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ABSTRACT: A small-scaled device for ambient energy harvesting is a high voltage cantilever
nanogenerator with interdigitated electrodes carrying a tip mass that acts upon the strain induced in the
top piezoelectric layer. In this device, more strain gradient over the length, more electric potential in
adjacent electrodes depending on the vibration mode shape at which voltage cancelation may occur. In
this work, changing the distance between the electrodes proportional to the inverse of strain function,

the induced voltage in all the electrodes are equalized that prevents the voltage cancelation. The Euler-

Bernoulli beam model is used for the problem and the governing time-dependent equation is derived  Keywords:

based on the energy method. Then, the 4th order Runge-Kutta method is used to solve it from which the . .
Nanogenerator performance improving
output voltage is derived for base excitation. The results show that it is possible to increase the voltage i .
. . . — .. Piezoelectric nanolayer
by 36% for optimal electrical load by this procedure and for 40% for open circuit conditions. The system
s . 0 . Interdigitated electrodes
coupling is also increased by 10%. Moreover, the results show that the smaller size of electrodes, the

higher the output voltage. Whereas, increasing the number of electrodes makes the voltage reduce in ~ Variable distance electrodes

contrast with the electric current.

1- Introduction

In the last years, lots of researches have been
done on piezoelectric energy harvesters and different
electromechanical systems at small scales have been
developed [1, 2]. Performance of such devices depends on
the structural design, actuation frequency and output voltage
for which different mechanisms are suggested. An example
of these devices is a cantilevered piezoelectric microbeam
covered with a top electrode layer [3]. In these cantilevers,
parallel bottom top electrodes for {3-1} mode and the
interdigitated electrodes for {3-3} mode of piezoelectric are
used. Using the second case regarding the higher value of d.,
in comparison with d,, and high output voltage is preferred in
many references [4].

Mode shape voltage cancellation is an important issue in
piezoelectric nanogenerators. This occurs due to the strain
gradient over the length of the piezoelectric layer and makes
variable electric potential in interdigitated electrodes and
makes the output power decrease. Accordingly, it is noticeable
to confine the voltage cancellation and requirements to
complicated electrical systems in order to catch the maximum
capability of the nanogenerator.

In this work the idea is to design the interdigitated
electrodes with variable distance fingers relating to the
inverse of strain component along the cantilever and catch
the higher voltage from the nanogenerator.

*Corresponding author’s email: mgd gandomkar@mut-es.ac.ir

2- Vibration Modeling of Cantilever

The strain intensity is variable over the length of the
cantilever and its maximum occurs at the root while its
minimum occurs at the tip. Proportional to the strain in the
piezoelectric layer makes the electric potential to be variable
between the adjacent fingers of electrodes. Using variable
distance electrodes makes the possibility of producing equal
electric potential between the adjacent electrodes and resolve the
problem. Accordingly, the voltage cancellation will not occur
and electric current will be obtained from the generator without
any requirement to complicated electric boards. Moreover,
using this idea, it will be possible to cover all the surfaces with
interdigitated electrodes and use all the piezoelectric materials
in the normal generator. In Fig. 1 the geometrical parameters
of interdigitated electrodes for modeling the problem are
illustrated. The distance between centers of adjacent electrodes
is designated by L, and size of the electrodes by a. Thickness
of piezoelectric layer is taken to be ¢, .

In this work, an analytical model is presented for
cantilever piezoelectric generators with interdigitated
electrodes for which their required relations are derived based
on energy principles and the Euler-Bernoulli beam model.
Then nanogenerator performance including the managing
data is evaluated for the case with a variable distance of
the electrodes in comparison with constant distance case.
Performance of a piezoelectric in {3-3} mode is given in Eq.
(1) for which 7|, =0 and T, =0 regarding Fig. 1 and the electric
field will be created only in 3 Direction [5, 6].
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In this equatlon Sy is the elastic compliance (the inverse
of dtiffness) in x;; Direction for a constant electric field,
&l is the permeability of the piezoelectric material at a
constant stress of 7 and d,; is the piezoelectric coefficient.
The governing equations for the cantilever piezoelectric
nanogenerator are derived using Lagrange equations for the
Euler-Bernoulli beam model to derive decoupled differential
equations for the deflection of the beam and the electric
potential [7-9].

