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Abstract ; To improve the efficiency of MEMS piezoelectric vibration energy harvesters (PVEHs) , the bulk lead zirconate titanate
(PZT) has been used to substitute the thin film PZT for the higher mechanical-electrical coupling coefficients. The expensive e-
quipment of micromachining set a high entry barrier on the research of PVEHs with high efficiency. To solve this issue, this paper
developed an efficient PVEH with bulk PZT using common precision machining, whose dimensions and electrical outputs are
comparable to the MEMS devices. After numerically analyzing the effects of the length ratio of the proof mass to the harvester on
the output power, a compact PVEH consisting of a cantilevered uni-morph and a tungsten proof mass was designed. Simulations
show that the mechanical damping ratio and the thickness have little effects on the optimized length ratio. By using a uni-morph
with the copper structural layer of about 80-90pm and the bulk PZT-5H layer of 139um, a low-cost harvester prototype was as-
sembled. The key parameters of the prototype were experimentally identified and compared with the theoretical predictions. Under
the harmonic base excitation of 0.4g (where g = 9.8m/s>) at 160 Hz, the maximum output power of the prototype is about 76.
7uW, with the normalized power density of about 3.35mW/cm’/g”. Under base excitation of 0.4g at 159Hz, the prototype
charged a 680WF capacitor from O to 4.84V in about 154 seconds.
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1 Introduction

Vibration energyharvesters ( VEHs) converting
ambient vibrations into electricity receive growing at-
tention in recent years. Compared with traditional
chemical batteries, VEHs possess such advantages as
long lives, maintenance-free and pollution-free,
making them good substitutes of batteries as the
power sources of wireless sensor nodes. A large

[1-6],

number of piezoelectric electrostatic' ™ * | elec-

’

%190 " and triboelectric'" "> VEHs have

tromagnetic'
been developed. Among these harvesters, the piezo-
electric vibration energy harvesters ( PVEHs) attract
most attention for the simple structure, easiness of
miniaturization and high power density'"*"*'"
Micromachining has been used to fabricate
MEMS PVEHs to reduce the volume and improve

the power density '

. By using aluminum nitride
(AIN) as the piezoelectric film and silicon as the

proof mass, Andosca et al.''" developed a PVEH of

6mm X 8. 375mm using a standard micromachining
process, which produced a peak power of 32uW un-
der 0.5g ( where g¢=9.8m/s”) at 58 Hz, with the
normalized power density (NPD) of 9.039mW/cm’
g”. As the mechanical-electrical coupling coefficients
of the bulk piezoelectric materials are much higher
than those of the thin films, bulk lead zirconate ti-
tanate (PZT) film have been used to improve the e-
lectrical output of PVEHs recently'"®*"- Aktakka et
al.""®' developed the first MEMS energy harvester in-
tegrating a bulk PZT piezoelectric layer by using a
process involving aligned solder-bonding and
thinning of bulk PZT pieces on silicon. The device
with a silicon proof mass generates 0.15uW output
under 0.1g at 263Hz, with NPD of 1.215mW/cm’/
g”. Then, the output performance was greatly im-
proved by using tungsten to substitute silicon as the
proof mass''”’. A harvester with the size of 7mm X

7mm produces 2.74pW under 0.1 g at 167 Hz, and
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205uW under 1.5g at 154 Hz, with NPD of 10.
148mW/cm’/g”. 1.”*" reported a
process to fabricate MEMS PVEH with bulk PZT
layer. The experimental NPD of a device with the ar-
ea of 11.5mmx10.8mm is 3.346mW/cm’/g” under
the base excitation of 0.1g at 100Hz.

The fabrication ofMEMS PVEHs based on the

bulk PZT film requires expensive micromachining e-

Janphuang et a

quipment, which sets a high entry barrier on the
studies of the efficient PVEHs. Noting that the
lengths and widths of these MEMS PVEHs are about
several millimeters, which can also be fabricated by
the precision machining, this paper designed a canti-
levered PVEH which may be fabricated by assemb-
ling a commercially available bulk PZT composite
beam with a tungsten proof mass. A harvester proto-
type was fabricated and the experimental results
demonstrated that the low-cost and efficient PVEHs

