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Piezoelectric MEMS Energy Harvester for
Low-Frequency Vibrations With Wideband Operation

Range and Steadily Increased Output Power
Huicong Liu, Cho Jui Tay, Chenggen Quan, Takeshi Kobayashi, and Chengkuo Lee, Member, IEEE

Abstract—A piezoelectric MEMS energy harvester (EH) with
low resonant frequency and wide operation bandwidth was de-
signed, microfabricated, and characterized. The MEMS piezo-
electric energy harvesting cantilever consists of a silicon beam
integrated with piezoelectric thin film (PZT) elements parallel-
arranged on top and a silicon proof mass resulting in a low
resonant frequency of 36 Hz. The whole chip was assembled onto
a metal carrier with a limited spacer such that the operation
frequency bandwidth can be widened to 17 Hz at the input ac-
celeration of 1.0 g during frequency up-sweep. Load voltage and
power generation for different numbers of PZT elements in series
and in parallel connections were compared and discussed based
on experimental and simulation results. Moreover, the EH device
has a wideband and steadily increased power generation from
19.4 nW to 51.3 nW within the operation frequency bandwidth
ranging from 30 Hz to 47 Hz at 1.0 g. Based on theoretical
estimation, a potential output power of 0.53 µW could be har-
vested from low and irregular frequency vibrations by adjusting
the PZT pattern and spacer thickness to achieve an optimal
design. [2010-0346]

Index Terms—Low-frequency vibrations, microelectromechan-
ical systems (MEMS), piezoelectric energy harvester, piezoelectric
thin film (PZT), wideband.

I. INTRODUCTION

IN RECENT years, a great effort has been devoted to

the study of self-powered electronics by using renewable

power sources or energy scavengers to replace traditional bat-

teries. Therefore, energy harvesting technique which is used

to collect and convert ambient energy into usable electrical

power has been considered as a promising solution and has

attracted noticeable research interests [1]–[4]. Among many

energy sources, vibration energy is ubiquitous in numerous

applications ranging from common household devices, trans-

Manuscript received December 12, 2010; revised May 6, 2011; accepted
June 10, 2011. Date of publication September 1, 2011; date of current version
September 30, 2011. This work was supported by a research grant of the Uni-
versity Research Fund R-263-000-475-112 and Academic Research Committee
Fund MOE2009-T2-2-011 (R-263000598112) at the National University of
Singapore. Subject Editor L. Lin.

H. Liu, C. J. Tay, and C. Quan are with the Department of Mechanical
Engineering, National University of Singapore, Singapore 117576.

T. Kobayashi is with National Institute of Advanced Industrial Science and
Technology (AIST), Tsukuba 305-8564, Japan.

C. Lee is with the Department of Electrical and Computer Engineering, Na-
tional University of Singapore, Singapore 117576 (e-mail: elelc@nus.edu.sg).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JMEMS.2011.2162488

portation tools, industry machines to human motions. In ad-

dition, vibration-based energy harvesters (EHs) using MEMS

technology are reported to generate electricity based on piezo-

electric, electromagnetic, electrostatic, and hybrid mechanisms

[5]–[10]. Piezoelectric EHs convert mechanical strain into volt-

age output, i.e., electric field across the piezoelectric layer,

based on the piezoelectric effect. Because of the advantages of

simple configuration and high conversion efficiency, they have

received much attention [11]–[15]. Currently, most investiga-

tions for power generation of vibration-based piezoelectric EHs

focus on the configuration of cantilever beam with or without

proof mass in the form of unimorph, series triple layer bimorph,

parallel triple layer bimorph in the d31 mode and d33 mode

[16]–[22]. However, the performances, such as output voltage

and power, of piezoelectric EHs with piezoelectric elements in

series or in parallel connections under similar mechanical strain

conditions, have not been thoroughly studied.

A key challenge for vibration-based EH device is that it

obtains the optimal power within a narrow frequency band-

width nearby its resonant frequency. Away from the resonant

frequency, the power generation drops dramatically and is too

low to be utilized [23]. In fact, the frequencies of environmental

vibration sources are relatively low (normally less than 200 Hz)

and vary in a certain frequency range [2]. As a result, energy

harvesting mechanisms which can respond to low-frequency

vibrations with wideband operation range or tunable resonant

frequency are considered to be promising solutions. Most re-

ported MEMS-based piezoelectric EH devices operated at high

resonant frequencies, which were more than 200 Hz or even

exceed 1 kHz [24]–[34]. To the authors’ best knowledge, there

are no reported MEMS piezoelectric EHs realize low operation

frequencies less than 50 Hz.

Zhu et al. [35] have reviewed and summarized many strate-

gies to adjust or to tune the resonant frequency [36]–[41],

or to widen the frequency bandwidth of the EH such that a

generic EH can harvest energy from the ambient vibrations of

different frequencies. Here, we mainly focus on the wideband

approaches. Xue et al. [42] presented a wideband approach by

integrating multiple piezoelectric bimorphs with different oper-

ation frequencies into a system. Comparing with single piezo-

electric bimorph, analytic result showed a wideband power

output for ten piezoelectric bimorphs in series with various

thicknesses of piezoelectric layers. Seri et al. [43] reported

a wideband electromagnetic EH by integrating series of can-

tilevers with different lengths and hence resonant frequencies.

