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Abstract: Pipelines are a safe and environmentally friendly way to convey fluids over a
long distance. Pressure fluctuations generated by unsteady flows are a common
phenomenon in hydraulic pipeline systems. In this paper, a piezoelectric stack energy
harvester is designed to scavenge the vibration energy of pressure fluctuations in pipeline
systems, where a force amplifier is introduced as an auxiliary booster to enhance the energy
conversion efficiency under low-frequency excitation levels. The device can be integrated
with health monitoring sensors to eliminate the needs of batteries or wired power supplies
to individual sensors. The working principle of the force amplifier is analyzed by
investigating the magnification coefficient based on a dynamic model. The optimized
structural parameters are also investigated by theoretical studies. Besides, the finite element
model of the force amplifier is also constructed to analyze the magnification coefficient and
to validate the theoretical results. Experimental studies are also carried out to identify the
effect of the force amplifier on the proposed energy harvester. The results show that there is
great potential to realize a self-powered wireless sensor network technology for pipeline

monitoring.

Keywords: Vibration energy harvesting, Pressure fluctuation, Force amplifier, Piezoelectric

stack, Hydraulic pressure pipeline system

T Corresponding author, E-mail: caostar@bjut.edu.cn

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.



1. Introduction

With the advancement of microelectronic technologies, the necessity of autonomous
power sources for low-power electronic devices has attracted much attention. Vibration-
based energy harvesting (VEH) techniques, which can transform ambient mechanical
energy from external sources to electric energy, is an ideal solution to drive small-scale and
wireless devices, like those used in wearable electronics and wireless sensors. In recent
years, a plenty of research studies have devoted great efforts on different technologies of
VEH, and various transduction mechanisms have been used, such as electrostatic [1-3],
electromagnetic [4-6], piezoelectric [7-11] and ferroelectric approaches [12-15]. On the
other hand, many structure forms have been proposed to improve and enhance the
performance of vibration energy harvesters, including bi-stable [16-18], multi-stable [19-
22] and multi-degree models [23-25]. There are some studies to investigate various types of
vibration energy harvesters under stochastic excitations [26, 27], nonlinear internal
resonance effects [28-31] and flow-induced sources [32, 33].

For vibration energy harvesters, one of the key points is the excitation source, which
can affect the design and effectiveness of VEH. In reality, ambient sources are often low-
frequency and low-amplitude in nature. Many research studies mainly focused on base
excitations (or foundation excitations). In industrial engineering fields, pipeline transport is
the long-distance transportation of fluids through a system of pipes. Pressure fluctuations
are a common phenomenon due to unsteady flows in hydraulic pipeline systems. In this
aspect, Cunefare et al. [34, 35] proposed a hydraulic pressure energy harvester to convert
mechanical energy induced by pressure fluctuations in high-pressure hydraulic pipelines
into electrical energy. Pressure fluctuations in water pipeline systems are generally weak. In
order to capture more energy under low pressure, the structure of this harvester needs to be
further optimized. However, only a few studies have attempted to enhance the working
efficiency of VEH techniques on hydraulic pipeline systems.

Force amplifiers that can magnify excitation forces have been introduced to VEH
techniques to improve the energy conversion efficiency. For example, Feenstra et al. [36]
proposed an energy harvesting backpack, using a mechanically amplified piezoelectric stack,

with a mean power output from the energy harvester of approximately 0.4 mW. An optimal
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design of the force magnification frame for a piezoelectric stack energy harvester was also
studied by Chen et al. [37], who found that the tilt angle and thickness of beams used for
force magnification are two major factors that can significantly affect the energy conversion
efficiency. Wang et al. [38] presented the theoretical model and experimental validation of
a piezoelectric stack energy harvester with a flexure free convex force amplification frame
to convert walking force into electricity. In addition, Kuang et al. [39] designed a
sandwiched piezoelectric transducer for energy harvesting in large force environment. Qian
et al. [40] adopted a force amplification frame to transmit and amplify the vertical heel-
strike force to the inner piezoelectric stack that can be used as an embedded piezoelectric
footwear harvester. Furthermore, Evans et al. [41] investigated a force amplified
piezoelectric stack device that was found to have a maximum level of amplification at low-
frequency levels, this study signified its applicability for low-frequency energy harvesting.
More recently, Keshmiri et al. [42] also proposed a new analytical model for a composite
energy harvester with embedded piezoelectric stacks using the pure in-plane polarization.
The results showed that a higher conversion efficiency can be achieved when comparing
with a conventional unimorph harvester with identical geometrical and material properties.

