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Abstract In this paper, a new S-shaped piezoelectric PZT

cantilever is microfabricated for scavenging vibration

energy at low frequencies (\30 Hz) and low accelerations

(\0.4g). The maximum voltage and normalized power are

42 mV and 0.31 lW g-2, respectively, at input accelera-

tion of 0.06g. For acceleration above 0.06g, the vibration of

PZT cantilever changes from a linear oscillation to a

nonlinear impact oscillation due to the displacement con-

straint introduced by a mechanical stopper. Based on the-

oretical modeling and experimental results, the frequency

broadening effect of the PZT cantilever is studied with

varying stop distances and input accelerations. The oper-

ation bandwidth of the piezoelectric PZT cantilever is able

to extend from 3.4 to 11.1 Hz as the stop distance reduces

from 1.7 to 0.7 mm for an acceleration of 0.3g, at the

expense of the voltage and normalized power at resonance

decreasing from 40 to 16 mV and from 17.8 to

2.8 nW g-2, respectively.

1 Introduction

In recent years, the development of low-power-consuming

wireless sensor networks has opened up a promising

research area on self-powered autonomous sensor nodes by

using renewable power sources or energy harvesters to

replace the traditional batteries (Starner and Paradiso 2004;

Roundy et al. 2003a; Mitcheson et al. 2008). Energy har-

vesting sources available for wireless sensor networks are

mainly solar cells, radio-frequency electromagnetic radia-

tion, thermal gradients and vibrations. Energy harvesting

from vibrations has received wide attention since vibration

energy is generally a ubiquitous energy source available in

ambient, especially where solar or heat energy may not be

constantly available, such as buildings or machines. Micro

electro mechanical system (MEMS) energy harvesters or

scavengers have the advantages of low-volume, low-weight

and integration capability with other MEMS components.

Generally, there are 3 types of transduction mechanisms

(Mitcheson et al. 2004; Beeby et al. 2006), i.e. piezoelectric

(Wacharasindhu and Kwon 2008; Yang et al. 2010), elec-

tromagnetic (Yang and Lee 2010; Hatipoglu and Urey 2010;

Galchev et al. 2011) and electrostatic (Naruse et al. 2009; Lo

and Tai 2008), for vibration-based MEMS energy harvest-

ers. By converting mechanical strain into electricity based on

direct piezoelectric effect, piezoelectric energy harvesters

have received much attention due to the simple configuration

and high conversion efficiency (Saadon and Sidek 2001;

Anton and Sodano 2007; Tadigadapa and Mateti 2009).

Roundy et al. (2003b) studied some commonly available

vibration sources and found that environmental sources

have relatively low level of vibration (normally \1g of

acceleration) as well as low frequency of vibration (nor-

mally \200 Hz). Recently, Miller et al. (2011) have con-

ducted a survey of vibrations available in a machine room of
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a large building. The results indicate that the dominant

frequency peaks from the majority of the sources surveyed

lie between 20 and 60 Hz, and another set of frequencies

lies between 120 and 140 Hz. Moreover, the accelerations

of the ambient vibrations surveyed are normally below

0.4g. As a result, vibration-based energy harvesters should

be able to response to the ambient vibrations with low

frequency, low acceleration, and often broadband range.

However, most reported piezoelectric MEMS energy har-

vesters have high resonant frequencies (normally above

200 Hz) (Renaud et al. 2008; Liu et al. 2008; Shen et al.

2009; Elfrink et al. 2009; Lee et al. 2009; Park et al. 2010)

or require high acceleration levels (normally above 1g).

One study (Miller et al. 2011) has realized energy scav-

enging at low resonant frequencies of less than 50 Hz with a

low acceleration range of 0.03–0.7g.

On the other hand, a traditional linear resonance energy

harvester has key features of narrow bandwidth and high

quality factor to boost the output voltage and power at its

resonant frequency. Such harvester is more practical for the

application when the frequency of vibration source is rel-

atively stable. However, for vibration source with random

or broadband frequency, even relatively small fluctuations

in the ambient vibration frequency will result in significant

drops of the output voltage and power of the harvester.

