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Modeling and analysis of a MEMS piezoelectric (PZT-Lead Zirconate Titanate) unimorph
cantilever with different substrates are presented in this paper. Stainless steel and Silicon (110)
are considered as substrate. The design is intended for energy harvesting from ambient vibra-
tions. The cantilever model is based on Euler—Bernoulli beam theory. The generated voltage and
power, the current density, resonance frequencies and tip displacement for different geometry
(single layer and array structure) have been analyzed using finite element method. Variation of
output power and resonant frequency for array structure with array elements connected in
parallel have been studied. Strain distribution is studied for external vibrations with different
frequencies. The geometry of the piezoelectric layer as well as the substrate has been optimized
for maximum power output. The variation of generated power output with frequency and load
has also been presented. Finally, several models are introduced and compared with traditional
array MEMS energy harvester.

Keywords: PZT; MEMS; energy harvester; vibration; cantilever.

1. Introduction

Development of efficient methods for extracting unused energy from ambient sources
to replace chemical cell in micro-power autonomous system is a growing research
activity. The rapid growth of micro-systems and its implementation in wireless and
autonomous sensors accelerate research in such fields. The mechanical vibrations are
found abundantly in our surrounding.! Conversion of this vibrational energy into
usable electrical power is achieved by three means: electrostatic, electromagnetic and
piezoelectric.? Piezoelectric method is considered to be more efficient than other two
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mechanisms because of its high electromechanical coupling effect, self-generating
nature and capability of generating power in the range of yw to mw.? The advent of
MEMS fabrication process and recently introduced NEMS provide an efficient way
to achieve fabrication of piezoelectricity based micro energy harvester. Studies on
various designs of MEMS piezoelectric energy harvester have been reported in Ref. 4.

A simple model of piezoelectric energy harvester has been reported in Ref. 5. The
model is based on the mass-spring system and the outcome shows the dissipation of
power affected due to damping of the system. Shen et al.® successfully fabricated a
unimorph PZT cantilever generator that can generate 2.15 W from vibration with a
magnitude of 2¢g (g =9.81ms~2) at a resonance frequency about 461.5 Hz. Fang
et al.” used nickel metal mass to tune the resonance frequency at about 608 Hz, which
generates 0.89 Vpeak—peak. Lin et al.® constructed a PZT (MEMS) harvesting device
of micrometer size based on silicon and stainless steel substrate. The device, based on
stainless steel has maximum output power of 34 uW with 1.5 g, however, PZT layer
based on silicon provides 21 W power at 1.5 g. Most of the energy obtainable from
such devices lie around the resonant frequency.”’ Liu et al.'” investigated array of
piezoelectric cantilevers with different proof mass. Liu et al.,'! fabricated and sim-
ulated array of PZT patterned on the cantilever and connected in parallel and series
with low operating frequency and the result shows more power generated in the
parallel connection.

The design and development of different models based on MEMS energy harvester
with PZT as a piezoelectric material is presented in this work. The models are
compared in single PZT prototype and array of PZT based on stainless steel and
silicon (110) material as substrate. The models are simulated and analyzed using
Finite Element Method (FEM). The models are also simulated repeatedly to opti-
mize the best geometry and dimension for obtaining maximum power. The depen-
dency on other parameters like strain, variation of resonance frequency as well as
behavior of current density in piezoelectric material has also been reported.

2. Problem Formulation

The constitutive relation of a piezoelectric material can be expressed by the following
equations

Dy =dy T} + goe 3 B3, (1)
& = SﬁTl +ds B, (2)

where & and T) are the strain and stress vectors along the length of a piezoelectric
material. D3 and F5 denote the z-coordinates of the electric displacement and electric

field, respectively. The ds; and eyel; are the piezoelectric constants and electrical

permittivity whereas s} specifies the component of compliance under constant
electric field.
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By considering (1) and (2), mechanical stress is found to be a function of electric
displacement. Therefore, electric displacement affects the movement of charge on the
piezoelectric plate. The electric field will be created across the top and bottom
electrodes in the thickness direction due to the mechanical strain on the piezoelectric
material. In case of piezoelectric cantilever vibration the electrodes can be coupled
with load resistances from zero to infinity, i.e., from short circuit to open circuit.

The short circuit and open circuit conditions can be calculated by assuming
E; =00r D3 =0in (1) or (2). When D3 = 0 we have infinite value of load resistance
connected across piezoelectric electrodes.'? For the estimation of the short-circuit it
is assumed FE5 = 0.