In this work, an enhanced pressure fluctuation energy harvester (PFEH) is designed for
energy harvesting from a hydraulic pressure pipeline system, which can be integrated with
monitoring sensors without the needs of batteries and wired power supplies to individual
sensors. This present study mainly focuses on the pressure fluctuation of water pipelines in
real-life applications as a low-frequency excitation source for energy harvesting. First, a
force amplifier [43] is designed and optimized to enhance the conversion efficiency. The
working principle of the force amplifier is analyzed by using a dynamic model. To study the
dynamic characteristics of this system, the open-circuit voltage of the enhanced PFEH under
various case scenarios is presented. The optimized structural parameters of the force
amplifier, which can improve the open-circuit voltage of the enhanced PFEH, are
determined by a theoretical analysis. Furthermore, both finite element and experimental
studies are conducted to verify the correctness of the theoretical model. Finally, important

findings of this work are summarized.



2. Theoretical model analysis
2.1 Mechanical structure of the enhanced PFEH

A new type of the PFEH is designed to harness hydraulic energy in fluids within a
pumped-fluid system and turn into usable electrical energy, which can then be used to power
sensor nodes or low-power devices. An illustrative diagram of the enhanced PFEH is shown
in Figure 1. Consider a hydraulic pressure pipeline where pressure fluctuations are an
excitation source for this energy harvester. Another important component is a force amplifier,
where the piezoelectric stack is fixed to realize an electromechanical transformation. In the
figure, an interface film is used to separate the fluid flow from the force amplifier. Indeed,
this interface is a fluid-mechanical coupling between the force amplifier and the pressure
fluctuation. The force amplifier can be excited by pressure fluctuations, this is also referred

as pressure ripples.
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Figure 1. Schematic of the enhanced PFEH

2.2 Dynamic model of PFEH

2.2.1 Amplification factor of the force amplifier
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Figure 2. A force analysis diagram of the force amplifier

The force amplifier is used to amplify external excitation forces that act on the
piezoelectric stack. The working principle of the force amplifier is illustrated by a dynamic
model, as shown in Figure 2. According to Newton’s law, when an external excitation (F;,)
exerts on the force amplifier, the piezoelectric stack will be subjected to an elastic excitation
(F,yue) due to the elastic deformation of the force amplifier. Based on the geometric
relationship, we have [43]

Fout = Fincott 1)
where 6 is the angle of each of the four beams with respect to the horizontal direction, i.e.,
structural angle. With the increase of excitation frequency, the resonant phenomenon will
occur, Eq. (1) is thus not applicable. Due to this reason, the dynamic model of the force
amplifier is required to be further analyzed when the elastic excitation F,,; is under a
resonant condition. It is assumed that the structure of the mechanical amplifier is completely
symmetric, and the external excitation force transmitted to the two ends of the piezoelectric
stack is the same and uniformly distributed. Because of the structural symmetry, a quarter
model is only considered for dynamic analysis, as shown in Figure 3. It is clear that the
deformation of the force amplifier mainly occurs in the beam parts that can be regarded as
a cantilever. Other parts can be regarded as a rigid body. Assume that only bending
deformation will occur in the beam parts, the governing equation of the beams can be
established by using a spring-mass system with equivalent stiffness and mass (see Figure

3(c)) as follows:
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are the equivalent mass and stiffness of the cantilever beam, respectively. F, and w are
the amplitude and frequency of external excitations, respectively. In addition, C, is a
damping coefficient, E; is the elastic modulus of the cantilever beam, J is the moment of
inertia of the cantilever beam, m, is the mass of the cantilever beam, m, is the mass of
the counterpart in contact with the vibration source, [ is the length of the cantilever beam,
b isthe breadth of the cross-section of the cantilever beam, and h is the height of the cross-

section of the cantilever beam.
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Figure 3. Amodel of the force amplifier: (a) a quarter model of the force amplifier; (b) a
beam part of the force amplifier; (c) an equivalent spring-mass system of the beam part;
(d) an elastic excitation working on the piezoelectric stack; and (e) an equivalent spring-

mass system of the piezoelectric stack

For convenience and brevity, we introduce the following parameters
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Based on the classical vibration theory, the solution of Eq. (2) can be written as
x = Bsin(wt — @) 4)
where B and ¢ denote the amplitude and phase, respectively. Substituting Eq. (4) into