1057-7157/$26.00 © 2011 IEEE
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This resulted in a wide operation frequency range of 4.2–5 kHz

as well as an increased output power. Soliman et al. [44],

[45] proposed a different wideband approach by using a me-

chanical stopper to change the stiffness of the resonator. The

operation bandwidth of the EH can be increased 240% during

frequency up-sweep. However, the authors only demonstrated a

prototype of large size and did not show a real MEMS device.

Nguyen et al. [46] presented a wideband MEMS electrostatic

EH by utilizing nonlinear springs. The authors pointed out

that the bandwidth increased by more than 13 times and the

average harvesting output power increased by 68% compared

to that of a linear vibration EH. Yang et al. [47] demonstrated

a nonresonant electromagnetic energy harvesting mechanism

by using a free-standing magnet packaged inside a sealed hole

which is created by stacking five pieces of printed circuit board

substrates embedded with multilayer copper coils. Most of

the presented wideband approaches for energy harvesting only

remain at prototype stage and only a few have realized in terms

of MEMS devices [43], [46].

In this paper, we propose a microfabricated piezoelectric EH

device which can realize a quite low resonant frequency as

well as a wideband operation frequency range. In Section II,

the device configuration and assembly strategy are illustrated,

modeling of the voltage and power generation is discussed, and

fabrication processes are presented. Furthermore, energy

harvesting characterization and vibration measurement are

performed and discussed in Section III. Then, output

voltage and power of piezoelectric thin film (PZT) elements

in series and parallel connections are studied. Finally, power

evaluation and some recommendations for further improvement

of the power generation are presented.

II. DESIGN, MODELING, AND FABRICATION

A. Design and Configuration

Fig. 1(a) shows a schematic illustration of the MEMS-based

piezoelectric energy harvesting cantilever (hereinafter called

“piezoelectric cantilever”) device operating in bending mode.

The piezoelectric cantilever consists of a silicon proof mass

(5 mm long × 5 mm wide × 0.4 mm thick) and a silicon

supporting beam (3 mm long × 5 mm wide × 5 µm thick)
integrated with ten parallel-arrayed PZT energy harvesting ele-

ments (hereinafter called “PZT elements”). For the convenience

of illustration, the PZT elements are series assigned Arabic

numbers from 1 to 10. The ten PZT elements are electrically

isolated from one another and each PZT element is composed of

a top electrode layer (Ti/Pt/Ti), a PZT layer, and a bottom elec-

trode layer (Pt/Ti). Each of the top and bottom electrodes of the

PZT element is connected to a bonding pad individually. The

proof mass is designed and integrated at the end of the support-

ing beam to achieve a low resonant frequency of the cantilever.

In Fig. 1(a), the proof mass undergoes an external excitation at

a given acceleration resulting in the bending of the cantilever.

Fig. 1(b) illustrates the assembly strategy for the purpose of

widening the operation frequency bandwidth of the piezoelec-

tric cantilever. Narimani et al. [48] has reported an analytical

modeling and experimental results of the frequency response

of such single-degree-of-freedom piecewise linear oscillators.

Fig. 1. (a) Schematic drawing of the piezoelectric cantilever with a large
proof mass to gain in low resonant frequency. (b) Cross-section drawing of
the piezoelectric cantilever regarding a spacer thickness designed properly for
achieving wideband operation frequency.

According to the modeling and experimental results, oscillators

with multistage stiffness result in a special case of frequency

response, which is the frequency wideband response during

frequency up-sweep. For the proposed piezoelectric cantilever,

one approach to realize multistage stiffness is to adjust the

spacer thickness between the proof mass and carrier base during

assembly. As shown in Fig. 1(b), for a low external excitation,

the piezoelectric cantilever vibrates freely at certain vibration

amplitude. As the input acceleration increases to a certain level,

the amplitude of half cycle δm for upward bending is increased.

However, the amplitude of the other half cycle for downward

bending is retarded by the carrier base to H . Therefore, the

structure stiffness is changed at this stage, and the frequency

bandwidth can be widened as the frequency sweeping up in

the neighborhood of resonant frequency. According to steady-

state response analysis by using Abaqus, the spacer thickness

H between the proof mass and carrier base is designated as

1150 µm to realize stiffness change in the case that the acceler-

ation is above 0.2 g. In other words, the bottom edge of proof

mass will hit the carrier base surface when the acceleration of

excitation vibration is higher than 0.2 g.