With regards to this issue, researchers have presented many

energy harvesters with frequency tunable (Leland and

Wright 2006; Wu et al. 2008; Challa et al. 2008; Zhu et al.

2010; Eichhorn et al. 2011) and broadband mechanisms. In

contrast with frequency tunable energy harvesters, broad-

band energy harvesters have wide operation bandwidth and

do not require extra system or energy to adjust the opera-

tion frequency. One way of realizing a broadband operation

range is to integrate a series of similar energy harvesters

with different resonant frequencies into a system (Xue

et al. 2008; Sari et al. 2008). This will result in a wide

operation range as well as an increased output power.

However, the main drawback of the system is its large size.

Another approach is to employ energy harvesters with

nonlinear behaviors by the use of magnets (Burrow and

Clare 2007), prestressed structures (Marzenki et al. 2009;

Tvedt et al. 2010), non-linear springs (Hajaji and Kim

2011; Nguyen and Halvorsen 2011) and mechanical stop-

pers (Soliman et al. 2008; Blystad and Halvorsen 2010; Gu

2011). For MEMS devices, the use of mechanical stopper

mechanism is an attractive solution for achieving a

broadband operation range, as it has the advantages of ease

of implementation with no additional energy input

required. In the authors’ previous work (Liu et al. 2011a,

b), they have demonstrated a piezoelectric MEMS wide-

band energy harvester by using mechanical stopper.

In this paper, a new S-shaped piezoelectric PZT canti-

lever was successfully micro fabricated with small device

size and extremely low resonant frequency. Unlike a con-

ventional piezoelectric cantilever which normally contains

a straight beam, an S-shaped PZT cantilever is designed for

achieving an extremely low resonance of 27.4 Hz. It would

be more applicable to ambient vibrations at low frequen-

cies and low accelerations. To the authors’ knowledge, no

published piezoelectric based energy harvesters have real-

ized such low resonant frequency. In addition, the fre-

quency broadening effect with different stop distances and

input accelerations will be studied and discussed based on

theoretical modeling and experimental results, which has

not been conducted so far.

2 Device configuration

Figure 1a shows a schematic illustration of the piezoelec-

tric PZT cantilever for energy harvesting, which consists of

an S-shaped meandering beam connected with a silicon

proof mass on the end. The resonant frequency of the

spring–mass system is expressed as

f ¼ 1

2p

ffiffiffiffi

k

m

r

ð1Þ

where k and m represent the effective spring stiffness and

the effective mass, respectively. To reduce the resonant

frequency, a bulk silicon mass with an area of 2 mm 9

1.65 mm and a thickness of 400 lm was employed to

achieve a relatively large mass value. In the meantime, an

S-shaped meandering beam was configured to reduce the

spring stiffness. The meandering beam, which has a pie-

zoelectric coating, comprises of a bottom electrode layer

(0.2 lm), a PZT thin film layer (2 lm) and a top electrode

layer (0.2 lm). The bottom and top electrodes are con-

nected to their individual bonding pads. The detailed

dimensions of the piezoelectric PZT cantilever are shown in

Fig. 1b and Table 1. A mode analysis of the PZT cantilever

was studied using finite element analysis (FEA) software

ABAQUS and a resonant frequency of 27.4 Hz is obtained

from the simulation result. When the PZT cantilever is

excited by an external vibration, it bends upward and

downward resulting in compression and tension of the PZT

thin film layer on the meandering beam and consequently

generates electrical charges due to the piezoelectric effect.

3 Dynamic modeling

3.1 Linear oscillation system

The piezoelectric PZT cantilever can be modeled as a

spring–mass–damping system as shown in Fig. 2a, where

the piezoelectric coupling is modeled as a transducer. It
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consists of an inertial mass (m) suspended by a spring (ksp).