Eqg. (1), one gets
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@ = arctan( ifzz) (6)
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Furthermore, the elastic excitation of the beam end acts on the piezoelectric stack can
be obtained as
F, =K x (7)
In Figure 3(d), according to Newton’s law, the excitation force F,,; acting on the
piezoelectric stack is
Foue = 2F;[cos(6 + AB) cot(8 + AB) — sin(6 + AH)] (8)
where A6 is the angular variation caused by the elastic deformation. Consider A6 « 6,
the expression of F,,; can be re-written as
Fyut = 2F;[cos 6 cot 6 — sinf] 9)

Hence, the amplification factor of the force amplifier is given by

M =2 (10)

2.2.2 Electromechanical coupling equations
From the perspective of elastic deformation, the deformation of the piezoelectric stack
in the horizontal direction (the direction is perpendicular to pressure fluctuations) when
subjected to positive pressure is much larger than the deformation in the vertical direction
(the direction is along pressure fluctuations). The piezoelectric stack can produce a
compression force under the action of positive pressure, and most of the voltage outputs are
generated by the piezoelectric effect, i.e., the piezoelectric constant ds; in Eq. (12). To
obtain the electromechanical coupling equation of the enhanced PFEH, the piezoelectric
stack is regarded as a single degree-of-freedom system, see Figure 3(e). As aforementioned,
the dynamic equation of the piezoelectric stack under the excitation force F,,; can be
expressed as
msy + Csy + Ksy = Four (11)
in which y is the longitudinal vibration displacement of the piezoelectric stack, Cs is a

damping coefficient of the system, mg = NpTdS and K; = NEgd are the equivalent mass

and stiffness of piezoelectric stack, respectively. In addition, the parameters N, d and S

are the number, thickness and area of the piezoelectric sheets, respectively. p and Eg are



the density and elastic modulus of the piezoelectric materials, respectively.
Since the piezoelectric stack can only produce vibration in the longitudinal direction,

the piezoelectric constitutive equations are written as

{53 = 53373 + d33E3 (12)

D3 = e33E3 + d33T5

Here, s£; is the flexibility of piezoelectric materials, d; is the piezoelectric constant,

X5 is the dielectric constant, T is the stress of piezoelectric materials, E; is the electric

field of piezoelectric materials, S5 is the strain of piezoelectric materials, and D5 is the
electric displacement of piezoelectric materials.

Assume that electric fields are uniformly distributed along the thickness of the

piezoelectric sheets, we have

14
By =22 (13)

where V(t) is the open-circuit voltage of the piezoelectric sheets. According to Eq. (12),
the stress of the piezoelectric sheets under external excitations and electric fields can be
obtained. Using Hooke’s law, the stress of the piezoelectric sheets only under excitation
T5np Can be obtained. Hence, the stress of the piezoelectric sheets (T5) caused by electric

fields can be expressed as

53 d33E3 53 d33E3
3,p E 3,7lp E 3 3,p 3,1lp E
533 ’ 533 ’ 533

Under an inverse piezoelectric effect (i.e., F;,, =0), the strain of the piezoelectric materials
is

S;=0 (15)

By using Egs. (12) and (14), the electric displacement at the upper surface of the

piezoelectric layer is expressed as

2
dss

Ds = (e33 — 5 )Es (16)
33
Moreover, the electric charge (Q(t)) is obtained by integrating the electric displacement

over the electrode area, A.

2
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Q(t) = [, D3dA = A(el; —F) Es = CV (D) (17)

Coupling with Eq. (13), the capacitance of the piezoelectric sheets is



¢ =2 (el %) (18)

d1 533

In the direct piezoelectric effect (E; = 0), the strain of the piezoelectric materials is

S3 = % (19)

Making use of Egs. (12), (14) and (18), the electric displacement at the upper surface of
the piezoelectric layer is given by

d
D; = %53 (20)

S33
The electric charge of the piezoelectric layer are obtained as

Q(t) = Ady3Ts y = 2533% (1)

S33

Finally, the open circuit voltage of the enhanced PFEH with a parallel mode of the
piezoelectric stack is derived as

V() =40 = (22)

T 2
Cc 533833—d33

2.3 Numerical simulations

The critical parameters for simulation are given in Table 1. Based on the above analysis,
the amplification factor and the open-circuit voltage are presented in Figure 4, where “FA”
represents the force amplifier. It is clear that the amplitude of the open-circuit voltage
generated by adding the force amplifier is significantly higher than that of the ordinary
piezoelectric stack under the same external excitation force. Because of the phase difference,
the amplification factor is not constant, but it is a function of the pressure fluctuation around

a constant value. Here, the constant value can be regarded as a magnification coefficient.