Here, (3) is the Euler-Bernoulli relation for the proposed model.'* The direction of
external force is along the z-direction where c,;, is the air damping coefficient, cyqi, 1S
the strain of material damping coefficient and YT is equivalent bending stiffness.

Otu(z,t) O5u(z,t) Ou(x,t) 0?u(z,t)
YI=gpt TG =5 agy T a5 T 50
02uy(x,t)
= —[m +mé(z —1)] o (3)

¢ is the Dirac delta function. The forcing term due to external damping is neglected
in this model.

wy(x,t) = g(t) + zh(t), (4)

uy(z,t) is the base displacement given by (4) where g(t) is the translation in the
z-direction and h(t) is the rotational displacement which is neglected in this model,

so h(t) = 0.
The forcing function may be expressed as
o%(t) [’ 9%g(t)
1) =-m| %8 [ v @ras] - mv, ) 242 ®)

where u(z,t) is the lateral position of the beam from the center which can be
determined as

u(a,t) =Y U, (2)T,(t). (6)
n=1
The vertical displacement of the clamped-free beam with respect to time for the nth
mode is obtained as

mw? — jw Cyiy o l

T,(t) = (7)

w721 —w? + J2 gnwnw m E 7

where the total damplng ratio is En = £Stmin + fair, gStrain = strain-[wn/zyj and
gair = Cair/2mwn‘
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When damping is neglected in (3) the modified Euler-Bernoulli relation can be
expressed as
01U, ()

et kErU(z) =0. (8)

The following boundary conditions are considered for the system as z = 0, u(0,t) =

0, [6”{()?”}1;:0 =0andatz=1: [YI —%;yg’t)} —_ [YI —au;ﬁ’t)] _ 0

U,(z) = C,[cos(k,z) — cosh(k,z) + o(sin(k,z) — sinh(k,z))], (9)
sin(k,l) — sinh(k,1) + (k,1) % (cos(kyl) — cosh(k,1))

o (10)

" cos(,l) + cosh(k,1) — (k1) % (sin(k,l) — sinh(k,1))

where k, is the wavenumber in spatial coordinate, k& = mw? /YT, k,l = v,, m =
ppty + psts and my = p,.t,,, m and m, is the mass per unit length where p,, p;,t, and
t, are the densities of the piezoelectric material, substrate, the thickness of piezo-
electric layer and substrate, respectively. m;/m is a dimensionless parameter which
gives the proof mass to beam mass ratio.

By considering (7), (8) and (9), one can obtain the relative tip displacement for a
harmonically excited beam with a proof mass attached to its free end as

u(z,t) = 2w? A cos(wt) Z[cos(knx) — cosh(k,z) + o(sin(k,z) — sinh(k,x))]
n=1
mw? — jw ey, o l

w% - w2 + ]2 Enwnw k_nl E .

2.1. Cantilever resonance frequency

The resonant frequency of MEMS cantilever depends on the structure of the
cantilever and the type of the material which can be represented as'?

(12)

Here v,, is the nth mode eigenvalue withn = 1,2,3,...and v; = 1.87, vy = 4.69,v5 =
7.85 and so on.

For negligible thickness of the electrode layers, the stiffness depends on the
thickness of the substrate and piezoelectric layer. Moreover, tip displacement and
beam deformation are reduced in bulky multilayer.

The appropriate neutral axis point for composite two beams can be expressed by

WeleZs + NWpty2,
Wty + Newpyt,

(13)

z =

1750128-4



JCIRCUIT SY ST COMP Downloaded from www.worldscientific.com
by Mr. Siamak Mir Shahi on 02/28/17. For personal use only.

Modeling and Analysis the Effect of PZT Area on Square Shaped Substrate

It is obvious from Eq. (13) that if the substrate thickness is zero, the neutral axis lies
in the middle of the piezoelectric layer. This creates equal and opposite strains on the
top and bottom surface of the piezoelectric layer. This condition results in perfect
charge cancellation inside the piezoelectric layer and power generated will be zero.