The motion of the mass is damped by a parasitic damping

(bm) and a transducer (Ft). When the system is excited by

an external displacement y (t), the inertial mass moves out

of phase with the system base, and the relative displace-

ment is z (t).

Applying the Kirchoff’s voltage and current laws, the

system equations are given by (Roundy and Wright 2004)

m€zþ bm _zþ kspzþ c1Yd31

tp
v ¼ �m€y ð2Þ

c2d31tp

e
_z� 1

RCp
v ¼ _v ð3Þ

where v is the output voltage of the load resistor; c1 is the

ratio of the vertical force to the stress in the piezoelectric

layer; c2 is the ratio of the stress in the piezoelectric layer

to the vertical displacement of the proof mass; Y is the

Young’s modulus of the PZT material, i.e. 72.5 GPa; d31 is

the piezoelectric constant in 31 mode, i.e. -50 pm V-1; e
is the dielectric constant of the PZT material, i.e.

8.85 9 10-9 Fm-1; Cp is the capacitance of the piezo-

electric layer, i.e. 3.2 nF; R is the load resistor.

Taking the Laplace transform, the output voltage v is

obtained as

v¼
�jxc2d31tp

e €y

1
RCp

x2
n� 1

RCp
þ21xn

� �

x2
h i

þ jx x2
nð1þk2Þþ 21xn

RCp
�x2

h i

ð4Þ

where x is the ambient vibration frequency; xn is the

resonant frequency of the PZT cantilever; 1 is the damping

ratio, i.e. 0.006; k is the electromechanical coupling

Bonding pad to top 
electrode

Bonding pad to 
bottom electrode

S-shaped PZT beam

Proof mass

Supporting frame

Supporting spacer

(a)

4.2mm

5.2mm

2mm

1.65mm1.6mm

(b)

Fig. 1 a Schematic drawing of an S-shaped PZT cantilever. b Top

view of the PZT cantilever device

Table 1 Dimensions of the S-shaped PZT cantilever

Parameters Descriptions Values

l Length of the whole chip 5.2 mm

w Width of the whole chip 4.2 mm

wb Width of the S-shaped beam 0.2 mm

lb Actual length of the S-shaped beam 5.2 mm

le Effective length of the S-shaped beam 1.6 mm

lm Length of the proof mass 1.65 mm

tp Thickness of the PZT layer 2 lm

tb Thickness of the S-shaped beam 5 lm

tm Thickness of the proof mass 400 lm

Fig. 2 a Mass-spring-damping system of a linear oscillation system.

b Mechanical model of the oscillation system with mechanical

stopper
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coefficient represented by k2¼ Yd2
31