Mi +Ci + Kr —@v =B ¥, (2)

0i‘+Cp13+R%v:0 (3)

In these relations M is the mass K is the stiffness C is the
damping coefficient @ is the coupling C, is the capacitance
v is the voltage R,is electrical resistance for the electric
circuit and B, is a function of inertial load against the base
excitation. These parameters are considered for the cantilever
beam with a tip mass. Two parameters of § and C,are
given for the whole structure that can be obtained from the
following relations:

az (ew!(%) @
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v, is the vibration mode shape function, y and y, are
the first and second derivatives, N is the number of elements
and X; is the distance of two electrodes for each element. Q,,
is the moment of area for the piezoelectric layer with respect
to the neutral axis of the beam [9]. Regarding Eq. (1), the
strain-induced electric field in the piezoelectric element will
be equal to:

E3 (i):e; (i)QP'/,;,(fi) (6)

The electric field and electric potential between two
adjacent electrodes are related simply as E=-v/L, and
therefore the electric potential v(i) for each element will be
proportional to the length of LP( )Whlch is summarized in

Eq. (7).

L= v (&)

In this work, the idea is to select the size of the elements
regarding the induced strain gradient in the cantilever during
the vibration for constant values of e;, and @, to prevent
the voltage cancellation. This regards to the connection of
all the anodes and cathodes separately together and similar
electric potential in all the anode or cathode electrodes the

i=1.N (7
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Fig. 1. Cantilever nanogenerator with interdigitated electrodes
and a proof mass subject to base excitation, (a) variable distance
electrodes, (b) side view of cantilever, size of elements, electric
field E and polarization direction P.

Eq. (8) will be drived from Eq. (7) to equalize v(i) for all the
elements. Therefore the active length L, for each element
in interdigitated electrode pattern can be written as Eq. (8)
for which the length of the first element is presumed and all
the other elements length will be calculated regarding the
selected length. This is an assumption for the problem that
can be changed to obtain suitable results.

_ v, (%)L (1)
‘//r”(’?i)
Using this pattern for the electrodes it will be possible to

prevent the voltage cancellation and electron transfer in the
fingers of anode or cathode electrodes.

i=1.N )]

L, (i)

3- Improvement of Nanogenerators Performance

For parametric analysis of the problem, the effect of
electrode distance dependent on the strain intensity is studied
and the results are compared with the case of electrodes with
constant distances. The geometrical parameters and material
properties for the case study are taken from reference [10]. In
the section, the structure of the piezoelectric nanogenerator is
amultilayer beam with 1 micron thickness of the piezoelectric
layer and PZT/ZrO,/SiO,/Si/SiO, sequences of the layers
with silicon tip mass and Pt electrodes. Nanogenerator with
the configuration of Fig. 1 has an overall length of 7 mm, an
active length of 4 mm, and a width of 2 mm.

Results for output power and output voltage are presented
for base excitation of 0.25g acceleration at the resonance state
and damping coefficient ratio of 0.002. For comparison of the
results, the size of the first element is taken to be constant in
all the analyses. In Fig. 2 length of the first element L, (1)
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Fig. 2. Nanogenerator’s performance versus the electrode size
for open circuit condition and L (1) = 60 microns, (a) system
coupling, (b) Maximum output voltage, (c) nanogenerator’s

capacitance

is taken to be 60 micrometers and the electrode size of a is
changed from 10 to 50 micrometers. The results for system
coupling parameter of «*=6 %kc.» Mmaximum voltage,
and capacitance are given in Fig. 2. For variable distance
electrodes, the results in this Figure are given for open-circuit
conditions.