When the thickness of the substrate increases, the distance of the neutral
axis moves gradually out of the piezoelectric layer. This causes unequal strains on the
surfaces of the piezoelectric layers, hence, a net charge appears across the layers. If
the substrate is relatively thicker, then the total deflection of the beam will be
reduced which will cause less charge generation. So, for maximum charge generation,
the thickness of the substrate needs to be optimized. Here z is the neutral axis
position of the beam (Fig. 1) and z,, 2, are the heights of the centroid in substrate
and piezoelectric layer, respectively, i.e., z, = (t;/2) + t, and z, = t,/2.

The Elastic modulus of the PZT (E},) and Elastic modulus of the substrate (Ej,)
are written as

E,=E,(1-v,), (14)
E, = Es(l - US) ) (15)

where E,, E,,v, and v, are piezoelectric Young’s modulus, substrate Young’s
modulus, piezo Poisson’s ratio and substrate Poisson’s ratio, respectively.

The ratio of Elastic modulus is 7, = Ej,/Ej. The equivalent moment of inertia of
the composite beam (I) about the neutral axis can be represented as

3 3
w,t w,ty
_ pP"p =\ 2 sls —\2
I= 12 +wyt,(z, — 2)° + T—F wety(z, —2)°, (16)
w
_j_
tp(PZT layer)
it Zp
[
Neutral axes
Zy
I5(Silicon=110>
or Stainless-
steel layer) 7
z
/ - \

-

Fig. 1. Schematic of neutral axis position in cantilever beam.
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where w, and wy are the width of PZT and substrate layer, respectively. Thus, the
flexural rigidity of the composite beam is expressed as
t3 t
VI = Epwptp[(zp —2)? +1—g] + Eyw,t, [(zs -2z)° +1—;]7 (17)

The strain distribution in a multilayered piezoelectric sheet in terms of elastic
modulus of the composite beam is written as

0%u(x,t

2.2. Voltage and power generation

The z component electrical displacement Ds, can be represented as'*

0%u(x,t)

D3 == d31 EPW

(2 - Zp) : (19)

By applying Gauss’s law on rectangular geometry, total stress-induced charge Q,),
created on the top and bottom of the piezoelectric surface during vibration and can
be expressed as'®

by pw, by pw, 2
Q,= / / Dydady = dyy E, / / [% (z - zp)} dedy,  (20)
0 Jo 0o Jo €z

Q b [92u(x,t)

Here g, is the stress-charge with respect to surface where « is a correction factor that
resulted from FEM simulation. It is a summation of all stress charges generated in
piezoelectric layer. T is the amplitude of beam vibration.

The capacitance C, of the active layer can be expressed as

w,l

Cp = Eo€§3 (22)

P

Open circuit voltage across the electrodes of piezoelectric layer can be expressed by

Q, t b T2u(x, )
Vie="-2L=dyE,—2 — — 2 (z— dxdy . 23
oc C, 31 pwplp50553 /O /0 o2 (Z zp) €ray ( )

For maximum power transfer, piezoelectric impedance |Z,| is

1
Z,| = —F—= = Rroua -
| p| 27Tf7,0p Load
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The current I; at the load due to harmonic oscillation is given by

Vo

I =——c
L=z, + 7,

(25)
where Z, and Zj, are considered as complex impedance of the piezoelectric capacitor
and connected load, respectively.

For an array of n piezoelectric elements the load voltage V; and load power P
across a load of z;, is expressed as

Z

V=g —
—Z,+ 7,
n

nVye, (26)

_ V_I? _ (n‘/:)c)ZZL

p=—L—__ Tl 7L
Z, /1 2
~Z,+ 7
n

(27)

3. Design and Construction

The unimorph structure of the cantilever with a single piezoelectric patch and array
of piezoelectric patch are shown in Figs. 2(a) and 2(b). All models consist of a bulk

Thickness

Fig. 2. (a) Single Piezo patch (SPP) (b) Array Piezo patch(APP) for different design (c) cross-section of
design(1) (d) cross-section of design(2).
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Table 1. Dimension parameters used for the simulation and analysis.