e : When the ambient

vibration frequency x matches with the resonant frequency

of the PZT cantilever xn, Eq. 4 can be simplified as

v ¼
�j

c2d31tp
e €y

21x2
n þ j x2

nk2 þ 21xn

RCp

� � : ð5Þ

From Eq. 4, the output power P transferred to the load

resistor is given by

P ¼ 1

2

RC2
pð

c2d31tp
e Þ

2

ðRCpxnÞ2ð412 þ k4Þ þ RCp41xnk2 þ 412

€y2

x2
n

: ð6Þ

3.2 Nonlinear oscillation system with mechanical

stopper

Figure 2b illustrates the mechanical model for the oscil-

lation system with one-side mechanical stopper. The dif-

ferential equation of the mass motion with stopper engaged

can be written as

€zþ2n1x1 _zþx2
1z¼�€y ðz[�dÞ

€zþð2n1x1þ2n2x2Þ _zþðx2
1þx2

2Þz�x2
2d¼�€y ðz��dÞ

(

ð7Þ

where y¼Y sinðxtÞ, Y is the amplitude of the base

excitation, x is the excitation frequency, n1 and x1 are

the parasitic damping and frequency characteristics of the

oscillation system, i.e. 0.006 and 27.4, n2 and x2 are the

parasitic damping and frequency characteristics of the

stopper, i.e. 0.45 and 118. These parameters can be

defined as 2n1x1¼ b1

m ; 2n2x2¼ b2

m ;x
2
1¼ k1

m ;x
2
2¼ k2

m : We use

the dimensionless variables s¼x1t;q¼ x
x1
;q2¼x2

x1
;u¼

z
Y ;v¼

y
Y¼ sinðrsÞ;d¼ d

Y to find the following dimensionless

equation of the mass motion as

€uþ 2n1 _uþ u ¼ q2 sinðqsÞ þ f ðu; _uÞ ð8Þ

where f ðu; _uÞ ¼
0 ðu [ � dÞ
� 2q2n2 _u� q2

2uþ q2
2d ðu� � dÞ

(

The first-order approximate solution of Eq. 8 is assumed

to be

u ¼ aðsÞ sinðuðsÞÞ ð9Þ
_u ¼ aðsÞq cosðuðsÞÞ ð10Þ
uðsÞ ¼ qsþ bðsÞ ð11Þ

where a(s) is the slowly varying amplitude, and b(s) is the

slowly varying phase difference between the base

excitation and response. Eqs. 9 and 10 imply

_a sin uþ a _b cos u ¼ 0 ð12Þ

Substituting Eqs. 9 and 10 into Eq. 8 yields

_aq cos u� a _bq sin u ¼ aðq2 � 1Þ sin uþ q2 sinðu� bÞ
� 2n1aq cos uþ f ðu; _uÞ

ð13Þ

Solving Eqs. 12 and 13 for _a and _b; we have

_aq ¼ ½aðq2 � 1Þ þ q2 cos b� sin u cos u� ð2n1aq
þ q2 sin bÞ cos2 uþ f ðu; _uÞ cos u ð14Þ

a _bq ¼ �½aðq2 � 1Þ þ q2 cos b� sin2 uþ ð2n1aq
þ q2 sin bÞ cos u sin u� f ðu; _uÞ sin u ð15Þ

Since the variables _a and _b change slowly with time, we

may suppose that their averages remain constant over a

period of 2p. The averaging method was employed to

obtain the modulation equations describing the evolution of

the amplitude and phase of the mass motion (Narimani

et al. 2004). Therefore, the frequency response, i.e. the

amplitude a as a function of the excitation frequency q, can

be found by solving the following Eqs. 16 and 17

pq2 sin b ¼ �2n1aqp� q2n2aqðp� 2u� sin 2uÞ ð16Þ

pq2 cos b ¼ pað1� q2Þ

� 1

2
q2

2að2u� sin 2u� pÞ þ 2q2
2d cos u

� �

ð17Þ

where u = sin-1(d/a) is the phase angle when the proof

mass engages the stopper. Based on Eqs. 16 and 17, the

amplitude of the mass motion against excitation frequency

can be obtained numerically. Accordingly, the output

voltage of the PZT cantilever against excitation frequency

can be calculated by Eq. 3.

4 Fabrication and experimental setup

The S-shaped PZT cantilever was fabricated through a micro

fabrication process using a silicon-on-insulator (SOI) wafer

with 5-lm-thick Si device layer, 1-lm-thick buried oxide

layer and 400-lm-thick Si handle layer. The process started

from multilayer deposition of Pt/Ti/PZT/Ti/Pt/SiO2 on the

SOI wafer as shown in Fig. 3a. After the thermal oxidation

of the SOI wafer at 1,100�C, Pt (0.2 lm)/Ti (0.05 lm) thin

films were deposited by DC magnetron sputtering to form

the bottom electrode. A Pb (Zr0.52, Ti0.48) O3 film of 2.5-lm-

thick was then deposited by sol–gel deposition. Finally, Pt

(0.2 lm)/Ti (0.05 lm) thin films were deposited by DC

magnetron sputtering to form the top electrode. In Fig. 3b,

the top and bottom electrodes were etched by Ar ions, and

the PZT thin film was wet etched by a mixture of HF, HNO3

and HCl. A 0.8-lm-thick SiO2 thin film was then deposited
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by RF-magnetron sputtering as an insulation layer as shown