Table 1. Initial simulation data

Parameter Value

h (mm) 0.3

[ (mm) 14

b (mm) 5

d (mm) 1

6 (°) 6

Fy (N) 0.25
E, (Pa) 2 x 1011
Es (Pa) 1.15 x 1011
my, (g) 0.98



mg (g) 3.53

A (mm?) 25
das 2.7 % 10710
Sas 16 x 10712
£33 1.04 x 1070
C, 0.02
Cs 0.02
N 9

Figure 5 shows the numerical results of the amplitude-frequency response curves for
the magnification coefficient and the output voltage. We found that the magnification
coefficient reaches a maximum value at 578.12 Hz. At the same time, the output voltage
can arrive to the peak value. In fact, this is the fundamental resonance frequency of the
piezoelectric stack. Based on the results, it implies that the force amplifier can improve the

transformation of vibration energy.
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To obtain the optimal parameters of the enhanced PFEH, it is necessary to study the
influence of the thickness, length and structural angle of the beam parts on open-circuit
voltage. In Figure 6(a), the natural frequency of the system decreases gradually with the
increase of the length of the beam parts (simply termed as “beam length’). The shorter the
beam length is, the higher the open-circuit voltage can be generated during resonance. Under
the low-frequency and non-resonance conditions, increasing the beam length can effectively
improve the open-circuit voltage output. In Figure 6(b), we observe that there exists a
specific beam length that can maximize the open-circuit voltage output of the piezoelectric
stack under the external excitation at different frequencies. As the frequency of external
excitation increases, the specific beam length becomes shorter and the maximum open-

circuit voltage output of the piezoelectric becomes higher.
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Figure 6. Open-circuit voltage under (a) different lengths of the beam parts and (b)
different excitation frequencies

Figure 7 shows the open-circuit voltage responses under various beam thicknesses and
excitation frequencies. With the decrease of the beam thickness, the natural frequency of
the system decreases gradually. The thicker the beam thickness is, the higher the open-
circuit voltage can be generated during resonance. Under the low-frequency and non-
resonance conditions, decreasing the beam thickness can effectively improve the open-
circuit voltage output. In Figure 7(b), we observe that the beam thickness can maximize the
open-circuit voltage output of the piezoelectric stack under the action of external excitations
at different frequencies. When the frequency of external excitation increases, the specific
beam thickness becomes thicker and the maximum open-circuit voltage output of the

piezoelectric tends to be higher.
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In Figure 8, the structural angle of the beam parts will not affect the natural frequency

of the system. With the decrease of the structural angle, the open-circuit voltage of the

piezoelectric stack increases gradually. Theoretically, when the structural angle is zero, the

amplification factor of the system tends to be infinite, and the open circuit voltage generated

by the piezoelectric stack will also be infinite. In fact, the deflection of the structural angle

A6 caused by the external excitation makes it impossible for this phenomenon to occur.

Under the low-frequency and non-resonance conditions, the beam parts with a smaller angle

can make the piezoelectric stack achieve a higher open-circuit voltage output.
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Figure 8 Open-circuit voltage amplitude-frequency response curves of the piezoelectric
stack with a force amplifier under various structural angles

Based on the above analysis, to improve the energy harvesting efficiency of enhanced

PFEH at a low-frequency vibration environment, we found that smaller structural angle,

longer and thinner beam parts should be selected. For the proposed PFEH model, we obtain

a better output open-circuit voltage when the PFEH works at a resonant frequency range.



3. Finite Element Analysis

In order to verify the correctness of the theoretical analysis, a finite element model of
the piezoelectric stack with the force amplifier is built in this section, as shown in Figure 9.
Here, d is the beam thickness, [ is the beam length, 6 is the angle of each of the four
beams with respect to the horizontal direction, L is the distance between the contact
surfaces, H is the height of the force amplifier, and W is the width of the force amplifier.
A simplified model of the piezoelectric stack, consisted of 9 piezoelectric ceramic layers,
10 copper guided layers and 2 contact parts, is considered. One end of the mechanical
amplifier is fixed and the other end is subjected to an external excitation. The dimensions

and material properties of the present device are presented in Tables 2 and 3, respectively.