For electrode width of 10 micrometers, the magnitude
of the output voltage is equal to 36.1 and 25.5 for variable
distance and constant distance electrodes respectively. This
shows 41% increase in the voltage. Using the present strategy,
40 electrode width of 50 micrometers the voltage is changed
from 9.97 to 14.06V that is near to 40% of increasing the
voltage. Moreover, the capacitance of the nanogenerator is
lower for variable distance electrodes in comparison with
conventional designs, and the system coupling is increased
by 13% to 41% respectively for electrode width of 10 and 50
micrometers.

4- Conclusions

One of the disadvantages for piezoelectric energy
harvesters is the mode shape-dependent voltage cancellation
regarding the strain gradient and the corresponding variable
electric field that is induced in the structure. In this work,
in order to capture the maximum output power from the
piezoelectric layer and confine the voltage cancellation is
in the cantilever nanogenerator, the distance between the
electrodes are chosen to be proportional to the inverse of
the strain component. Using this configuration, the electric
potential for each element related to the nearest electrodes
will be constant. The results are presented and compared for
variable distance electrodes and constant distance ones. To
discuss the relating concepts the results show 41% increase
in the efficiency of the system through using the presented
strategy. In addition, the results show that for the largest size
of electrodes and higher active area of the piezoelectric layer
the system coupling gets higher.
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Fig. 1. Different configurations of piezoelectric energy harvesters, (a) Cantilever beam, (b) Circular diaphragm, (c)
Cymbal structure, (d) Multilayered piezoelectric structure
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Fig. 8. Nanogenerator’s performance versus the electrode size for optimal electrical load and L, (1) = (micron) 60, (a)
system coupling, (b) Maximum output voltage, (c) nanogenerator’s capacitance, (d) maximum output voltage
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Fig. 10. Nanogenerator’s performance versus the electrode size for open circuit condition and L (1) = (micron) 60, (2)
system coupling, (b) Maximum output voltage, (¢) nanogenerator’s capacitance, (d) maximum output voltage

Ll o0ls
laalold (sui S )3 Gl 1 g A la St s anslis |
Oleduz 0gz 0,5 sanlice 3 |y ledl slass 51 deog wSl s
LS oledl slass b g S Job b ien oledl slaws 1 wlgs o
o9 Hledl slaws anglie gl brul o auS oolawl iy Job
ObeSy 3958l (sligy ) @ls G dnmnlie w0958l by & a2y
3 FegSee Ve Solus @ 09 58Ul Sligg o Sl 485 B j00
S g Sen P+ Jsb & L (1) ool (g ol LA S
MY PF S35 cud b ccdg VYT Y 5Ly VY xV e il e
Job 4 sl gl o3lail b A Sy 5 Slgg, S YTV (les o
VYIS 5ty Y2 ) e ol et SidysS g ,Sie Voo

yYod

s S b o ol i Jol> gl 5 b 15
Jsb 50 log Sl s alols ;s b L8 s aslie soSeisls
el ool lad |y ok o ,Shes )5
loalold boadadsi 5y ()l ¢ fag Soa )+ 39 58Ul sligy 5o
g VP loog Sl ol slaalold L g cdg YY/FF ooy Sl e
39,8l ligs yo el ools Hlas ol as o FY aS ol ooy
Ve aS Gl ot CIg VAV @ 2 VE/AY 51 50 1ieg S0 O
P P T ERON N -RNE SOV ON P N EXPEA LRV
wolh alols > jo o] S5l bl daog Sl e alols
Vo 09 ,mSUl sligs 40 do 0 VY Bgus s Sl oS Lol S
QLS A3l fog S B0 99 55Tl (Sligg 5o 0o )3 YT L o9 Sire



o IS 43 gt yo a5 Jakows 5 olall oies & s J! slall Jobo 539,550 (sligy Y Jpor

Table 2. Size of electrodes and Length of elements versus the element numbers related to the results of Fig. 10
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Fig. 11. Nanogenerator’s performance versus the electrode numbers for optimal electrical load, (a) system coupling, (b)
Maximum output voltage, (c) nanogenerator’s capacitance, (d) maximum output voltage