in Fig. 3c. In Fig. 3d, contact holes were etched and pat-

terned with Pt to form the bonding pads. As shown in

Fig. 3e, the SiO2 layer and Si device layer were etched by

RIE using feed gases of CHF3 and SF6, respectively. Finally,

in Fig. 3f, the Si handle layer and buried oxide layer were

etched from the backside using DRIE to release the PZT

cantilever structure. The micro fabricated device was

assembled onto a dual in-line package (DIP) with a spacer

chip of 2.1-mm-thick in between as shown in Fig. 4a and the

bonding pads are connected to the metal pins of the DIP by

gold wires as shown in Fig. 4b.

For the study of the frequency broadening effect of the

PZT cantilever with variable stop distances, a stopper

adjustment mechanism was employed as shown in Fig. 5a.

It is composed of two L-shaped aluminum plates installed

on a micro stage, such that the gap in between these two

plates can be easily adjusted in the z-direction. The pack-

aged PZT cantilever device was assembled on a breadboard

(bottom breadboard) mounted on the bottom L-shaped

plate. Another breadboard (top breadboard) was mounted

on the top L-shaped plate. A dummy metal package to be

used as a mechanical stopper was attached at the top

breadboard. With this arrangement, the stop distance

between the packaged PZT cantilever device and the

mechanical stopper can be finely adjusted.

Figure 5b shows the entire vibration testing system. The

assembled mechanism is amounted on a shaker. The vibra-

tion frequency and amplitude of the shaker are controlled by

a dynamic signal analyzer through an amplifier. The output

voltage of the package PZT cantilever device is again col-

lected and recorded by the dynamic signal analyzer. The

(a) Deposition of Pt/Ti/PZT/Pt/Ti/SiO2 (b) Patterning of Pt/Ti, PZT, Pt/Ti

(c) Deposition of SiO2 (d) Etch and patterning of contact pads 

revelitnac esaeler ot EIRD ediskcaB (f)EIR edistnorF (e)

Silicon SiO2 Pt electrodes PZT Pt pads

Fig. 3 Microfabrication

process of the S-shaped PZT

cantilever

(a) (b)

Spacer chipsDIP Gold wires Bonding pads

Fig. 4 a A packaged MEMS

PZT cantilever on a dual in-line

package (DIP). b Microscopic

image of the wire bonding

arrangement
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measured output voltage is actually the load rms voltage

delivered to the internal impedance of the dynamic signal

analyzer, which is assumed to be load resistance of 1 MX.

5 Results and discussion

5.1 Linear oscillation without stopper

In the initial state, the proof mass of the PZT cantilever is

bended downward duo to the gravitational force. The dis-

tance between the bottom surface of the mass tip and the

DIP surface is P0 of 1.7 mm. Under low input acceleration,

the vibration of the PZT cantilever is not sufficient to

impact the DIP and hence it is considered as a linear

oscillation. For a linear oscillation system, the output

voltage can be obtained numerically using Eq. 4. The ratio

c2 of the stress in the piezoelectric layer to the vertical

displacement of the proof mass is obtained by using FEA

simulation software ABAQUS. Here simulated body forces

of 1, 2, 3 and 4g were applied to the PZT cantilever model,

with fixed condition at the anchor of the S-shape beam. The

corresponding mass vertical displacements versus the

average stresses were shown in Fig. 6 and the ratio c2 can

be obtained subsequently. Figure 7 shows the numerical

modeling and experimental results of the output voltages

against frequency at input accelerations of 0.03 and

0.06g. The experimental results show maximum output

voltages of 22.5 and 42.1 mV which occur at its resonant

frequency of 27.4 Hz at relatively low input accelerations

of 0.03 and 0.06g, respectively. It is seen that the

simulation results agree well with the experimental results.