can be fabricated by common precision machining.
2 Device Optimization

2.1 Modeling of Cantilevered Piezoelectric Vi-
bration Energy Harvester

APVEH mainly consists of a proof mass and a
piezoelectric cantilever, as shown in Fig. 1. The
proof mass is fixed at the tip end of the cantilever.
Here, the cantilever is a uni-morph with a bulk PZT
piezoelectric layer on a cooper structural layer. The
distribute-parameter models will be used to optimize
the structure of this type of harvesters. The length
and width of the cantilever are L, and W, , the thick-
nesses of the PZT and copper layers are h, and h, ,
and the length, width and thickness of the proof
Wm and H
harvester, the total length L ( which is the sum of L,

mass are L respectively. For the

m 9 m 9

and L, ,i.e. L =1L, + L, ) is set as a fixed value in
the optimization. The base excitation is in the y di-
rection, denoted by w,(¢) . The deflection of the
cross section with the coordinate of x is denoted
byw(x,t) . It is assumed that there are two elec-
trodes on the upper and bottom surfaces of the PZT

layer for 0 <x <L, . As a result, only the PZT layer

near the clamped end of cantilever with 0 <x <L, pro-

duces electricity under base excitations.

Fig. 1 Schematic of a Cantilevered Piezoelectric

Energy Harvester

Forthe cantilevered PVEHs, the responses can

[25

be approximated by the first mode'* . In this case,

the deflection of the cantilever can be expressed
as[25-29j

w(x,t) =) ), (1)

wherep(x) and m(t) are, respectively, the

mode shape and modal coordinate of the first mode.

Here, the mode shape ¢ (x) has been normalized by

letting the modal mass equal to unit. The first un-

damped natural frequency of the beam is"*" "/

YI
w, =N [—, (2
" /mL‘b‘ )

wherem is the mass per unit length of the canti-
lever, Ylis the bending stiffness, and A is the eigen-
value which can be obtained by solving the charac-
teristic equation of the harvester.

Considering the effect of the piezoelectric layer,
the equation of motion of the harvester can be ex-

pressed as

n(t) +2{, w,n@) + o) +Xo() =f(1) ,
(3)
where {, is the mechanical damping ratio and
v(z) is the voltage between two electrodes of the pi-
ezoelectric layer. The coupling coefficient and the
modal force are, respectively, given by

ey W,

h

P

Y=oty [ vy, (4)
hp
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and layer, given by
Ly, -
et de gy e WL, .
f(t) =- wb (t) 0 N P h 9

+05L, M, ¢' (L)
(5)

where e, is the piezoelectric constant of bulk
PZT.
When an electrical resistance R is connected

with two electrodes of piezoelectric layer, the cou-

pled circuit equation ofthe harvester is given
by[zs, 27-29]
. v(t)
(:p 1)(t ) + 44}§4,_A:77 (t ) = () ’ ( (3)

where C, is the capacitance of the piezoelectric

Ly,
2Rk m [ o) dx + Mig(L,) + 0.5 L, M, @' (L,) | 4,
0

»
where g; is the permittivity component at con-
stant strain. The parameter £ can be written as
k= -ey h, Wy @' (L) (8)
where h, is the distance from the center of the
PZT layer to the neutral axis.
Undera harmonic base excitation with the accel-
eration of w,(¢) = A,sinwt , the voltage across the
resistance is also a harmonic function of time t, with

the amplitude given by

a(w) 2 + 2w RCP) + 2wRIX ’

where
a(w) =w-0* +2{ 0,0 . (10)
The output power of the harvesters is
Lﬂ
P=—. 11
>R (11)

2.2 Structural Optimization

By usinga lumped-parameter model, He et al.
optimized the geometries of a MEMS PVEH"™" . In
the following, a PVEH which can be fabricated u-
sing the precision machining will be designed using
the distributed-parameter model. The uni-morph cop-
per reinforce PZT-5H"*") was used as the cantilever.
To assemble the device into space with the size of
lemXx1cmx0.3cm, the total length of the harvester is
set as L = 9000pm, the width of the cantilever is
W, = 4000pum, and the width and thickness of the
proof mass are W _=9000pum and H_ =2500pm, re-
spectively. The thicknesses of the PZT-5H and the
copper layers are h, = 139um and h, =102pm, the
same with those of the T216-H4-203Y bimorphs
from Piezo systems Inc. The Young’ s modulus, pie-

zoelectric constant and the permittivity component at
a constant strain of PZT-5H are ¥, = 60.6Gpa, é31 =

- 16.6C/m® and &5, = 25.6x 10° F/m"*. The

(9)