@ 098l mhas) gl iz (Soids oy 5 e Ll
g g0 0033 Ao u.';.asLli.a Sb e (G IS L @la_w
L s SiplygS a5 048 0 cdnline (1 -V)) USSG o
Solay Gl slass 4y s oy iSIl e dlold gun S
Sl en 00y (z —VV) IS8 j0 aeo e lis 095 3l pwgeos
I3 s G byl 355yt laplall olass 4 oS
g S8l aalemx pals Ll o Job dapylodl slaws ioli8l b as
S5V L oo Gl sl 3 byl alay il i
(0 -V S 2l anlys als ol 356 515 o 55 b )b
Sy wops sl 4 O eadady (SopSIl s &S [
Gb ol 5 el S L Sl oS gl

AN

P53 Sl S I3 S8 orme p3 oS Jlad S pSlgn Y
S oy b alie 55 ol b il oLy laplall 5l slass
2 el 0 .28 5 walss Djge abgpe 09 58Ul Ly 5 ole]]
Se Sy 55 (S9, odBodnlisy 99 58Ul gl Cond oS 090 o
XY JDe plp oy dalio b aw (sl 8 Sl &
Sldl Jgb polie 5 ldl dlows ¥ Jga jo 09 olsesl ZY0
a4 Gy @y OF 4 aaly 99550 sl 5 gl
B+ Jsl bl Jsb il b Jlie lgie 4 cand o 3l caliea
39 i8I (Sandsy 28 L e ag Soe ¥o 39 58Ul (Slige g 509 S
s ol olail a8 ols )5 oa S |, Ll 55 lgs o 70
sSkae & Lo ml e oty (V) alal, 5l solizal U

slaws glilas oV Jgaz 10 oabaial SVl 10 oaiiS Cudls p piiaces



Sl alS 5 ool sl 2l a8 ws salss ol as

s 13 LSl o 1) 98l 55eb 5l 3L by Wl o 99 2SI

G5 Az =0
‘é.v).ﬂ‘s).u 6))4‘ eJ.HSw‘J).v L.SLQW"“"‘"“‘“" va.A )| é_v
30 e ud,S o 4 aS el 0ge IS ) dlly 5Ll Bd>
Lwgi sabolnl S Sl L glate JBs 5 SO SNy 5 sloasy
S S8y Gloyd )0 e (nl @) Gl weoe g, lag)]
b 5l S L ol oo pll axio L (g3lae (5,185 04 25l
oy opl 5l gogam U Wil oS 15,5 a5 dbls jo 04 xS
G5l lg 5l eolaiwl gly cimgh nl jo 0ed oo S sl
b SoSly sl lidy Bd> 5l g pSsl 9 S Sy Y
QO oy xSUl o slealold [oss b Jolae oSSl slasg oSUI
oledl jo slang xSUl (gg, Jundln OB (6, WSe s
L ogdion pSola 5y Bd 5l 5005 i LSy &j50 @
o 8, 8as o Lo Laslg ) &g 4 b (g5Le Jowe 3l ool
Lg LDQ};SJ‘ 65LM 9 65[.......@[4 LsLCbc\.LalS 6;.\..;)5...' B oJ.HSw‘é).v
ooyl )b joas wl ool lis anglie ol jo ol auslas K05
30 Slas 5l cguin Sy 90 50 LSS Jol Ll Gl b cange
0dds s Sl alold 5las o Feovgus e alols sun S
alold 60,80 b i 55 L o cdls (o ioren ol
Oledl slass . abl JYL Wlgh g0 oo TV sgu> U ooy oSl yxe
& Sl g ;381,539 5y (I3 5o o ol gla el Koo 5l
ol oledl slass mol38l b gy swglie )L j0 a5 &yge oyl
48,5 931 55950 51 (g yimion 5Ly (ledl slaxs ST L g 00g0 SYL
FSzsS 09 xS sl 4z y0 a5 al eols Hlas yoren 090 o0
Siehss il prie SoySlorn Jd mhe 4 )0 g ooy