B. Modeling of Voltage and Power Generation

Considering such piezoelectric cantilever operating in

31 mode, meaning the mechanical stress/strain applies in axial

direction (1-direction) and electrical field/displacement gen-

erates in transverse direction (3-direction), the piezoelectric

constitutive equation is described as

D3 = ε33E3 + d31σ1 (1)

ξ1 = s11σ1 + d31E3 (2)

where ξ1 and σ1 are the axial mechanical strain and stress;

E3 and D3 are the transverse electric field and electric
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displacement; s11, ε33, and d31 denote the axial elastic com-

pliance at a constant electric field, the transverse dielectric

coefficient measured at a constant stress, and the transverse-

axial piezoelectric constant.

According to (1) and (2), the applied mechanical strain

induces an electric displacement in the piezoelectric layer.

Meanwhile, an electric field develops across the electrodes in

the thickness direction and sends feedback to the mechanical

domain thus affecting the mechanical strain. As the piezoelec-

tric cantilever is connected to an external electric circuit and

the load resistance is increased from zero to infinity, the system

changes from short-circuit to open-circuit conditions. For the

calculation of short-circuit current, it is assumed that E3 = 0;

while for the calculation of open-circuit voltage, it is assumed

that D3 = 0 [21], [49]. Therefore, by having Vo.c. = E3 · te
and assuming a constant electric field in the thickness direction

of the piezoelectric layer, the open-circuit voltage generated

across the piezoelectric electrodes can be obtained from E3 =
−d31σ1/ε33 and is expressed in terms of the mechanical strain

distribution ξ1(x) along the PZT element as

Vo.c. = −
1

1 − k2

d31Y te
ε33lb

lb
∫

0

ξ1(x)dx (3)

where lb is the length of supporting beam; te is the PZT

thickness; Y = 1/s11 is the Young’s modulus of piezoelectric

material; k is the electromechanical coupling coefficient (effect

of strain on the electric field through the thickness of the

piezoelectric layer [50]) defined by

k2 = Y d2

31
/ε33. (4)

The strain distribution ξ1(x) along each PZT element refers

to the strain distribution along the top surface of the supporting

beam. Considering the cantilever is subjected to a base accel-

eration, since the supporting beam is ended with an extended

proof mass, a concentrated force is assumed to be applied at

the middle of the mass. When the beam bends, the PZT thin

film layer at the surface of the supporting beam is stretched or

compressed in the axial direction. The strain distribution ξ1(x)
of the PZT layer in terms of the mass tip displacement δm is

given as [21]

ξ1(x) =
3tb
lb

(

2lb + lm − 2x

4l2
b

+ 9lblm + 6l2m

)

δm (5)

where variable x is the position along the supporting beam, and

it refers to the distance starting from the beam anchor point and

ending at the beam-mass connection point; lb and lm are the

supporting beam length and proof mass length, respectively; tb
is the supporting beam thickness. Substituting (5) into (3), the

overall open-circuit voltage of each PZT element related to the

mass tip displacement is derived as

Vo.c. = −
1

1 − k2

d31Y te
ε33lb

3(lb + lm)tb
4l2

b
+ 9lblm + 6l2m

δm. (6)

The average power delivered to the connected load ZL is

Prms =
1

2

|Vo.c.|
2

|ZP + ZL|2
Re{ZL} (7)

Fig. 2. Fabrication process. (a) Deposition of multiple layers of
Ti/Pt/Ti/PZT/Pt/Ti/SiO2. (b) Patterning of PZT elements. (c) Sputtering
of SiO2. (d) Patterning of Pt electrodes and metal lines. (e) Cantilever
patterning. (f) Release of cantilever and proof mass.

where ZP is the complex impedance of the PZT element. The

maximum power occurs when the load impedance ZL matches

the complex conjugate of the PZT element, i.e., ZL = Z∗
P

. If

the connected load is purely real, i.e., ZL = RL, the maximum

average power occurs when the load matches the impedance

magnitude of the PZT element, i.e., RL = |ZP | and can be

derived as

Prms =
1

4

|Vo.c.|
2

|ZP | + Re{ZP }
. (8)

C. Fabrication Process and Assembly

The microfabrication process of the piezoelectric cantilever

was started from a silicon-on-insulator (SOI) wafer with Si

structural layer of 5 µm, buried oxide layer of 1 µm, and

Si handle layer of 400 µm. As shown in Fig. 2(a), after a

thermal oxide (SiO2) layer was deposited on the Si structural

layer, multiple layer depositions of Pt/Ti bottom electrode layer,

3 µm thick (100)-oriented PZT thin film layer, and Ti/Pt/Ti

top electrode layer were followed by sputtering, sol–gel, and

sputtering processes, respectively [51]–[53]. Fig. 2(b) shows

the Ti/Pt/Ti top electrodes, and Pt/Ti bottom electrodes were

etched by Ar-ion beam while PZT thin films were wet-etched

by an aqueous solution of HNO3, HF, and HCl. After etching

of the Ti/Pt/Ti/PZT/Pt/Ti multilayer, a SiO2 layer was deposited

by RF-magnetron sputtering acting as an insulation layer shown

in Fig. 2(c). In Fig. 2(d), contact holes were created on the

deposited SiO2 layer by reactive ion etching (RIE) using CHF3

gas. Subsequently, 1 µm thick Pt wires with Ti adhesion

layer were deposited by sputtering and patterned to connect

the top and bottom electrodes to bonding pads. In Fig. 2(e),

the thermal oxide layer, structural Si layer, and buried oxide

layer were etched by RIE with feed gases of CHF3, SF6, and

CHF3, respectively. Finally, Fig. 2(f) shows that the handle Si

layer and buried oxide layer were etched from the backside to
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Fig. 3. (a) Microfabricated piezoelectric cantilever device assembled with
DIP. (b) Optical microscope photo of two PZT elements connected with
electrodes and bonding pads.