Fixed Support

. Piezoelectric Ceramic Layer . Copper Guided Layer D Contacting Part Excitation

(a) ()

Figure 9. Finite element model of (a) the piezoelectric stack; and (b) the force amplifier

Table 2. Materials and dimensions of the enhanced PFEH

Material Length Wide Height
(mm) (mm) (mm)
Piezoelectric ceramic PZT-5H 5 5 1
layer
Copper guided layer Copper alloy 5 5 0.5
Contact part Structure steel 5 5 2
Table 3. Materials properties of the enhanced PFEH
_ Density Young’s Piezoelectric
Material (kg m?) Modulus constant
(Pa) (Pc N
PZT-5H 7600 1.15 x 101 660
Copper alloy 8300 1.1 x 101
Structural steel 7850 2 x 101 —

Since this work is mainly to investigate the open circuit voltage of the proposed

13



harvester for dynamic characterization, no load resistors are added in the finite element
simulations. The effect of the mechanical amplifier on the energy harvesting efficiency is
determined by comparing the open circuit voltage output of the energy trap. Figure 10 shows
the finite element results, the open-circuit voltage and amplitude-frequency responses of the
enhanced PFEH under various parameters (i.e., length, thickness and structural angle of the
beam parts) are presented. We found that it is mostly consistent with the theoretical analysis,
although there are few quantitative differences. For the enhanced PFEH under different
beam thickness values, the open-circuit voltage output of the piezoelectric stack is irregular
under a resonant condition with the increase of beam thickness. Under the effect of various
structural angles, the natural frequency of the piezoelectric stack with the force amplifier
would decrease as the structural angle decreases. When the structure angle is zero, the

voltage output is the lowest under a low-frequency excitation.
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Figure 10. Open-circuit voltage amplitude-frequency responses of the enhanced PFEH
with the force amplifier under the effects of (a, b) beam length; (c, d) beam thickness; and
(e, f) structural angle.

Discrepancies between the finite element and dynamic models are mainly caused by
the model assumptions. The model can be considered as a fully symmetrical structure only
if it is subjected to either static pressure or low-frequency. As one end of the mechanical
amplifier is fixed and the other end is subjected to pressure fluctuations, the structure can
be divided into 4 beam sections that can move asynchronously under high-frequency
vibration. In Figure 11, the effects of low-frequency and high-frequency vibrations of the

model can be observed more intuitively through the finite element analysis.

ity

(a) (b)
Figure 11. Deformation of the force amplifier under (a) low-frequency vibration;
and (b) high-frequency vibration.

Despite there are some deviations between the analytical solutions and the finite
element simulation results, the structural optimization method of the force amplifier is still
consistent with the theoretical analysis. To demonstrate the benefits of the force amplifier,
three cases of the enhanced PFEH, they are (i) only the piezoelectric stack (PS); (ii) the

piezoelectric stack with a force amplifier (PS with FA); and the piezoelectric stack with an

15



optimized force amplifier (PS with OFA), are compared and discussed based on the finite

element analysis. In Table 4, the detailed geometric parameters of the structure are given.

Table 4. Dimensions of three cases of the enhanced PFEH

Dimension PS PFEH with FA PFEH with OFA
d (mm) -- 0.5 0.3
[ (mm) -- 6.5 14
6 (°) -- 6 6
e . 18 33
H (mm) -- 14 14
W (mm) -- 5 5

As a result, the time-history and frequency-spectrum responses of the open-circuit
voltage results for these three cases are shown in Figure 12. For simulations, the static
pressure, amplitude and frequency of pressure fluctuations are defined as 200 kPa, 10 kPa
and 100 Hz, respectively. To give a more explicit comparison, the identified maximum
values of the three cases are summarized in Table 5. It is clear that the piezoelectric stack
with the force amplifier can effectively improve the RMS open-circuit voltage output. The
optimized force amplifier can further increase the open-circuit voltage output among other

two cases, it is approximately 8 times better than the case with the piezoelectric stack only.
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Figure 12. Time-history and frequency-spectrum responses of the open-circuit voltage
results for (a, b) PS; (c, d) PS with FA; and (e, f) PS with OFA.