For an acceleration of 0.06g, the rms voltage and power

against load resistance at resonant frequency of 27.4 Hz are

simulated using Eqs. 5, 6 and shown in Fig. 8. As can be

expected, under such a low input acceleration of 0.06g, a

maximum power of 1.117 nW, which is 0.31 lW g-2 in

terms of normalized power, is generated at the optimum

load resistance of 1.6 MX and its resonance of 27.4 Hz.

5.2 Nonlinear impact oscillation with variable stopper

As the top variable stopper is engaged, the vibration of PZT

cantilever transforms from a linear oscillation to a nonlinear

impact oscillation due to the displacement constraint given

by the mechanical stopper. The operation-frequency of such

Dynamic signal analyzer

Shaker
Amplifier

z

(b)
Packaged 

device

(a)

Micro stage

Bottom 
L-shaped plate

Micro screw

Shaker

z

Top 
L-shaped 

plate

Bread
boards

Dummy 
metal 

package

Fig. 5 Experimental setup for the dynamic characterization a Assem-

bled stopper adjustment mechanism b Vibration testing system
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Fig. 6 Relation of the stress in the piezoelectric layer with the

vertical displacement of the proof mass
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Fig. 7 Numerical and experimental results of output rms voltages

against frequency at input accelerations of 0.03 and 0.06g
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nonlinear impact oscillation system exhibits a broad band-

width in the neighborhood of its resonant frequency, which

is named as frequency broadening effect. This is because

when the PZT cantilever engages the stopper, the responses

diverge from each other and the effective stiffness of the

system increases abruptly. The higher effective stiffness

increases the effective natural frequency beyond xn causing

resonance to extend over a wider interval of the frequency

spectrum (Narimani et al. 2004; Soliman et al. 2008). The

stiffness increase is in proportion to the excursion size and

the interval of the engagement per cycle. Hence, higher

input acceleration and lower stop distance will induce a

wider operation bandwidth.

The stop distances between the top surface of proof mass

and the top stopper are set at P1 (1.7 mm), P2 (1.2 mm) and

P3 (0.7 mm) as shown in Fig. 9. For each stop distance,

frequency up-sweeps and down-sweeps were performed

under input accelerations of A1 (0.1 g), A2 (0.2 g) and A3

(0.3g). Fig. 10 shows the output rms voltage against fre-

quency for various stop distances and input accelerations. In

Fig. 10a, ‘‘A1_P1_U’’ and ‘‘A1_P1_D’’ represent the case

of acceleration (A1), stop distance (P1) and frequency up-

sweep (U) or down-sweep (D). The corresponding legends

are also indicated in Fig. 10b–i and Table 2 summarizes the

frequency sweeps (up-sweeps) response under various sit-

uations, where fl shows the frequency when the top stopper

is engaged; fr represents the frequency where the output rms

voltage drops dramatically; Df is the operation frequency

bandwidth from fl to fr; Vr is the output rms voltage at

resonance of 27.4 Hz; Pr/a
2 is the corresponding power

normalized by input acceleration (normalized power).

For input acceleration of 0.2g, the output voltages

against frequencies are simulated numerically using Eqs. 3,

16, 17 with stop distances varying from P1 to P3, as shown

in Fig. 11. The parameters used in the modeling can be

referred to Sect. 3. For comparison, the corresponding

experimental results are plotted in the same figure, where

‘‘S’’ and ‘‘E’’ represent simulation and experimental results,

respectively. As can be seen, the quantitative estimation of

the output voltage and broadening frequency range are in

good agreement with the experimental results.