RPVIRVAPESI) PG W

e o o8~

eSS e

m? oSG xSy Y alaie o
ok sl s U
kg 5 o]

N/m 5w o 5be ¢

a
Ap
Bf

E

& g SibsS il sl als 5 v=C% e,
olid ve5 5l 6568 Camlus clize slagldl sloxs gl
gl (o S 39Sl (Sachy azse Ll asses
Ol e SophisS wll eud i b SGpSlg e
el 39d 5SHS @ 09,8l slyy 4z Grizes Wb
B Sl g ol sl S pSlgin W gl Gl
S5 50 a5 0g walss 5Ly Galidl T 4z a5 oo SRelS
D9l go oddlie (o -V))
Gy 45 el 0l S55e Sl V) S 5l aS IS as
Hh8 03 Ll eSS jo el slass b VL 5L 4 o,
93 Condy (n e 53 b S Sl Jlb a9 a8k atils
3958 by 5 oS ledl slass azpa S0 Ojle a0, 18
wcals HUasl g5l 35950 51 SYL 5Wg Gl oo w09l 5 SosS 5
chw 4> e a5 ol e ows (A -VY) SS o
555 (b SaiSlsiy Jib o) oS sais 555,50
FYL 5L adgi eanasplis 5 09 wales YL el Sk oS
JCHIE S Qe B ISRV S PP
Jud g )5 0o Y hugie (1655 bl ggeme I (o2l
aoless (6 s ladl slows ool g o5 b sl Ll o o
5 SeiSysy Y 555 oliee Sl 3 b oS |z o8
Oledl slasi ggeme 31 ol add e Sl oS (Ll ojlul
PR oS Y ooz ille o5 o5 salss ol o5l o 0 p0
@ mhaw 551 as e VO Ol jo e glaie 4ol suls
U5 5o o 6,508 1Sl s 0o ys YO ylas b b & 50
55 ySI el 5 ol Froolaws b ¥ Jgaz bl (Gl 1Y)
999U L S mhaw Slaslg Vev e ey S YO
slass ples o ad aalys eddiyy Ko Slsse Jbt gl b o]
Geed b (098Il gl YO (Socia) ¥ Jsor 5o g lel!

Ay Yo

e b Sais doyo ple o dlase (pl aes e olas 0es 5l
Ll Bolo
5,8t Oles (0 -VY) U8 jo Sl 4 4zl b ioren
P
I=— ahl, 3b wes o lis 095 5l Sl il Y-
A%

o | ).NL' UL)} OMJQLMJ c..L.uLw J.uoS W )Us a>

Yy



YYEE B YYFY docio NFre Jlo o&F ojled @Y 093 (pS pool Sl cuwdines 4y i

O
5 aY ) s
So SNy Y p
5 e oy & bogiye 0
oYl
b )8 Lyl 5
Sl (S S o Ll E
é’l" fjo "
o C)La‘
&=l g 2le

[1] Z. Yang, S. Zhou, J. Zu, D. Inman, High-performance
piezoelectric energy harvesters and their applications,
Joule, 697-642 (2018) (4)2.

[2] J. Briscoe, S. Dunn, Piezoelectric nanogenerators—a review
of nanostructured piezoelectric energy harvesters, Nano
Energy, 29-15 (2015) 14.

[3] S.-G. Kim, S. Priya, I. Kanno, Piezoelectric MEMS for
energy harvesting, MRS bulletin, -1039 (2012) (11)37
1050.

[4] L. Tang, Y. Yang, C.K. Soh, Toward broadband vibration-
based energy harvesting, Journal of intelligent material
systems and structures, 1897-1867 (2010) (18)21.

[5] A. Khan, Z. Abas, H.S. Kim, I.-K. Oh, Piezoelectric thin
films: an integrated review of transducers and energy
harvesting, Smart Materials and Structures, (2016) (5)25
053002.