Cases (I x w x t) number Resonance Frequency (Hz)
of array based on S-s or Si

Substrate Proof mass
(I xwxt) Case S-s Si (I xwxt)
& Casel =
=~ e Array Piezoelectric patch(APP), 164 396 = =
= g (8000 pm x 600 pm X 25 pm)10 - 5
g8 e Single piezoelectric patch (SPP), 178 422 g §
= X (8000 pm x 8000 pm x 25 pm) = X
@ § Case2 % g
°s e Array piezoelectric °=s
s Patch (APP), 132 332 & B
= é (1600 pm x 600 pm x 25 ym)10 = é
% i e Single piezoelectric patch (SPP), 137 345 % 3
;v; § (1600 rm x 8000 pm x 25 ym) E) §
R i)
‘3 ‘3
ey =
0 n

Lead Zirconate Titanate (PZT) in ds; mode. The thickness of the electrode layers
are very thin, so their geometrical effects are ignored in the model. In the first
design, stainless-steel is considered as substrate, tungsten as proof mass and PZT is
used as piezoelectric material as shown in Fig. 2(c). In the second design, Silicon
(110) is used for both substrate and proof mass and PZT is used as piezoelectric
material as shown in Fig. 2(d). All the structures are optimized at their resonance
frequencies. Details of the structure and first frequency modes are given in Table 1.
Mechanical and electrical properties of the beam are given in Table 2. One end of
the cantilever is fixed and constrained to the vibrator Aycos(wt) with low acceler-
ation (1g).

Table 2. Material property used for optimization and analysis.

Mechanical and electrical

properties PZT5H  Si(110)  Stainless-steel =~ W (Tungsten)
Density (Kg/m?) 7,500 2,330 7,850 19,350

E (GPa) 62 169 200 400
Poisson’s ratio 0.27 0.064 0.29 0.28
Piezo.coefficients d3; (C/N) —274 — — —
Piezo.coefficients dz3 (C/N) 650 — — —
Piezo.coefficients d;5 (C/N) 741 — — —
Constant stress dielectric £1; 3,130 — — —
Constant stress dielectric 99 3,130 — — —
Constant stress dielectric 33 3,800 — — —
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4. Results

Figures 3(a)-3(d) show the output voltages (peak to peak) of APP(Casel), APP
(Case2), SPP(Casel) and SPP(Case2), respectively for both designs. Cantilevers
are simulated as per the mentioned geometry at resonance frequency and the load
impedance is considered to be 300k). APP(Case2) has a peak-voltage of 2.33V
which is higher than the other structures. In addition, the voltage generated
in APPS-s(Case2) is more than that of the APPSi(Case2) which is true for other
three geometries also.

/—— Stainless-steel, 164Hz| —— Stainless-steel , 132Hz
APP(Casel) |— Silicon<110>,396Hz APP(Case2) —— Silicon<110>,332Hz
15 3 -
1.04 2
s =
‘g 0.5 E 1
5 32
° ]
> >
T 0.0- o 04
o
g g
@ @
§ 05+ S -4
o (L]
1.0 4 2
1.5 T T T T T 3 T T T T T
0.00 0.0 0.02 0.03 0.04 0.05 0.08 0.00 0.01 0.02 0.03 0.04 0.05 0.0
Time(s) Time(s)
(a) (b)
—— Stainless-steel, 178Hz| — Stainless-steel , 137Hz
SPP(Casel) —— Silicon<110>,422Hz SPP(case2) —— Silicon<110=>, 345Hz
1.5 3
1.0 4 24
s s
& 05- 5 14
£ P
[ o 4
> >
g 0.0 'g 0
B g
@ @
S 05 s 4
(U] (U}
1.0 -2
1.5 —_—— T ' T — -3 T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 0.06
Time(s) Time(s)
(c) (d)

Fig. 3. (a) (b) (c) and (d) are transient analysis of APP(Casel), APP(Case2), SPP(Casel) and SPP
(Case2), respectively.
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4.1. Load impedance analysis

Figure 4 shows the variation of power with load for all structures as shown in Fig. 2.
The output power has a maximum value of 32.1 W for SPPS-s (Casel) and 25.7 yW
for APPS-s(Casel). The detailed findings are presented in Table 3. The load resis-
tance for maximum power is different for different geometries which establishes
Egs. (22)—(25). The power generation in APPSi (Case2) (10 PZT connected in
parallel), decreases because of deflection in Silicon (110) as well as electromechanical
coupling of PZT and Silicon. Figure 5 shows width optimization for array element
over a fixed substrate area where power increases to 34.8 W at 750 um width which
is more than SPPS-s(Casel).