Based on the simulation and experimental results, it can

be found that for a given stop distance, the up-sweep

bandwidth of the nonlinear impact oscillation system is

broadened as the input acceleration increases. The output

voltage is relative constant though it shows a slightly

increasing trend within the operation bandwidth. For

example, for a stop distance of P2, the operation bandwidth

increases from 2.6 to 6.0 Hz as the input acceleration

increases from A1 to A3, while the output voltage at reso-

nance remains relatively constant at around 28 mV and the

normalized power at resonance decreases from 78.4 to

9.3 nW g-2. On the other hand, for a given input acceler-

ation, the output voltage is suppressed by the stopper and

thus decreases gradually as the stop distance decreases from

P1 to P3. However, the up-sweep bandwidth is broadened as

the stop distance decreases at the expense of lower voltage

and power output. For instance, for an input acceleration of

A3, the output voltage and the normalized power at reso-

nance are decreased from 40 to 16 mV and from 17.8 to

2.8 nW g-2 when the stop distance is reduced from P1 to

P3. The frequency bandwidth however is increased from 3.4

to 11.1 Hz. For a down-sweep bandwidth in the case of the

nonlinear impact oscillation system, the operation fre-

quency remains similar to that of the system without a

stopper at any given stop distances and input accelerations.

From the above discussion, it is seen that a broadening

effect of the PZT cantilever can be realized by utilizing

mechanical stopper mechanism. The broadening effect is

strongly influenced by the stop distance and input accel-

eration. For a given stop distance, the operation bandwidth

increases with the input acceleration. While for a given

input acceleration, the operation bandwidth increases with

a decrease in the stop distance. However, a smaller stop
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distance will also result in a lower output voltage and

power. Therefore, there is a trade-off between the opera-

tion bandwidth and output power for such nonlinear

impact oscillation system. An optimization procedure

should be implemented according to the requirements of

the applications.

Because of the low operating frequency and small PZT

pattern area, the output power of the S-shaped PZT canti-

lever is not significant. As a future work, it is proposed to

replace the mechanical stopper with a piezoelectric canti-

lever with high resonant frequency and large PZT pattern

area. The high-frequency piezoelectric cantilever can be

excited and self-oscillated due to the impact caused by the

low-frequency S-shaped PZT cantilever which responses to

low frequency vibrations. With so-called frequency-up-

conversion technique (Sari et al. 2010), the output power of

the system is expected to be boosted significantly.

6 Concluding remarks

In this paper, we provide a new MEMS piezoelectric

energy harvester with S-shaped PZT cantilever to bring

down the operating frequency below 30 Hz. The vibration

behavior of the PZT cantilever is studied based on linear

oscillation as well as nonlinear impact oscillation. For the
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Fig. 10 Output rms voltages against frequency with various stop distances (P1, P2 and P3) and input accelerations (A1, A2 and A3)

Table 2 Summary of the frequency up-sweeps response under various situations

P1 P2 P3

f1
(Hz)

fr
(Hz)

Df
(Hz)

Vr

(mV)

Pr/a
2

(nW g-2)

f1
(Hz)

fr
(Hz)

Df
(Hz)

Vr

(mV)

Pr/a
2

(nW g-2)

f1
(Hz)

fr
(Hz)

Df
(Hz)

Vr

(mV)

Pr/a
2

(nW g-2)

A1 26.9 28.0 1.1 37 136.9 26.6 29.2 2.6 28 78.4 26 30.2 4.2 18 32.4

A2 26.2 29.0 2.8 38 36.1 25.9 30.1 4.2 29 21.0 25.1 32.9 7.8 17 7.225

A3 25.8 29.5 3.4 40 17.8 25.6 31.6 6.0 29 9.3 23.5 33.6 11.1 16 2.8
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nonlinear oscillation system with variable stopper, the

broadened operation bandwidth was characterized for

various input accelerations and stop distances. The opera-

tion bandwidth of the system is broadened as the stop

distance decreases at the expense of lower output voltage

and power. With further improvement of output power by

using high-frequency piezoelectric cantilever stopper, this

kind of energy harvester could be a design to scavenge

energy from vibrations at frequencies less than 30 Hz.
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