ENZ(YZ + 1o () Do (dy)

+7 (t).q%(dlz) + 1 (W) @, (dy) — my ¢ (W)W (dy)
— my,b, (W)W, (d,))?

Lagrange equation can be written as:

z"'(y,w) = mo®Pg (y) + 1 7' (x) + 1@ (x) (8)

_d (GU) ou o9& oV 17)
T dul\dr,/ or, ot, 0ry
_ 98X _
= 301 fork=12,...,0

6'(yw) = ¢V1(y) + 235 (y) €)

Hence the system deformation energy can be derived as:

\% (109

1 M
= f E [(ro®4(y) + 11 ) (y)
0

2

+

1 L
@@ dxty [ 6 @HE)
0

+

2
! 2 1 2
W W) dy + 5 ) 1k

j=1

Moreover this equation is used for generalized coordinate
1, Where ¢ indicates the damper contribution, St indicates
the VD(Virtual displacement) and dXindicates the
incremental work .

Further lets assume that in system there is occurrence of
under free vibration, this results that incremental work is
null and hence other terms need to derived; once we
determine al the term in equation 15 , the equation of
motion isformulated through equation 18.

Furthermore substituting z((y, w)) and 6'((y,u)) of the
equation 11 and 12, the kinetic energy can be formulated as
given in equation 12.

o] [To] Iy (18)
iy Iy [H‘l]
it I, |2 |
N x |& |+ D x|e [+T x|cl=0
.«.:2 @2 CZ
V1 321 Y1
L/, ] Ly, Y2

2((y, [Ul)) = To(w) Py + 1 (W) Py + ¢, (W) P, (11)
0'(y,u) = ;¥ + c, ¥, (12
\% (13)
1 M
=5 | Elmoim +noio)

—+

1 M
RO dy+y [ 6] @H®)
0

1 2
+ oW (y))? dx + EZﬂkz,i.
k=1

Moreover, in order to compute the motion through
deformation energy and kinetic energy we make use of
Lagrange eguation.

z(y,u) = to(w)@o + 1 (Wpy + (WP,

[ (14) |
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Above equation is in the form of matrix, hereD , I and N
are matrices which indicates effective mass, D is damping.;
consider damping as null row and column can be known.;
r, — I, and ry-r, are the deformation energy and kinetic
energy.

Moreover, through the above function and formula we can
predict the transmission of multiple cantilever model; this
can be achieved through using the mass matrices and
stiffness metrics. Moreover, the above anaysis can be
applied to the multiple cantilever. In order to apply for
multiple cantilever mass and stiffness are expanded. The
above equation can be formulated as equation 19,
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Iy Iy
~ iy r
oo Bl 2 [0 0[]
Nijp Ny &, 0 Iy C; (29)
7, Zy
|7, ] )

In the above equation, Ny, is FRFC (First Row First
column) of the matrix N i.e. N;; and N, are 6 x6 and 1X6
matrix; similarly Ny, is 1X6 matrix, i, is excitation.
Through the equation we observe that there does not exist
any termsin matrix in T , this causes the FRFC to be zero.
Hence we formulate the equation 18 as below in equation 20
and equation 21. Furthermore as we observe i, is excitation,
a force equation is developed through equation 20 which
generates i, and equation 21 computes response occurred
from excitation.

_I'B'ao_
B,
.. 1'3'32
Xy _ [‘b1(@1) ?,(e;) 0000 < |
X, ®,(e;) P,(e,) 0000 ]B_; (27)
2
B,
_I‘BZ_
¢0(@1)] i
+ B
c]:’o(@z) 0

In the above equation we use excitation matrix that can be

denoted as[(b"(el)]; we recreate the equation 23 and
Dy (e;)

compute the output response through below equation.

Dy (ey) } (28)

Dy (e;)

X=18, {Qza[ﬂn — w?Ny;]7'Nyp + [

Noolrg + Ng1fgo = G (20)

Further, multiple cantilever transmissibility is computed
through the below equation.

Ngoffo+ Nq1To+Ki1 oo [21]

In the above equation, input force on the model is denoted
asG; response vector and 1y, both are same, hence we
assume harmonic response for i, and ry, as given equation
21 and 22.

U X  Output
~ B, Input

= 925[]]11
- szll]_l.N10.+ [

(29)

Dy (@)
Dy (@)

EO = I‘Eoﬂ:imm (21)

Too = Boof ™" (22)

Furthermore, these equation are substituted in 21 and 22;
equation can be restructured and written through 23 and 24.

Boo = (—1/[l3; — Q*Ny;]7HN;B, (23)

I‘Boo = (1/92 [liq — QZNHD Nlvo (24)

Now, the model output needs to be computed and this is
formulated through the equation 24; where beam location is
denoted through e,

X(ex) = o®Po(ey ) + 1Py (ey) + i P,(e)) (25)
+ W (ey)
+ Czlpz(@k) e fOI‘ k = 1,2, .

The model output equation can parted into severa
digtinctive terms; first term denotes the input excitation,
second term indicates bending response and third term
indicates second mode shape, fourth term indicates the
torsion response. Further model output is given as:

®y(eq)
Dy (ey)

(26)

% = |- 0 + 6. Boo
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Hence, through the above process we successfully design
the MM -PEH prototype for harvesting energy.