[6] K.S.Ramadan, D.Sameoto, S. Evoy, A review of piezoelectric
polymers as functional materials for electromechanical
transducers, Smart Materials and Structures, (2014) (3)23
033001.

[7] D. Guyomar, M. Lallart, Recent progress in piezoelectric
conversion and energy harvesting using nonlinear
electronic interfaces and issues in small scale
implementation, Micromachines, 294-274 (2011) (2)2.

[8] C. Wang, Z. Wang, T.-L. Ren, Y. Zhu, Y. Yang, X. Wu, H.
Wang, H. Fang, L. Liu, A Micromachined Piezoelectric
Ultrasonic Transducer Operating in d33 Mode Using
Square Interdigital Electrodes, IEEE sensors journal, (7)7
976-967 (2007).

yyy

F.gsle cod)b

C/m? (S Sl bl Sl
C/N oS iSlg5 o v

Vim S oS Glas s

4 dhly (S0 S 2l Lo
Clm* (235 5 5,k S8
C/m? o caz 5o (Ko S b
M 5 e py2 gl

kgm? 5y o2 ooyl o
kg.m? Y5 oyl lee

oS 1S53 Y (g il e
kg.m?

A (oSl by

M ¢ jglxe 59 2SN 95 35150 (o alols
m g Sl g0 oo alold

M sy oy 5l S 5 Job

M 5 ey Job

N/m 5 e

kg ez

kg/m @Y ,; Jsb o>ls o

S Sly s 4 Job ooly >
kg/m

Kg (5 oo 2

kg/m ;5 Jsb ools oz

kg/m 5 o 2 Jsb w2y 2
(Log xSl slass) Lol slaws

\Y ‘Q|9S

U (oSSl Conglie

GRS o yle

4 Cond S S5 Y s S
m2m (m°) . s )G
4 e e S
kg.m

(5 52 o5 s

m S xSy 0 Y Cwls

N/m? . 25 5l
V 5,

)| 350 S8 &b
SN Jedlsy S5 6
Hz 5 (uilig, Jsl (il 52
Hz (5 S o0 il 2
Sl sl ee o

oS5 S5 Sledl (20,35 s ile
F/m

F/m > std);)f &_«u)aa
N/V o Silss

~

m &a"

~ X~ = B

-

—_ N~

g Xoﬁ |—_=N h’ﬁ

S
K

3

“

wx vzif 3X

9,

< =

g e



VYES B YPFY doio 0F e+ Jlo oF o)loud OF 0593 ¢y ol Sl puoio 4 p5

of piezoelectric energy harvesting systems: a topology
optimization approach based on multilayer plates
and shells, Journal of Intelligent Material Systems and
Structures, 1939-1923 (2009) (16)20.

[20] M. Jabbari, The effect of strain nodes on the energy
harvesting of the cantilever piezoelectric beam with
the vibration mode excitation, Modares Mechanical
Engineering, 72-65 (2017) (10)17.

[21] N.E. Du Toit, Modeling and design of a MEMS
piezoelectric vibration energy harvester, Massachusetts
Institute of Technology, 2005.

[22] N. Elvin, A. Erturk, Advances in energy harvesting
methods, Springer Science & Business Media, 2013.

[23] A. Toprak, O. Tigli, Interdigitated-electrode-based
mems-scale piezoelectric energy harvester modeling
and optimization using finite element method, IEEE
transactions on ultrasonics, ferroelectrics, and frequency
control, 2174-2162 (2013) (10)60.

[24] A.LS. -176, IEEE standard on piezoelectricity, in, IEEE
New York, 1987.

[25] N.E. DuToit, B.L. Wardle, Experimental verification
of models for microfabricated piezoelectric vibration
energy harvesters, AIAA journal, -1126 (2007) (5)45
1137.

[26] N.W. Hagood, W.H. Chung, A. Von Flotow, Modelling
of piezoelectric actuator dynamics for active structural
control, Journal of intelligent material systems and
structures, 354-327 (1990) (3)1.