release the cantilever and proof mass structures. After that, the

microfabricated piezoelectric cantilever device was assembled

onto a dual in-line package (DIP) with a spacer chip of 1150 µm

thick embedded in between the device and DIP. The gold wires

were bonded from bonding pads of the device to metal pins

of the DIP, as shown in Fig. 3(a). Fig. 3(b) shows the optical

microscope view of the highlighted area of the piezoelectric

cantilever in Fig. 3(a).

III. DYNAMIC CHARACTERISTICS AND

ENERGY HARVESTING

A. Testing Setup

In Fig. 4(a), a vibration testing system is employed for the

energy harvesting measurement of the piezoelectric cantilever.

It consists of an electromagnetic shaker, a power amplifier,

a dynamic signal analyzer (DSA), an accelerometer, and its

controller. The piezoelectric cantilever and the accelerometer

are assembled onto the shaker. The vibration frequency and

amplitude of the shaker are controlled by the DSA through the

amplifier with an input sinusoidal signal. The output voltage

of the piezoelectric cantilever is collected and recorded via the

DSA through channel 1. The acceleration signal is collected

into channel 2 and recorded to the DSA through the acceleration

controller. Fig. 4(b) shows the equivalent voltage measurement

circuit for one PZT element connected to the DSA. A PZT

element can be considered as an AC voltage source VS in series

with a piezoelectric impedance ZP . By using an impedance

analyzer, the piezoelectric impedance ZP is measured to be

a capacitance CP of 2.2 nF and a resistance RP of 67.2 MΩ
connected in parallel. ZL is the input impedance of the DSA,

which can be simplified as a resistance RL of 1 MΩ. It is found

that the magnitude of the piezoelectric impedance |ZP | is larger

than the load resistance RL of the DSA. Therefore, the output

voltage detected by the DSA is not the open-circuit voltage VS

of the PZT element, but the load voltage VL on the resistance

RL of the DSA. Therefore, unless special statement, the load

rms voltage measured by DSA is considered as the load voltage

delivered to the resistor of 1 MΩ.

To accurately characterize the vibration behavior of the

piezoelectric cantilever, an optical method as shown in Fig. 5 is

deployed. The optical measurement setup consists of a function

generator, a DSA, a laser source with an angle adjustable tripod.

Fig. 4. (a) Vibration testing system for load voltage measurement and (b) its
equivalent circuit for single PZT element.

Fig. 5. Optical setup for the measurement of mass tip displacement.

Because the piezoelectric cantilever contains 10 PZT elements,

some PZT elements can be used as PZT actuators and the others

are used as PZT EHs. As the PZT actuators excited by the AC

voltage generated from the function generator, the piezoelectric

cantilever starts to oscillate. Subsequently, the PZT EHs will

generate electrical voltage due to the self-oscillation of the

cantilever. The bending angle of the cantilever can be derived

from the sweeping distance of the reflected light on the surface

plate.

To calculate such relationship, the radius of curvature of

the bending beam is assumed constant, and the initial bending

angle is assumed to be zero. The incident light illuminates onto

the mass surface with a fixed angle of a and is reflected on

the surface plate with the same angle. Within one vibration

cycle, the cantilever deflects clockwise and anticlockwise with
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Fig. 6. (a) Load rms voltages against frequencies for No. 6 PZT element at
different accelerations. (b) Load rms voltages at resonant frequency for each
individual PZT element at accelerations of 0.1 g and 0.2 g.

angle of θ, and the reflected light sweeps up and down from

the original reflection light with angle of 2θ. The maximum

sweeping distance L can be measured during vibration and can

be expressed as

L = L1 − L2 =
L0

tan(β)
−

L0

tan(γ)
(9)

where the reflection angle β and γ can be expressed by in-

cidence angle α and deflection angle θ of the cantilever as

β = α − 2θ and γ = α + 2θ, respectively. L0 is the distance

between the cantilever and surface plate. Therefore, the re-

lationship between the deflection angle of the cantilever and

sweeping distance can be express as

L = L0

[

1

tan(α − 2θ)
−

1

tan(α + 2θ)

]

. (10)

Based on the deflection angle, the mass tip displacement can

be obtained subsequently as

δm = lb(1 − cos θ)/ sin θ + lm sin θ. (11)