V. PERFORMANCE EVALUATION

In this section we evaluate the proposed MM-
PEH(Multilayered multiple Piezoelectric Harvester ); for
evaluation system configuration includes i7 processor with
2GB Nvidia Graphics loaded with 8 GB , pythonisused asa
programming language. Moreover, evaluation is carried out
in two sub-section; first sub-section presents the graphical
evaluation considering the parameter as displacement,
current and power with varying frequency and identifying
the peak value of same. Second sub-section presents the
comparative analysis with various state-of-art technique and
existing mechanism for harvesting energy.

14  Graphical Evaluation

141 Displacement vs Frequency

In general Displacement is defined as the action of change
in particular object; in here displacement is the distance
among the given pesks of vibration; it is considered to be
one of the important metrics for evaluation of any harvesting
device. Frequency isthe total number of times that repetitive
motion in particular time; in here through the graph we
observe the displacement at different frequency as depicted
in the figure 5. Moreover, peak value is observed at
frequency of 139.5 with displacement 74.84.
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Figure 5 Displacement vs Frequency
142 Current
In below figure i.e. figure 6, graph is plotted as current vs
frequency; here current value is observed by varying the
frequency and find the peak current. In here peak current
value is observed at 159.5 with current value as 390017.

Power
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Figure 7Power vs Frequency

15 Comparative analysis

In this section, we evaluate our proposed mechanism
through comparing with various methodology considering
different metrics given in table 3. In table 3 first column
shows the different mechanism for energy harvesting,
second column presents the technology adopted, third
column presents volume of material used, fourth column
presents acceleration, fifth column gives frequency range,
sixth column presents column presents the NPD , seventh
column presents Volume and last column presents the

Current
5000000
__ 4000000
3
= 3000000
-
c
£ 2000000
3
1000000
0
ON < 4 001N ANO O MmO NS < 0
N N < DWW OMNMNODOWOOO + N N
™ e e AN AN AN NN

Frequency (Hz)

Figure 6Current Vs Frequency
143 Power
Power plays an important role in harvesting energy; as
similar to above figurei.e. figure 5 and figure 6, we analyze
the variation of power at different frequency and find the
peak vaue. In below figure peak value of power is
observed at frequency of 159.5 with value of 152124.5 and
it is computed in PW.
Power. Further we evaluate proposed model through
comparing with these state-of-art technique along with
existing model. Furthermore, in case of existing model
acceleration is 0.5 which is below average and our proposed
model achieves massive acceleration of 9.8m m/s2; the
higher acceleration indicates that better efficiency of model.
Further, considering other parameter such as frequency
range proposed model has frequency range of 130-230 in
comparison with existing model of 227-286. Further output
power is main focus of this research work and through the
table we observe that our proposed model achieves massive
output of 106.15 [TW in comparison with output power of
0.6117107W.
Normalized power density is one of the performance
metrics; NPD is computed as the ratio among harvested
power and harvester size volume; considering this metric
NPD comparison is carried out between the several state-of-
art technique and proposed prototype. Furthermore through
table 3 we observe that [16] possesses good amount of
NPD; here PZT material was used as an active layer; [17]
aso observes far NPD considering steel as substrate,
however this cannot be considered as energy harvester since
it possesses large dimensions. EXxisting mechanism achieves
NPD of 595.12 (/W whereas our model achieves NPD of
massive 1757.

Table 1 comparison of various methodologies considerign different parameter

NPD Volume Power

Ref. Te-ch. | Sub- strate Accel. Freg. Range [HZ] - [mm3) W]
[m/s2] [[TW.cm-

3m-2s4]
[14] Pi S 9.8 30-47 0.52 10 0.5
[15] Pi S 1.96 71.8-188.4 1.97 18 0.136
[16] Pi S ~9.38 500-1350 HHHHHHHE 0.021 2000
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[17] Pi Steel 0.392 04-Aug I 1419.35 2610
[18] El* Si 1.372 520-591 1.63 27.1 0.083
[19] El S 0.9 148-172 32.68 187 4.95
[20] El Si 12.8 590-641 0.31 295.8 14.8
[21] Eg Si 9.8 840-1490 R 35 0.0055
[22] Eg FR4 10 190-244 0.0045 43.35 0.45
859.9- 112 82.24
[23] Pi 19.6 945 191
[24] Pi Si 0.6 210 990 5 1.78
[25] Pi Si 0.5 449.3 6400 112 180
35.4- 52020 11
[26] Pi Al 0.98 126.4 0.022
[27] Pi Si 0.5 387-398 32.55 6500 52.9
[28] Pi S 7.84 Dec-26 0.008 175 0.87
ES[29] Pi Si 0.5 227-286 595.12 4.1 0.61
PS(MM - . .
PEH) P S 9.8 130-230 1757 0.62906 106.15
6. Tang, G, et al., Development of high performance piezoelectric d33

V. CONCLUSION

In this research work we propose a novel mechanism named
MM-PEH mechanism for energy harvesting; the main aim

mode MEMS vibration energy harvester based on PMN-PT single
crystal thick film. Sensors and Actuators A: Physical, 2014. 205: p.
150-155.

7. Aktakka, E.E., R.L. Peterson, and K. Ngafi. A CMOS-compatible
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|OW V0|umetric S'ze of matena' Further th|s iS ach|eved bulk PZT films on silicon. in 2010 International Electron Devices

: : : ; Meeting. 2010. |EEE.
throth placmg multlple mu””ayered PZT mate,nal 8. Yi, Z, et a., High performance bimorph piezoelectric MEMS
parallely. Moreover MM-PEH is evaluated in two section; harvester via bulk PZT thick films on thin beryllium-bronze
at first we plot a graph of displacement, power and current substrate. Applied Physics Letters, 2017. 111(1): p. 013902.
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