Young’ s modulus of the copper is ¥, = 100Gpa. The
proof mass is made of tungsten, with the density of
19.26 x 10’ kg/m®. The base acceleration amplitude

was set at 0.4g in the optimization.
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Fig. 2 Normalized Powers Versus Length Ratio

of Proof Mass to Harvester

He et al. have analyzed the effect of the length
ratio L,/ L, on the output power ™ . They concluded
that when the length ratio /L is larger than 0.5, the
optimized length ratio L,/ L, is 1, which means that
the electrode should occupy all the surface of cantile-
ver when the length of the proof mass is longer than

the cantilever. By using the distributed-parameter
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model, the same conclusion is obtained. By setting
L./ L, =1, when the electrical resistance changes
from 1k to 1000k}, the simulated maximum nor-
malized output power versus the length ratio L, /L is
plotted in Fig.2. When L, /L increased from 0.5 to 1,
the maximum normalized output power increases
firstly and then decreases. The output power reaches
the maximum when the length ratio L, /L is about
0.66.

The thickness of the structural layer affects the
stiffness of the cantilever and output power. When
the thickness ofthe structural layer increased from 60
to 120pm, the normalized power was simulated, as
shown in Fig. 3. For the harvesters with different
structural layer thicknesses, the relationships be-
tween the normalized power and the length ratio
L, /L are similar and the maximum normalized power
occurs at about L, /L = 0.66. Therefore, when the to-
tal length of the harvester is fixed, the thickness of
the structural layer has little effects on the optimized
length of the proof mass. Under the base excitation
of 0.4g, the optimized thickness of the structural

layer is between 80 and 90wm.
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Fig. 3 Normalized Power Versus Length Ratio of Proof
Mass to Harvester for Different Structural Layer

Thicknesses

The mechanical damping ratio greatly affects

the output power of PVEHs'* . For the cases with
different mechanical damping ratios from 0.025 to 0.

045, the simulated normalized output power versus

the length ratio L, /L is given in Fig. 4. As expected,
the output power strongly depends on the mechanical
damping ratio. But when the mechanical damping ra-
tio changed, the optimized L, /L is the same, with a
value of about 0.66. As a result, the mechanical
damping ratio has little influence on the optimization
of the geometries of the PVEHs.
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Fig. 4 Normalized Power Versus Length Ratio of Proof
Mass to Harvester for Different Mechanical

Damping

As a result, the optimized geometrical parame-
ters are mainly determined by the length ratio L, /L
and the length ratio L,/ L,. The thickness of the
structural layer and the mechanical damping ratio has
little effects on the optimization of the lengths of the
cantilever, the proof mass and the electrode. The op-

timized geometrical parameters are listed in Table 1.

Table 1 Optimized Geometrical Parameters

Geometrical Parameter (unit) Value
Cantilever Length L,(um) 3000
Cantilever Width W, (um) 4000

Piezoelectric Layer Thickness h,(pm) 139
Structure Layer Thickness A (um) 80-90
Electrode Length L (um) 3000

Proof Mass Length L, (um) 6000
Proof Mass Width W, (um) 9000
Proof Mass Thickness H,, (um) 2500
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3 Parameter Identification

A harvester prototype with the parameters liste-
din Table 1 was fabricated. The total volume of the
device is about 0.143cm’. The prototype was fixed
onto an electromagnetic shaker, as shown in Fig. 5.
A sinusoidal voltage signal produced by an oscillo-
graph was enlarged by a power amplifier to drive the
shaker. Acceleration of the shaker was monitored by
an accelerometer and the output voltage of the har-

vester was measured by the oscillograph.

ower Amplifier!

e

Lo

Harveé-’t_jer Prototype

Fig. 5 Experimental Setup

The key parameters of the prototype, including
the first natural frequency w, , the mechanical damp-
ing ratio {, , the capacitance C, and the electrome-
chanical coupling termX , were identified by experi-

1 The short-circuit resonant frequency o,

ments
and open-circuit resonant frequency w, were firstly
obtained by connecting resistors of 1k{} and 10M(},
with the harvester, respectively. The capacitance C,
was measured using an impedance analyzer.