4.2. Investigation of output power for array of piezoelectric patch
connected in parallel

The variation of output power with excitation frequency at a fixed load of 300 k{2 for
APPS-s(Case2) is shown in Fig. 6 with piezoelectric elements connected in parallel. A

40
1 = =— APPS-s(Case2)
35 = = = APPS-s(Case1)
—--=APPSi (Case2)
a4 —— SPPS-s(Case1)
E' 25 — - — SPPS-s(Case?2)
=
[~
o 20
s
<]
& 45
10 N
5 L Bk
0 T T ¥ T Y T Y T ¥ T T T —
0 100 200 300 400 500 600 700

Load resistance [KQ]

Fig. 4. Power delivered to the load for different samples.

Table 3. The maximum power extracted at optimum load resistances for different PZT geometry.

Geometry Load impedance (k§2)  Resonant frequency (Hz)  Voltage (V,)  Power (uW)
APPS-s(Casel ) 20 164 0.716 25.7
APPS-s(Case2) 120 132 1.46 17.8
SPPS-s(Casel) 17 178 0.73 32.1
SPPS-s(Case2) 110 137 1.43 18.8
APPSi(Case2) 51 332 0.63 7.9

1750128-10



JCIRCUIT SY ST COMP Downloaded from www.worldscientific.com
by Mr. Siamak Mir Shahi on 02/28/17. For personal use only.

Modeling and Analysis the Effect of PZT Area on Square Shaped Substrate

— Width of PZT in APPS-s(Case1)=750um ‘

40
J 180+ I Cutput power I Resonant frequency
38 = Bl
4 %E 160
ws
30 - 150
il [ —— 450 550 650 750
'E' 25 - E 34 4
= ] w2
- 2 %
o 20 4 a
2 =
o 1 5 %
o
m 15 -1 i 350 450 550 650 750
i Width of PZT array [um]
10
5 -
0 v T v T v T T T T T T T T
0 100 200 300 400 500 600 700
Load resistance [KQ]
Fig. 5. Optimal width for array piezoelectric energy harvester.
- A= = 2=-=3f----4]---- 5]—]
20
j Cpr+Cpz 4 Cpe
18 <
16 4
E 14 4
=12 -
o
2 10 -
o
8 -
6 -
4 -
2 o
0 T T T T
40 80 120 160 200 240 280

Frequency[Hz]

Fig. 6. Power against frequencies for number of PZT elements connected in parallel.
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shift of the resonant frequency toward higher side is observed as the number of
piezoelectric elements connected in parallel increase. It is also observed that power
increases gradually with the number of elements connected in parallel and remains
constant after an optimum value, as shown in Fig. 6. This variation is in conformity
with Eq. (27). This shift of the resonance frequency is due to the effect of electrical
stiffness and electrical damping of PZT, which can be explained on the basis of the
equivalent lumped model of PZT as shown in Fig. 7 with the dynamic equations as

Mii+ C i+ Ku—0v=—Ayw? cos(wt) , (28)
Q=0u+C,v, (29)
where M =m0 + (1/3)m,, is the approximate effective of mass, C,, is the me-

chanical damping part, K, and ) are the mechanical stiffness electric charge, re-
spectively. The coupling coefficient (6) of rectangular PZT patch can be expressed as

0= E,dy 2, // {‘92 }d dy . (30)

The electrical damping is given as

K2 ¢

@
w’fb

Here K is the electromechanical coupling coefficient and K? = 0/K,,(nC,). ¢ =
w, ZnC), is a dimensionless factor for time constant, w,, is the natural frequency of

£ = 31)

the system. The electrical stiffness (K;) is represented by

w 2 2
we( (5)
Ky =5 w“’"f . (32)
e
wn

The value of ¢ increases with the number of PZT elements connected in parallel.

o

S

&

]
t‘cm

Ag cos(wt)

e

rd rd

Fig. 7. 1D lumped model of APP.
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4.3. The analysis of strain

Figures 8(a) and 8(b) show the variation of strain with axial beam length obtained
by simulation for SPPS-s and SPPSi, respectively for Casel, whereas (c), (d) are
those for SPPS-s and SPPSi, respectively, for Case2. A section of a two-layered
cantilever/piezoelectric laminate is considered and simulated in frequency domain.
From Fig. 8, it is observed that when resonance frequency matches with natural
frequency, then strain distribution as well as tip displacement reaches maximum
value along the length. Strain created over the upper plane of the cantilever is
dependent on tip displacement. By comparing all the strain distribution observa-
tions, it can be realized that SPPSi for Case2 is stiffer than the other samples, this is
because of the material property of silicon.