B. Low and Wideband Operation Frequency

The vibration testing system was used to characterize the

vibration behavior and energy harvesting performance of the

Fig. 7. (a) Load rms voltages against frequencies for six PZT elements in
parallel connection at different accelerations. (b) Load rms voltages and power
outputs against frequencies for six PZT elements in parallel connection at
accelerations of 1.0 g by frequency sweeping up and down.

piezoelectric cantilever. The piezoelectric cantilever was as-

sembled onto a PCB board and six of the ten PZT elements

were individually connected to the DSA for load voltage mea-

surement. The input acceleration was applied by the vibration

shaker to the cantilever device. As the vibration frequency

of the shaker swept from 20 Hz to 50 Hz, the load voltages

generated from each single PZT element were recorded to

the DSA. Fig. 6(a) shows the load rms voltages of No. 6

PZT element against vibration frequencies under different input

accelerations ranging from 0.1 g, 0.2 g, 0.4 g, 0.6 g, 0.8 g to

1.0 g, respectively. It is found that at low input acceleration of

0.1 g, the maximum load rms voltage of 27 mV is generated

at a quite low resonant frequency of 36 Hz. As the input

acceleration raises higher than 0.2 g, the load rms voltage will

be suppressed but the operation frequency will be extended

to a wider bandwidth around the original resonant frequency,

i.e., 36 Hz. The higher input acceleration, the wider bandwidth

of the operation frequency. Actually, the other PZT elements

were also measured in the same way and the load rms voltages

showed similar trends as No. 6 PZT element but with higher

output voltages. Fig. 6(b) shows that the load rms voltages for

individual PZT element at 0.1 g and 0.2 g fluctuate, and the

average load rms voltages with respect to resistance of 1 MΩ are

37 mV and 50 mV at 0.1 g and 0.2 g, respectively. Because these
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TABLE I
OPERATION FREQUENCY BANDWIDTH COMPARISON BETWEEN

THIS WORK AND PUBLISHED WIDEBAND EHS

ten PZT elements parallel-arrayed on the supporting beam, as

long as the supporting beam deflects in each vibrate cycle,

the ten PZT elements experience the same strain distribution

in each cycle. Therefore, the voltage output fluctuation of

individual PZT element may be due to the small variation of

the PZT dimension in fabrication steps.

Fig. 7(a) shows the load rms voltages against vibration

frequencies for six PZT elements (No. 2, 3, 4, 7, 8, and 9)

connected in parallel at different input accelerations. It shows

the similar trend of wideband effect as single PZT element

in Fig. 6(a), but with much higher voltage output. For input

acceleration of 0.1 g, the maximum load rms voltage is 94 mV

at the same resonant frequency of 36 Hz. As the input ac-

celeration comes to 1.0 g, the load rms voltages can achieve

114 mV, 124 mV, and 164 mV at frequencies of 30.1 Hz,

36 Hz, and 47.3 Hz, respectively. As seen from Figs. 6(a) and

7(a), for an input acceleration of 1.0 g, the operation frequency

bandwidth is able to extend as broad as 17 Hz (from 30 Hz to

47 Hz). Meanwhile, the load rms voltage is steadily increased

within this frequency bandwidth of 17 Hz. These figures also

indicate that as long as the vibration frequencies are within this

frequency range, the load rms voltage will remain constant at

different input accelerations.

Such wideband effect is realized by having a predetermined

spacer thickness between the piezoelectric cantilever and car-

rier base as demonstrated in Section II-A. Taken six PZT

elements with an input acceleration of 1.0 g for example [shown

in Fig. 7(b)], by increasing the excitation frequency from 20 Hz,

the load rms voltage increased monotonically from point A until

point B (30 Hz), and the proof mass hit the carrier base at this

moment. The increasing rate of the load rms voltage decreased

until it reached point D (47 Hz) where the load rms voltage

suddenly and dramatically decreased to point E, at which the

system was linear and no more rattling occurred. From point

E to point F, load rms voltage decreased by increasing the

excitation frequency until 50 Hz. As the excitation frequency

swept down from 50 Hz, the load rms voltage increased through

point F to point C (41.5 Hz), where again the moving mass

hit the carrier base and the rattling occurred. By decreasing the

excitation frequency to point B, the mass stopped hitting the

carrier base, and the load rms voltage decreased from point

B to point A at 20 Hz. As a result, the operation frequency

bandwidth is greatly widened from 11.5 Hz to 17 Hz, which is

nearly 150% of the original bandwidth. Based on the measured

load rms voltage at 1.0 g, the power output was calculated

and plotted in the same figure with respect to 1 MΩ load

resistance. As seen from Fig. 7(b), both the load rms voltage

Fig. 8. Calibration of the load rms voltages of No. 6 PZT element against
frequencies at various AC excitation voltages and input accelerations.

and power output show a steady increment and wideband output

range. Within the operation frequency bandwidth from 30 Hz to

47 Hz, the power output gradually varies from 13 nW to

27 nW. The operation bandwidth of this piezoelectric EH device

is compared with the published wideband EHs in Table I. In

terms of normalized frequency bandwidth (NFB), which is

obtained by operation frequency bandwidth divided by center

operation frequency, the proposed piezoelectric EH device re-

alized much higher NFB than reported EH devices.

