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Abstract: In this paper, piezoelectric MEMS energy harvester using flow-induced vibration were presented.
Generally, MEMS energy harvesters used parasitic vibration, and their natural frequencies were matched with
the frequency of parasitic vibrations in order to improve the generated power density of them. Since natural
frequencies of massive infra-structures are lower than 10Hz, reduction of the natural frequency of MEMS
energy harvesters is most important factor in the design process. In this work, we used parasitic flow as the
input energy of the MEMS energy harvesters. When slender structures are existed in flow, the structure
undergoes flow-induced vibration. Using this vibration, the piezoelectric energy harvester converts vibration
energy into electrical energy. The vibration was modulated with the natural frequency of the energy harvester.
This vibration mode was called as “turbulence-induced vibration” not vortex-induced vibration. The energy
harvester had the length of 610um, the width of 300um and the thickness of 3.5um. It had, also, initial
deflection of 37.1um due to residual stress of PZT film. In the experimental study, we measured generated
voltage across the resistor of 22MQ with varying the speed of air flow. At speed of air flow of 6.1m/sec,
12.4m/sec, and 21.6m/sec, generated voltage were 0.44V, 0.62V and 0.82V, respectively. Maximum power
density was 6.7uW/cm® at speed of air flow of 21.6m/sec. Measured natural frequency of the MEMS energy
harvester was 13.3kHz, and output voltage was modulated with 13.5~13.8kHz by turbulence induced

vibration.
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1. INTRODUCTION

Recently ubiquitous/distributed sensor networks
for infra-structure monitoring systems are highlighted.
These distributed sensors require long-life power
sources or self-sustainable power sources. Almost
energy harvester, specially the self-sustainable power
source, used parasitic energies from the environment
such as wind, solar, infra-structures and so on. In the
case of energy harvesters which wused parasitic
vibration of infra-structures as input energy, they
usually used the parasitic vibration of bridge, building,
pipeline, machinery, automobile and so on.[1-5] In
order to maximize the generated power, all of energy
harvesters used the resonance phenomenon, that is, the
natural frequency of energy harvesters was matched to
frequency of parasitic vibration for resonance.
Frequency of the parasitic vibration from huge infra-
structure is lower than several tens Hz. Actually the
natural frequency of the golden gate bridge in

transverse mode was 0.055Hz.[6] However,
microstructures  inevitably have high stiffness
characteristics. So it is hardly to reduce natural

frequency of microstructure below several hundred Hz.
In order to reduce natural frequency of microstructure,
microstructure must have large proof mass[1] or low

197

stiffness beam. However, MEMS of low natural
frequency results in the mechanical instability problem.

There are heavily windy environment on the top of
infra-structures of bridge and building. In this work,
we used air-flow instead of parasitic vibration, as well
as, we used flow-induced vibration of a microstructure
instead of the parasitic vibration. When a fluid passes
over a slender microstructure, microstructure generates
mechanical vibration.

Monitoring
PEHFV Sensors

Fig.1: Hlustration of
energy harvester using flow-induced vibration (PEHVIB)
as the power source of the infra-structure monitoring
sensor.
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This phenomenon is known as the “flow-induced
vibration”.  If we use the flow-induced vibration of
the micro-structure, we can use high stiffness
characteristics of MEMS which has natural frequency
of several kHz. Piezoelectric effect of the PZT film
was used as the energy conversion principle. In this
paper, we have fabricated and tested the piezoelectric
energy harvester wusing flow-induced vibration
(PEHFiV).

Fig.2 shows the schematic view of the PEHFiV
which consists of a piezoelectric thin film of PZT and
a cantilever beam. When the air-flow passes over it,
the cantilever beam will vibrate.

2. WORKING PRINCIPLE AND THEORY

Generally, when the air-flow passes over a
structure, periodic vortex streets are generated behind
of the structure. Then, these periodic vortices shake
the structure. This kind of vibration is known as
“vortex-induced vibration”. Vortex-induced vibration
is described by Strouhal number, St.[7]
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where f5, St, U, and D are vortex shedding frequency,
Strouhal number, flow velocity, and characteristic
length of a structure, respectively. Strouhal number is

typically 0.15~0.25 for the arbitrary shape.[7]

In order to use resonance phenomenon, natural
frequency of the microstructure must be matched with
vortex shedding frequency. However, vortex shedding
frequency is proportional to the flow velocity. Since
vortex shedding frequency depends on the flow
velocity, it is hardly to use resonance phenomenon.
Moreover, Strouhal number is hardly defined for the
microstructure, because periodic vortex streets could
not generate at low Reynolds number condition
(Re<40) and at turbulence flow condition.[7] It was
famous research results that a microstructure in MEMS
could generate turbulence.[8]