Table 5. Identified results of three cases of the enhanced PFEH
PFEH with  PFEH with

© PS FA OFA
Max amplitude of pressure fluctuation (kPa)  10.614 6.614 9.544
Main frequency of pressure fluctuation (Hz)  210.04 24.06 93.19
RMS open-circuit voltage output (mV) 10.311 22.972 83.622

4. Experimental Studies

In this section, an experimental platform for the enhanced PFEH resting on a hydraulic
pressure pipeline system is built, as shown in Figure 13. The open-circuit voltage output of
the piezoelectric stack without connecting any load resistance under pressure fluctuations
can be directly measured. The time-domain and frequency-spectrum curves are plotted in
Fig. 14. It is seen that the voltage output frequency of the piezoelectric stack under pressure
ripples is at 47 Hz, 50 Hz and 100 Hz.

According to the above analysis, three cases of the PFEH structure are considered, i.e.,
the force amplifier with an optimized length (OLFA), the force amplifier with an optimized
thickness (OTFA) and the force amplifier with an optimized angle (OAFA). The results are
compared with two un-optimized cases. Figure 15 demonstrates the frequency-spectrum
results of the open-voltage output. We observe that there are mainly three different pressure
pulsation frequencies in the hydraulic pressure pipeline, i.e., 47 Hz, 50 Hz and 100 Hz. Table
6 shows the peak value of the voltage at various frequencies. It is found that the
implementation of an un-optimized FA for the PFEH results in a decrease of the voltage.

However, the voltage can be significantly increased by increasing the length and reducing
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the thickness and structure angle of the beam parts.
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Table 6. Open-voltage outputs under various frequencies of pressure fluctuations of
PS, PS with FA, OLFA, OTFA and OAFA

47Hz (mV) 50 Hz (mV) 100 Hz (mV) RMS (mV)

PS 0.88 1.54 0.65 1.10

PS with FA 0.12 1.72 0.13 1.00
OLFA 0.95 1.59 2.52 1.81
OTFA 1.97 1.61 3.73 2.60
OAFA 0.98 1.91 2.10 1.73

In essence, the natural frequency of the system can be reduced by increasing the beam
length and reducing the thickness and structural angle of the beam part. When the natural
frequency of the system approaches to 100 Hz, a resonance phenomenon will occur. This
will increase the open-circuit voltage output under pressure fluctuations at 100 Hz. When
the natural frequency of the system is lower than 100 Hz, no resonance phenomenon will
appear. This will reduce the open-circuit voltage output under pressure fluctuations at 100
Hz and increase the open-circuit voltage output under pressure fluctuations at 50 Hz. The
experimental results show the advantages of the optimized force amplifier for the enhanced
PFEH, it implies that the energy conversion efficiency can be effectively improved by

optimizing the force amplifier structure.

5. Conclusions

In this work, coupling a piezoelectric stack with a force amplifier for energy harvesting
from a hydraulic pressure pipeline system under low-frequency excitation levels is designed
and analyzed. The working principle of the force amplifier is explained by using a dynamic
model. It is found that the force amplifier possesses the function of magnifying external
excitations that act on the piezoelectric stack. Moreover, to obtain higher output voltages of
the enhanced PFEH, it is found that the structural angle and the beam dimensions are the
critical parameters to optimize the effect of the force amplifier. The analytical solutions are
verified by the finite element and experimental results. The force amplifier deployed on the
piezoelectric stack can effectively increase the RMS open-circuit voltage output. Moreover,
the optimized force amplifier can further improve the performance of the enhanced PFEH.

In general, the flow rate of pipeline systems can affect the performance of such a device. A
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higher dynamic pressure in pipelines will increase both flow rate and pressure fluctuations,
this will further induce a higher voltage output of the current device. We also realized that
the contact area between the energy trap and the hydraulic pipe is another important factor
that can affect the efficiency of energy harvesting. Based on the current work, the contact
area is 50.24 mm?, we estimated that the output density of the open circuit voltage is about
517 V/m?, This is a favorable result for energy harvesting applications. Since pressure
fluctuations occur everywhere in pipeline systems, it is expected that the voltage output can
be effectively improved by enlarging the contact area. On the basis of this work, local
pressure fluctuations under the flow-induced vibration effect can improve the energy
harvesting efficiency. The present study shows that the proposed PFEH has great potential
as a self-powered technique to support low-power wireless sensor networks for intelligent

monitoring in pipeline systems.
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