[27] M. Kim, M. Hoegen, J. Dugundji, B.L. Wardle, Modeling
and experimental verification of proof mass effects on
vibration energy harvester performance, Smart Materials
and Structures, 045023 (2010) (4)19.

[28] N. James, U. Lafont, S. Van der Zwaag, W. Groen,
Piezoelectric and mechanical properties of fatigue
resistant, self-healing PZT-ionomer composites, Smart
Materials and Structures, 055001 (2014) (5)23.

[29] Q. Li, M.-H. Zhang, Z.-X. Zhu, K. Wang, J.-S. Zhou, E.-Z.
Yao, J.-F. Li, Poling engineering of (K, Na) NbO -3based
lead-free piezoceramics with orthorhombic-tetragonal

coexisting phases, Journal of Materials Chemistry C, (3)5

[9] Y. Jeon, R. Sood, J.-H. Jeong, S.-G. Kim, MEMS power
generator with transverse mode thin film PZT, Sensors
and Actuators A: Physical, 22-16 (2005) (1)122.

[10] W. Choi, Y. Jeon, J.-H. Jeong, R. Sood, S.-G. Kim, Energy
harvesting MEMS device based on thin film piezoelectric
cantilevers, Journal of Electroceramics, (2006) (4-2)17
548-543.

[11] C. Bowen, L. Nelson, R. Stevens, M. Cain, M. Stewart,
Optimisation of interdigitated electrodes for piezoelectric
actuators and active fibre composites, Journal of
Electroceramics, 269-263 (2006) (4)16.

[12] C. Mo, S. Kim, W.W. Clark, Theoretical analysis of energy
harvesting performance for unimorph piezoelectric
benders with interdigitated electrodes, Smart Materials
and Structures, 055017 (2009) (5)18.

[13] R.R. Knight, C. Mo, W.W. Clark, MEMS interdigitated
electrode pattern optimization for a unimorph
piezoelectric beam, Journal of electroceramics, (4-1)26
22-14 (2011).

[14] M. Kim, J. Dugundji, B.L. Wardle, Effect of electrode
configurations on piezoelectric vibration energy
harvesting performance, Smart Materials and Structures,
045026 (2015) (4)24.

[15] S. Du, Y. Jia, S.-T. Chen, C. Zhao, B. Sun, E. Arroyo,
A.A. Seshia, A new electrode design method in
piezoelectric vibration energy harvesters to maximize
output power, Sensors and Actuators A: Physical, 263
701-693 (2017).

[16] S. Lee, B.D. Youn, A design and experimental
verification methodology for an energy harvester skin
structure, Smart Materials and Structures, (2011) (5)20
057001.

[17] A. Erturk, PA. Tarazaga, J.R. Farmer, D.]. Inman, Effect of
strain nodes and electrode configuration on piezoelectric
energy harvesting from cantilevered beams, Journal of
Vibration and Acoustics, 011010 (2009) (1)131.

[18] S. Lee, B.D. Youn, B.C. Jung, Robust segment-type energy
harvester and its application to a wireless sensor, Smart
Materials and Structures, 095021 (2009) (9)18.

[19] C.J. Rupp, A. Evgrafov, K. Maute, M.L. Dunn, Design

yyig



YYEE B YYFY docio NFre Jlo o&F ojled @Y 093 (pS pool Sl cuwdines 4y i

tetragonal BS-PT ceramics in electric poling and thermal 556-549 (2017).

depoling processes, Journal of Materials Chemistry C, [30] J. Wu, X. Gao, Y. Yu, J. Yang, Z. Chu, A.A. Bokov, Z.-G.

4526-4517 (2019) (15)7. Ye, S. Dong, Quantitative studies of domain evolution in

w2 gyl dllio (n) 4 S
A. Assadi, M. Gandomkar, Variable distance interdigitated electrodes design to improve the
performance of cantilever piezoelectric thin films nanogenerators, AmirKabir J. Mech Eng.,
53(4) (2021) 2347-2366.

DOI: 10.22060/mej.2020.17962.6694

Aat