C. Mass Tip Displacement and Voltage Generation

To demonstrate the wideband effect of the proposed EH

device and to figure out the relationship between mass tip

displacement and voltage output, the optical setup shown in

Fig. 5 was used. In the experiment, the function generator was

connected with six PZT elements (No. 2, 3, 4, 7, 8, and 9) in

parallel, as the AC excitation voltage source. The PZT element

of No. 6 was connected with the DSA as the energy harvesting

element. The excitation frequencies were set manually from

25 Hz to 45 Hz with interval of 1 Hz, and the AC excitation

voltages were applied from 1 V to 10 V with interval of 0.5 V.

Fig. 8 shows the calibration of the load rms voltages of

No. 6 PZT element against frequencies at different AC ex-

citation voltages in comparison with the voltage outputs at

corresponding input accelerations. It indicates that the voltage

outputs and vibration behaviors of the piezoelectric cantilever

excited by six PZT elements at AC excitation voltages of 2.5 V,

5 V, and 9 V are equivalent as the piezoelectric cantilever

excited by input accelerations of 0.1 g, 0.2 g, and 0.4 g,

respectively.
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Fig. 9. (a) Mass tip displacements against frequencies at different AC self-
excitation voltages. (b) Experimental and theoretical results of the load rms
voltages against frequencies for No. 9 PZT element.

Under the same AC excitation voltages of 2.5 V, 5 V and

9 V, the sweeping distances of reflected laser light on the

surface plate were measured against frequencies from 25 Hz to

45 Hz. By using (10) and (11), the mass tip displacement

can be calculated from the measured sweeping distances and

plotted in Fig. 9(a). In the figure, at the AC excitation voltage

of 5 V which is equivalent as input acceleration of 0.2 g, the

maximum mass tip displacement arrived at 1150 µm, which

was just the space distance between the bottom surface of the

mass tip and the carrier base. By raising the AC excitation

voltage to 9 V, as the excitation frequency increased from

25 Hz, the mass tip displacement raised monotonically from

381 µm until hitting of the carrier base at 33 Hz. After that, the

moving mass started rattling with the carrier base until vibration

frequency reached 40 Hz, where the moving mass displacement

suddenly and dramatically decreased from 1150 µm to 458 µm.

The mass displacement was linearly decreased to 260 µm at

45 Hz without any rattling occurred.

Based on the experimental results of mass tip displacement,

the output voltages of single PZT element can be calculated

according to (6). Table II lists the material properties and

structural parameters of the piezoelectric cantilever used in

the calculation. The theoretical results are compared with

experimental voltage outputs of No. 9 PZT element, which

has an average output among these PZT elements. As shown

in Fig. 9(b), the results match well, where solid curves are

TABLE II
MATERIAL PROPERTIES AND STRUCTURAL PARAMETERS OF THE

PIEZOELECTRIC CANTILEVERS

the experimental results by using vibration shaker excited at

0.1 g, 0.2 g, and 0.4 g, and dotted curves are the calculated

voltage outputs by the measured mass tip displacements at AC

excitation voltage of 2.5 V, 5 V, and 9 V.

IV. SERIES AND PARALLEL CONNECTION

A. Voltage Outputs for PZT Elements Connected

in Series and in Parallel

For the comparison of PZT elements connected in series

and in parallel, load rms voltages were measured by using

vibration testing system in Fig. 4(a). The input impedance

1 MΩ of DSA was served as the load resistance in the testing

and following discussion. Fig. 10(a) and (b) show the load rms

voltages against frequencies for gradually increasing numbers

of PZT elements connected in series at accelerations of 0.1 g

and 0.2 g, respectively. Likewise, Fig. 11(a) and (b) show the

load rms voltages against frequencies for varying numbers of

PZT elements connected in parallel at accelerations of 0.1 g

and 0.2 g. For example, “S234987” indicates PZT elements of

No. 2, 3, 4, 9, 8, and 7 connected in series and “P234987” means

PZT elements of No. 2, 3, 4, 9, 8, and 7 connected in parallel.

It is found that the load rms voltages for series connection

overlap with each other and are not affected by the numbers

of PZT elements. However, for parallel connection, as the

numbers of PZT elements gradually increase from one to six,

the load rms voltages increase. As seen in Fig. 11, the maximum

voltage peaks of 94 mV and 119 mV occur at the resonant

frequency of 36 Hz with input accelerations of 0.1 g and

0.2 g, respectively.

From Figs. 10 and 11, the voltage peaks at resonant fre-

quency of 36 Hz for different numbers of PZT elements con-

nected in series and in parallel are extracted and shown in

Fig. 12(a). The trend difference can be seen more clearly in

Fig. 12(a). For series connection, the load rms voltage remains

relatively constant regarding the gradually increasing num-

bers of PZT elements. However, for parallel connection, the
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Fig. 10. Load rms voltages against frequencies for gradually increasing
numbers of PZT elements connected in series at accelerations of 0.1 g (a) and
0.2 g (b).

load rms voltage raises with the increment of connected PZT

elements. The raising rate of the load rms voltage decreases

until relatively constant with the increment of PZT elements.