The effective damping ratio {,is the sum of the

mechanical damping ratio ¢, and electrical damping

Zeﬁ'zgr +§el ’ (12>

The electrical damping ratio can be express as
[33]

[y= sl (13)
v ol + (1-9%)? ’
where
2
v =1-—, (14)
wOC
and
1
= . 15
Ta o, C.R (15)
Therefore, the mechanical damping ratio £, can

be obtained after the effective damping ratio ¢, has

been measured. The effective damping ratio ¢, can

be identified using exponentially decaying voltage
amplitudes'*"” .
The mechanical damping ratio and electrome-

chanical coupling term affect resonant frequen-
[35, 30

cy !, As the prototype is a strongly coupled and

[37]

lightly damped energy harvesters'”"', it is easy to

distinguish short-circuit and open circuit resonant fre-

quencies by experiments. The electromechanical cou-

pling term can be approximately expressed as'*

2

oc

2
se

Theparameters of the prototype were experimen-

X=w, [(

. )¢, . (16)

tally identified using the above methods. The theoret-
ical and measured parameters were listed in Table 2.
As there is a thin layer of epoxy (<20wm) between
the copper layer and the PZT-5H layer, it is difficult
to precisely determine the thickness of the structural

layer, which may cause the errors between the theo-

ratio £, "'/, given by retical and experimental parameters.
Table 2 Theoretical and Experimental Parameters of the Prototype
Theoretical Theoretical

Parameters (h = 80um) (h. = 90um) Measured

Natural Frequency w,( Hz) 187.0 200.0 156.2

Open-Circuit Frequency w,,( Hz) 191.3 204.8 160

Capacitance C,(nF") 2.94 2.94 2.75
Mechanical Damping Ratio ¢, - - 0.03778
Electromechanical Coupling ConstantX (N /V) 0.01374 0.01523 0.01142
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4 Experimental Results and Discussions

4.1 Output Performance Characterization

Under base excitationof 0.4g, the experimental
root-mean-square ( RMS) open-circuit voltage ver-
sus the excitation frequency was given in Fig. 6. The
open-circuit resonance frequency is about 160Hz,
with the maximum RMS open-circuit voltage of a-
bout 7.81V. Then, by fixing the excitation frequency
at 160 Hz, the RMS voltage across resistors with dif-
ferent resistances was measured and the output power
was calculated from Eq. (11), as shown in Fig. 7.
The matched resistance is about 260k{) at the open-
circuit resonance frequency. When the excitation fre-
quency is 160Hz, the experimental maximum output
power is about 76.7wW. The normalized maximum
power density is about 3.35mW/cm’/g”, compara-
ble with the MEMS PVEHs with the bulk PZT as the

piezoelectric layer'®".
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Fig. 7 Voltage and Power Versus Electrical Resistance

at Anti-Resonance Frequency Under 0.4g

4.2 Charging Experiments

Under the base excitation of 0.4g, by using the
harvester to charge a capacitor of 680wF from 0 to 4.
84V through the power management circuit reported
in Reference'™ " the experimental charging time at
different excitation frequencies was recorded, as
shown in Fig.8. The charging time decreases firstly
and then increases, with the shortest charging time

of 154 seconds at 159Hz.
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Fig. 8 Charging Time Versus Excitation Frequency

5 Conclusions

Efficient PVEHs with bulk PZT may be fabrica-
ted by MEMS technology. But theexpensive equip-
ment of the micromachining limit the extensive stud-
ies of these devices. Therefore, it is of significance
to using precision machining to fabricate the PVEHs
with bulk PZT layer. By using a distributed-parame-
ter model, a cantilevered PVEH, which may be fab-
ricated by assembling a commercially available bulk
PZT composite beam with a tungsten proof mass,
was designed. The optimal ratio of the length of the
proof mass to that of the harvester is about 0.66. The
mechanical damping ratio and the thickness of the
structural layer have little effects on the optimal
length ratio. A harvester prototype was fabricated u-
sing common precision machining and tested. The
first natural frequency, mechanical damping ratio,
the capacitance and the electromechanical coupling

term were experimentally identified. The experimen-
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tal short-circuit and open-circuit resonant frequencies
are about 156.2 and 160Hz, respectively. Under the
harmonic base excitation of 0.4g at 160Hz, the out-
put power across a matched resistance of 260k() is a-
bout 76.7uW, with the normalized power density of
about 3. 35mW/cm’/g”, which is comparable to
MEMS PVEHs. The shortest time to charge a capaci-
tor of 680 wWF from 0 to 4.84V is about 154 seconds.
By thinning the bulk PZT and the copper films using
such machining process as mechanical grinding, the

output performance may be further improved.
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