107 7 - :
| o 1 5
ol p/u\_\ —— 58 Hz, Tip displacemant=42(um] 0® F : : : : : : : =
d I ,/_\"\\

—@— 98 Hz. Tip displacement=54[um] =¥~ 302 Hz.Tip displacernant=20(jam]

—o— 138 Hz.Tip displacement=B6lum] | | —0— 342 Hz.Tip displacement=26[jam]

—o— 178 HzTip displacement=137[um] | | 25 —o— 382 Hz.Tip displacement=36[jzm]

—4— 218 Hz.Tip dsplacement=66{wm] || Ty —s— 422 HEL.Tip displacement=43(jam]

—&— 258 Hz.Tip diplacemant=33{em] || N —4— 462 Hz.Tip displacernent=31[jsm]

—— 298 Hz.Tip displacement=21[pm] |, 1.6 ~@— 502 Hz,Tip displacerent=21[jam]
1) == 542 Hz.Tip displacerment=14[jzm]

7

Strain

Strain
- ks

04

0 1000 2000 3000 4000 5000 6000 7000 8000 00 1000 z000 3000 4000 S000 6000 7000 500
Beam length [um] Beam length [jsm]
(a) (b)
wt g L = i . 107 S : 3 . z -
3 4 " —#— 17 Hz.Tip displacernent=67[um] 9 == 225 Hz.Tip displacement=31{pm] H
28 | \ —8— 57 HLTip displacemant=79[jsm] I —@— 263 Hz.Tip displacement=41[pm) |{
16 =—#— 97 HZ.Tip displacement=123{um] | 8- —a— 305 Hz.Tip displacement=60{um] |1
341 \ —a— 137 Hz,Tip displacement=270(um] ! : —a— 345 Hz,Tip displacement=75{um] ||
5 'l —4— 177 Hz. Tip displacement=31[um] T = 385 Hz.Tip displacement=50{um] |
12 \\ —8— 217 Hz.Tip displacemant=43{um] [ t . —g— 425 HZ.Tip displacemant=31{um] [|
2t Y —p— 257 Hz.Tip displacament=26{pm] | 3 —@— 465 H2.Tip displacement=21[ym] 1
I8 " I !
16! \ g 5]
& qal ] & |
1.2 )
1 3
08 [
0.6 z
04 - I

Fig. 8.
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4.4. Transient and frequency analysis

The deflection of the beam along the length (z-axis) for all points continuously over
the surface of the substrate is shown in Fig. 9. The curve is obtained by a transient
time analysis where the beam reaches the maximum deflection toward upward di-
rection. For sample (1), APPS-s (I, = 8000 um) deflection is maximum as compared
with other samples. However, for APPSi(l, = 1600 ym), the magnitude of dis-
placement is minimum. This is because of the effect of mechanical properties of
substrates and density of proof mass.

Figure 10 shows the distribution of current densities for different structures with
stainless-steel material as a substrate. It is observed that the maximum current
density is generated near the fixed end of the beam. The stress charge distribution as
presented in (21) is directly related to the current density. In the location of proof
mass, stiffness is higher which provides minimum current density. Current density in
SPP and APP (Case2) is around 40% lesser than SPP and APP (Casel) at high
stress charge concentration area. The output power, resonant frequency and tip
displacement variation are investigated by optimizing the area of PZT keeping the
substrate area constant (8,000 x 8,000w)um? and with the condition = w.
The maximum output power is achieved at 0.25 PZT /substrate ratio Fig. 11(a). The
maximum power is obtained when PZT impedance matches with the load imped-
ance. Additionally, resonance frequency and tip displacement trend increases and

— ; S
1.APPS-s| 2.SPPS-s/~ = = = 3.APPSi| 4.APPS-s = 5.5PPS-s

180
160-.
140-
120
100-.
80-

60 -

Beam deflection [um]

40 4

x T . T . T X T v T Y T Y
0 1000 2000 3000 4000 5000 6000 7000 8000
Beam length [um]

Fig. 9. (1,2,3,4-5) is the analysis of bending displacement (1.APPS-s, 2.SPPS-s and 3. APPSi, respectively
for Casel whereas 4. APPS-s, 5.SSPS-s, respectively, for Case2).
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Fig. 10. Simulation result of current density of different PZT geometry.

decreases, respectively for increasing PZT area. Figure 12 shows result of maximum
power in SPPS-s and APPS-s at the same ratio of area (0.25) is 48.5 uW at 148 Hz
and 43.85 uW at 153 Hz, respectively.