Such voltage trends for series and parallel connections are due

to the large PZT impedance. It is known that, for n voltage

sources connected in series, the resultant voltage is n times

larger than single voltage source. However, the resultant im-

pedance is also n times larger than the impedance of single

voltage source (here refers to PZT element). Therefore, the load

voltage delivered to the external impedance which is smaller

than the impedance of single PZT element does not change

much. For n voltage sources connected in parallel, the resultant

voltage is the same as single voltage source. Meanwhile, the

resultant impedance is 1/n times smaller than the impedance

of single PZT element. Therefore, initially, the load voltage

delivered to the external impedance will increase greatly, but

gradually remain constant as increasing numbers of voltage

sources connected. Such trends can be explained and verified

by using simulation software SPICE as shown in Fig. 12(b). In

the simulation, the source voltage Vs of each PZT element is

derived from the measured load rms voltage VL in Fig. 6(b) by

using equivalent circuit as shown in Fig. 4(b). It is found that

the simulation results match quite well with the experimental

results. The minor difference is because the fluctuation of the

impedance of each PZT element was not considered in the

simulation.

Fig. 11. Load rms voltages against frequencies for gradually increasing
numbers of PZT elements connected in parallel at accelerations of 0.1 g
(a) and 0.2 g (b).

B. Power Outputs for PZT Elements Connected

in Series and in Parallel

In Figs. 13 and 14, the load rms voltages and corresponding

power outputs are presented regarding varying resistances by

experimental and simulation methods. In the experiment, load

resistors in parallel with DSA were connected with six PZT

elements in series and in parallel connections. Thus, the load

rms voltage measured by the DSA was referring to the resultant

resistance of the external resistors and internal impedance of

the DSA connected in parallel.

Fig. 13(a) and (b) show the experimental results of load

rms voltages and power outputs against load resistances for

six PZT elements connected in series at accelerations of 0.1 g

and 0.2 g. It is seen that the load rms voltages and power

outputs increase monotonically. Be noted that the load re-

sistance range is within 800 KΩ, because the impedance of

DSA is 1 MΩ, the resultant load resistance will always be

smaller than 1 MΩ, no matter how large the external re-

sistors of the circuit connected with. It is also known that

the maximum power output occurs when the load impedance

matches with the resultant internal impedance of the PZT

elements in the circuit. For six PZT elements connected in

series, the resultant impedance is too large that beyond the

measurement range. Therefore, in Fig. 13(b), it is only seen

a gradually growing power output without appearing a maxi-

mum power peak. To complete and present the whole curve,

simulation results by SPICE are shown in Fig. 13(c) and (d).
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Fig. 12. (a) Experimental and (b) simulation results of voltage peaks at
resonant frequency for different numbers of PZT elements connected in series
and in parallel.

Fig. 13. Experimental results of load rms voltages (a) and power outputs
(b) against load resistances for six PZT elements in series connection; sim-
ulation results of load rms voltages (c) and power outputs (d) against load
resistances for six PZT elements in series connection.

It is seen that the load rms voltages tend toward constant values

after monotonically increasing. The power outputs reach the

maximum values of 11.4 nW and 20.9 nW with the matched

load resistance of 12.5 MΩ at 0.1 g and 0.2 g, respectively.

Fig. 14. Experimental results of load rms voltages (a) and power outputs
(b) against load resistances for six PZT elements in parallel connection;
simulation results of load rms voltages (c) and power outputs (d) against load
resistances for six PZT elements in parallel connection.

Fig. 15. Comparison of power outputs for PZT elements in series and in
parallel connections.

For six PZT elements connected in parallel, Fig. 14(a)

and (b) show the experimental results of load rms voltages

and power outputs against load resistances at accelerations of

0.1 g and 0.2 g. It is seen that the load rms voltage increases

monotonically as the load resistance increases. Nevertheless,

the power outputs reach the peak values of 11.6 nW and

23.3 nW with matched resistance of 333 KΩ at 0.1 g and

0.2 g. The simulation results are shown in Fig. 14(c) and (d).

Similarly, the slope of the curve of the load rms voltage tends

to be gradually reduced after the load resistance continuously

increased above the value of the load resistance at maximum

output power. Moreover, the power outputs reach the maximum

values of 11.6 nW and 23.3 nW which are in the same level

as the values of 11.4 nW and 20.9 nW for six PZT elements

in series connection in Fig. 13(c) and (d) at the accelerations

of 0.1 g and 0.2 g, but with a quite small matched load

resistance of 330 KΩ. Thus, it is concluded that, in spite of

the connection types of these PZT elements, the optimal power
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Fig. 16. Load rms voltage and power output of six PZT elements connected
in parallel with respect to load resistance of 330 KΩ.

generated for six PZT elements remains the same with respect

to corresponding matched load resistance.