Fortunately, according to R.D. Blevins[7], a
microstructure in the air-flow undergoes “turbulence-
induced vibration”. A structure exposed to turbulence
will typically have a modulated response. The
modulation is produced by the interaction of the
components of turbulence that produce the resonant
response.  That is, vibration frequency of the
turbulence-induced vibration is natural frequency
modulated form, while that of the vortex-induced
vibration depends upon the vortex shedding frequency.
Figure 3 shows the typical structural response in the
turbulence-induced vibration.[7]
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Fig.2: Schematic illustration of the piezoelectric energy
harvester using flow-induced vibration(PEHFiV).
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Fig.3: Typical time-history response of a lightly
damped system to turbulence-induced vibration.[7]

Since, vibration frequency of a microstructure
don’t depend upon the flow velocity in turbulence-
induced vibration, there is no need to consider the
frequency matching between natural frequency of a
microstructure and vortex-shedding frequency.

Therefore, we could expect the output signal of
PEHFiV generated by turbulence-induced vibration is
modulated with its own natural frequency.

3. DESIGN AND FABRICATION

PEHFiV was designed to verify our concept. In
order to produce enough initial deflection due to
residual stress of PZT film, its dimension was designed
as length of 610um, width of 300um and thickness of
3.5um, respectively. Theoretical natural frequency of
a cantilever beam is describe by

1 [35( Eh?
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Where E, h, |, and p are Young’s modulus, thickness,
length and density of a beam, respectively.

If we consider Young’s modulus of 170GPa and
density of 2330kg/m’, theoretically estimated natural
frequency is 13.2 kHz. Theoretical natural frequency
will be compared with modulated component of the
output signal of the PEHFiV to the turbulence-induced
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vibration.

Electrode was designed as interdigited(IDT) shape
to use transverse mode (ds;;) of PZT. The IDT
electrodes were fabricated with a finger width of 10pum
and finger gaps (electrode spaces) of 10um,
respectively.

The PEHFiV was fabricated by silicon on insulator
(SOI) wafer with 3.5um-top layer and 1pm-buried
oxide layer as shown in Fig.4. Lower electrode of Pt
(0.2um) was sputtered, and then PZT layer (0.4pum)
was coated by spinning process of a PZT sol-gel. The
PZT solution had a composition of Pb(Zr+Ti) along
with a Zr/Ti ratio of 52/48. PZT was five times to
fabricate 0.4um-thick PZT layer. Upper electrode of
Pt (0.2um) was also sputtered, and the PZT layer was
crystallized at 600C. A photo-resist lift-off process
was used to define the contact pad. Lower and upper
electrodes of Pt and PZT layer were patterned by dry
etching process. Finally, handle-silicon and buried
thermal oxide were etched by DRIE process and HF
solution (BOE) for a structure release.

Fig.5(a) shows SEM image of the fabricated
PEHFiV chip. Fig.5(b) shows the initial deflection of
the cantilever of 37.1um which measured by laser
interferometer(Zygo, Inc.).

A. Pt/PZT/Pt Deposition B. Pt Patterning
F. Au Bridge
& Cantilever

C. PZT Patterning
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& Bending

D. Pt Patterning
& Au Contact
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Fig.4: Fabrication process of the PEHFiVs.
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Fig.5: SEM image of the fabricated PEHFiV: (a)SEM
image; (b) Measurement results of the initial deflection
(37.1um) of the silicon cantilever due to residual
stress of the PZT film.
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4. EXPERIMENTAL PROCEDURE AND
RESULT

In the experimental study, air flow was supplied
by compressed air source and velocity of air flow was
measured by the flow sensor.  Generated voltage
across the resistor of 22MQ was measured by data
acquisition  board(NI-DAQPad 6251, National
Instrument). Fig.6 shows the time-history of the
output signal of the PEHFiV with varying velocity of
the air-flow. As shown in Fig.6, peak to peak output
voltages of the PEHFiV were measured as 2mV,
0.44V, 0.62V, and 0.82V at the flow velocity of
Om/sec, 6.1m/sec, 12.4m/sec, and 21.6m/sec,
respectively.  Generated voltage was increased as
velocity of the air-flow was increased. Generated
voltages and power densities with respect to several
velocities of air-flow were compared in Fig.7.
Generated maximum power density was 16.7uW/cm’
at the air velocity of 21.6m/sec.
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Fig.6: Time-history of the generated voltage of
PEHFiVs with respect to several flow velocities of
Om/sec, 6.2m/sec, 12.4m/sec and 21.6m/sec.
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Fig.7: Voltage and power density of PEHFiVs with

respect to several flow velocities of Om/sec, 6.2m/sec,
12.4m/sec and 21.6m/sec.