The variation of resonant frequency, tip displacement and output power with
beam length for constant proof mass length and PZT length of 1600 ym is shown in
Fig. 11(b). Maximum power is achieved when the substrate length is three times that
of [,. The frequency is maximum when (I —[,, —1,) is minimum which makes the
ratio 1,/(l —1,,) equal to unity keeping the thicknesses and proof mass constant.
Resonance frequency increases with the decrease in I (Eq. (12)) as the stiffness of the
composite cantilever increases.'? In addition, the power output of the harvester

—y— Resonant frequency —e— Displacament —8— Output power “ —t— Frequenty —@—Displncoment —8— Dulput powar
s 4 = k250 | 180 w] L oo |49¢
40 F240 Lo 2] [0 a0
g s el 2 T £ . [™ Lo 7
il 32 bas E
P - 200 ) n =
= wm[™EF o [0 §
RLE - —
il 4 b §5 & Ll 2
3 160 §x F Fan @ 3
£ 29 wo [0 § & 12 ad
O a Rt ]
1 L1zo [120 9 -
o 4 L 100 110 & Lo [0
3 o
s T T T T 80 Laoo y i v
o 02 04 06 08 1.0 0z 03 0.4 s 13 0T o8 o9 10
PZTISPPS-5 area ratio[-] 1,/ (1 = Ly,) ratio [-]
(a) (b)

Fig. 11. FEM simulation for power, resonance frequency and displacement at 1g, versus (a) PZT/SPPS-s
area ratio (b) PZT/Stainless-steel length ratio.
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Fig. 12. Transient analysis of power when PZT /substrate area ratio is 0.25 for SPPS-s and APPS-s.

depends on centroid strain. By increasing the length, the position of centroid can be
changed over the substrate.

Figure 13(a) illustrates the output voltage and resonant frequency as a function of
PZT length over fixed substrate length. From the figure, it can be seen that the
voltage and frequency response do not change uniformly with the length of PZT
layer. It is found that the open circuit voltage increases with the length and reaches
a maximum and then decreases. The maximum open circuit voltage is obtained at
PZT length of 1.6 mm and the resonant frequency is maximum at 4.0 mm as shown in
Fig. 13(a) for SPPSi. However, in Fig. 13(b) SPPS-s the maximum values are
obtained at 3.2mm and at 4.4 mm for open circuit voltage and resonant frequency,

respectively.
- == Cutput volage[V]
:-%:«m;:m}:jxﬁndl —‘-l‘!ew..vﬂ‘.nmnc“h(]l
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Fig. 13. Simulation results for variation of frequency and voltage for open circuit analysis when in-

creasing the length of the PZT over cantilever (a) SPPSi and (b) SPPS-s.
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4.4.1. Array patch optimization (To enhance the power of the design the array patch
optimization has been carried out)

Table 4 involves the design optimization of six APPS-s geometric (model 1-6) where
the original width of the array geometry is set to 750 pm on stainless steel substrate
and tungsten as proof mass integrated with the cantilever. Table 5 includes models
(APPSi) with same PZT element arrangements designed according to Ref. 9. The
model 1 in Table 5 is designed with approximately equal dimension to the original
dimensions. The PZT array pattern is fabricated on silicon substrate and uses the
same material as proof mass. The width of the array is 240 ym and length rear-
rangement is given in Table 4. The power density comparison is shown in Fig. 14(a)
for all models it is shown in Tables 4 and 5.

From Table 5, it is observed that the output power increases from 0.0133 uW to
0.0157 uW (model 1 and 3), which means an increase of about 18.04% as compared to
the original design in Ref. 9 at 0.1 g acceleration. The volume of the device gets
reduced from 10.22 mm? to 10.21 mm3. The resonant frequency shifted from 35.13 Hz

Table 4. Optimum APPS-s models by considering w, = 750 ym.