Combining the experimental results from Figs. 13(b) and

14(b), the power outputs against load resistances are rearranged

and shown in Fig. 15. Although PZT elements connected in

series and in parallel produce similar power into matched load

resistance, the matched resistance in case of parallel is much

lower than the one of series connection. Hence, it is concluded

that PZT elements in parallel connection is preferred, because

it produces much higher power output than the case of series

connection under low load resistance. For this reason, the power

generation for PZT elements in parallel connection will be

further discussed in the next section.

V. EVALUATION AND DISCUSSION

OF POWER GENERATION

From the experimental results in Fig. 14(b), the optimal

powers generated for six PZT elements in parallel connection

at 0.1 g and 0.2 g are 11.6 nW and 23.3 nW. Thus, the optimal

powers generated for single PZT element are 1.9 nW and

3.9 nW at 0.1 g and 0.2 g. Subsequently, for ten PZT elements

connected in parallel, the optimal powers generated at the same

input accelerations are calculated as 19.3 nW and 38.8 nW.

When the input acceleration exceeds 0.2 g, it starts to show

a wideband effect of voltage and power generations. Fig. 16

shows the derived results for load rms voltage and power output

against frequency for six PZT elements connected in parallel

with respect to load resistance of 330 KΩ at 1.0 g. Within

the operation bandwidth from 30 Hz to 47 Hz, the load rms

voltage gradually varies from 75.5 mV to 115.5 mV. Likewise,

output power increases gradually from 19.4 nW to 51.3 nW.

Subsequently, for ten PZT elements connected in parallel, the

optimal powers generated at 1.0 g are calculated as 32.3 nW at

30 Hz and gradually increased as 85.5 nW at 47 Hz.

There might be three possible approaches for further in-

creasing the power generation of such piezoelectric EH device.

First, modify the dimension parameters of PZT elements. Here,

the dimensions of the cantilever and lengths of PZT elements

remain unchanged, so the vibration behavior of the cantilever

maintains the same. Assuming we can only change the PZT

layer thickness and width, since the optimal power is pro-

portional to the width we and thickness te of PZT layer, the

maximum power of such piezoelectric cantilever at 1.0 g would

become 0.18 µW under a much lower matched impedance

of 42 KΩ, by having the PZT pattern covering the whole

supporting beam. Thus, the power density for such device is

11 µW/cm3. Second, the spacer thickness between cantilever

and carrier base can be adjusted to realize larger vibration

amplitude of the cantilever and then larger power output. Ac-

cording to simulation, if the spacer is increased from 1.15 mm

to 2 mm, the critical acceleration to realize such vibration

amplitude of 2 mm would be 0.3 g. Once the acceleration is

more than 0.3 g, it will also show a wideband voltage and

power output. In this case, the maximum power obtained at

1.0 g would be around 0.53 µW. Then, the power density for

this device would be 33 µW/cm3. Last but the most impor-

tant factor which leads to low output power is the quite low

resonant frequency of the piezoelectric EH device. Operating

at high resonant frequency will result in a low impedance of

PZT element and then high power output. However, this is

not suitable for most practical applications which have low

environmental vibration frequencies. One reasonable solution

is to employ frequency-up-conversion mechanism [54], [55]

which converts low-frequency ambient vibrations into high

frequency vibrations to improve the power generation for such

MEMS piezoelectric EH device at low operation frequency.

VI. CONCLUSION

This paper has demonstrated the design, fabrication, and

characterization of a MEMS-based piezoelectric EH device

operating at a quite low resonant frequency with a wideband

operation range. In this design, a Si proof mass is integrated

with the piezoelectric beam to realize a resonant frequency as

low as 36 Hz. By adjusting the spacer thickness, the vibration

behavior of the cantilever is limited in amplitude domain but

extended in frequency domain. Due to the wideband effect, the

voltage and power generations show a steadily increased and

wideband range once the critical input acceleration of 0.2 g

is exceeded. As a result, for input acceleration of 1.0 g, the

operation frequency bandwidth is obtained as 17 Hz which is

as large as 0.47 in terms of NFB. Such stable and wideband

output will benefit the future design of energy harvesting and

storage circuit. To optimize the output power, six PZT elements

connected in series and in parallel are compared and discussed.

It is found that, under the same input acceleration, the optimal

power remains the same no matter what the connection type

is. However, the impedance measured at the maximum output

power is reduced by connecting PZT elements in parallel.

Finally, the voltage and power generations for PZT elements

in parallel connection are evaluated and discussed. It shows

that, by integrating ten PZT elements in parallel, the power

generated at 1.0 g with respect to load resistance of 330 KΩ
is able to achieve a wideband output ranging from 32.3 nW to

85.5 nW within the operation bandwidth from 30 Hz to 47 Hz.

Feasible approaches are proposed to improve the power gener-

ation further. By having the PZT pattern covering the whole

supporting beam and increasing the spacer thickness up to

2 mm, theoretical calculation shows that the maximum power
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and power density at an acceleration of 1.0 g would be around

0.53 µW and 33 µW/cm3, respectively.
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