Design of array and optimal Effective fn Power  Power density
design variables Volume

Model1

11.14 180.6 38.2 3.43
Length Ly =Ly =1,
(um)
Model2

12.12 1744 36.5 3.01
Length Ly =Ly =Ly
(um) 8000
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Table 4. (Continued)

Model3

11.03 1509 41.45 3.75
Length Ly Ly Lys Ly Lys Lys Ly Lys Lyo Lyio
(um) 4401 3912 3423 2934 2445 1956 1467 978 489 9
Model4 o

11.26 1718 395 3.50
Length Ly Ly Lys Ly Lys Lys Ly Lys Lyo Lyio
(um) 2445 2934 3423 3912 4401 4401 3912 3423 2934 2445
Model5 —

11.26 1713 385 3.41
Length Ly Ly Lys Lya Lys Lys Ly Lys Lyo Lyio
(um) 4401 3912 3423 2934 2445 2445 2934 3423 3912 4401
Model6

11.26 1714 38.8 3.44
Length Ly Ly Lys Ly Lys Lys Ly Lys Lyo Lo
(um) 4401 3912 3423 2934 2445 4401 3912 3423 2934 2445

to 31.33 Hz in accordance with the change in volume of the device as stated earlier.
Model 3 shows the highest power density as compared to five different models in both
APPS-s and APPSi. However, APPS-s cantilevers have better performance than
those based on silicon in Ref. 9.
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Table 5.  Optimum APPSi models by considering w, = 240 ym.

Effective
Volume

Design of array and optimal
design variables

Power density

Ref. 9
10.23  35.13  0.0133 0.13
Length
(um)
Model2
10.26  36.81 0.0088 0.085
Length
(um)
Model3
1021 3133  0.0157 0.154
Length Ly Ly Lys [ Lys Lye Ly Lys Ly Lo1o
(um) 3259 2897 2535 2173 1811 1448 1086 724 362 72
Model4 .
.-"’/'/ \\\-.
- == \\\
/"" ~ >
: )
// = //,::""‘
‘ / i 1022 3397 0.0156 0.152
. é” =
Length L,y Ly Lys Lys Ls Ls L, Ls Lo Lo
(nm) 1811 2173 2535 2897 3259 3259 2897 2535 2173 1811
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Table 5. (Continued)

Model5 e
—— \\
o
% N
/ \\\ 10.22  33.16 0.0156 0.152
ngth lpl lpZ lp3 lp4 lp5 lp6 lp7 lpg lpg lplO
(km) 3259 2897 2535 2173 1811 1811 2173 2535 2897 3259
Model6
10.22 3396 0.0157 0.153

Length L, L L Lr s Le L, Ls  Ls L
(um) 3259 2897 2535 2173 1811 3259 2897 2535 2173 1811

The optimal model (Model-3) shows an 8.5% improvement in terms of power
output as compared to model 1 (APPS-s). In the designs (as shown in Tables 4 and 5)
the generated power is different due to different strains on PZT and substrate layers.
Figure 14(b) shows the average surface strain distribution, where the strain obtained
between PZT and substrate along the width and length of all arrays assuming 100
bin split between PZT and substrate interface in FEM. From Fig. 14(b) it is clear
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w
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Fig. 14. The various array model of APPS-s, APPSi versus (a) Power density (b) Average strain

distribution.
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that model 3 gives the highest value of average strain distribution as compared to
other models available in Tables 4 and 5. This justifies that the maximum average
strain distribution provides maximum charge on piezoelectric. The average strain in
model 2 for APPS-s is 129% less than that in model 3; which is 201% for APPSi. The
average strain distribution is related to the power output in each model.

5. Conclusion

In this paper, designing, modeling, analysis and optimization of different structures
of piezoelectric energy harvester with different substrate material has been explained.
The FEM is used to validate the model based on Euler-Bernoulli beam theory.

When the number of elements of PZT patch, connected in parallel fashion
increases, power increases steadily and the rate decreases with higher numbers of
elements. It is found both in simulation and in the analytical model that the resonant
frequency shifts toward higher side with number of elements. Power increases with
decreasing space between the array elements or increasing the width of the array
elements, which is advantageous than a single piezoelectric patch. The arrays pro-
filed on stainless-steel and silicon cantilever are optimized for getting maximum
power density. This will reduce the cost of the prototype harvester. This type of
optimization has not been reported so far.

This work establishes the dependence of power output on the ratio of the
PZT area over the constant substrate area for both SPPS-s and APPS-s cantilevers
(Fig. 11).

From the strain distribution analysis (Fig. 8), it is concluded that the strain on
the beam is dependent on both material of the substrate and geometry of PZT.'® The
variation of tip displacement for different excitation frequencies have been reported.
In future work, it the bandwidth of MEMS energy harvester will be tried to optimize
which is an important factor to capture energy in a wide range of ambient vibrations.
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