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For health monitoring of bridges, wireless acceleration sensor nodes (WASNs) are normally used. In bridge environment, several
forms of energy are available for operating WASNs that include wind, solar, acoustic, and vibration energy. However, only bridge
vibration has the tendency to be utilized for embedded WASNs application in bridge structures. This paper reports on the recent
advancements in the area of vibration energy harvesters (VEHs) utilizing bridge oscillations. The bridge vibration is narrowband
(1 to 40Hz) with low acceleration levels (0.01 to 3.8 g). For utilization of bridge vibration, electromagnetic based vibration energy
harvesters (EM-VEHs) and piezoelectric based vibration energy harvesters (PE-VEHs) have been developed.The power generation
of the reported EM-VEHs is in the range from0.7 to 1450000𝜇W.However, the power production by the developed PE-VEHs ranges
from 0.6 to 7700 𝜇W.The overall size of most of the bridge VEHs is quite comparable and is in mesoscale.The resonant frequencies
of EM-VEHs are on the lower side (0.13 to 27Hz) in comparison to PE-VEHs (1 to 120Hz). The power densities reported for these
bridge VEHs range from 0.01 to 9539.5 𝜇W/cm3 and are quite enough to operate most of the commercial WASNs.

1. Introduction

Wireless sensor nodes (WSNs) are used for sensing and
monitoring of several environmental characteristics, such
as pressure, humidity, temperature, sound pressure levels,
vehicles tracking, vibration levels, lighting information, the
absence or presence of material goods, and strain levels
in mechanical components [1, 2]. The architecture of WSN
is shown in Figure 1. A WSN consists of various compo-
nents [3], like microsensors, signal processing unit, power
management unit, microcontroller unit, built-in memory,
analog to digital converter (ADC), transmitter, receiver,
and a super capacitor. Sensor converts the physical signal,
such as pressure, temperature, humidity, or vibration, into
a respective electrical signal. The transmitter and receiver
are used for transmitting and receiving the information
data between WSN and the operator. Memory unit enables
on-board data storage. Microcontroller controls the overall
performance and operation of different components present
on board. Power management circuit distributes and man-
ages the power to the WSN components. A battery or a
super capacitor is used as the power source in the WSN
[4]. Most of the commercial WSNs operate on batteries;

however, the restricted life of batteries limits the performance
and application of WSNs. For a device with 100 𝜇W power
consumption, a lithium battery of 1 cm3 volume can be used
only for one-year operation [5]. Replacement or recharging of
batteries is feasible for small scale WSN networks; however,
for a gigantic WSN network which is spread over enormous
area, the replacement or recharging of batteries is completely
impossible.Moreover, forWSNs placed in remote, hazardous,
and inaccessible locations, the replacement of batteries can
be inconvenient and costly [6]. WSNs have enormous appli-
cations in almost every field of life, such as in industrial
machines, civil infrastructures, military equipment, traffic
control, healthcare accessories, agricultural equipment, and
domestic and office appliances.

Moreover, for the health monitoring of the bridge struc-
tures [7, 8], wireless acceleration sensor nodes (WASNs) are
utilized to monitor the vibrations induced in the bridges
due to moving vehicles and high velocity winds. Because
of the rapid advancements in ultra-low power microac-
celerometers, microprocessors, microcontrollers, and signal
processing circuits, the power requirements of the WASNs
have enormously reduced to few mW. Various types of
WASNs are developed and commercially available. Some of
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Table 1: Summary of commercially available wireless sensors nodes.

Sensor type Manufacturer Model Sensing range Operating
voltage (V)

Operating
current (mA)

Power
(mW)

Acceleration

Freescale semiconductor MMA7260QT ±1.5/2/4/6 g 3.3 0.5 1.65a

STMicroelectronics LSI302ALB ±2 g 3.6 n.rb 2
Analog devices ADXL210JQC ±10 g 4.5 0.6 2.7a

Freescale semiconductor MMA1270KEG ±2.5 g 5 2.1 10.5a

MEMSIC MXD2020E/F ±1 g 3.3 4 13.2a

BOSCH SMB455 ±70 g 3.3 8 26.4a

Analog devices ADIS16000 ±18 g 3.3 39 128a
aCalculated using equation, 𝑃 = 𝑉𝐼.
bn.r. not reported in the data sheet provided by the manufacturer.

Table 2: Summary of bridge vibration data.

Bridge Location Frequency
(Hz)

Acceleration
(g) Reference

New Carquinez California 1–40 0.01–0.102 [10]
Komtur Berlin 2–2.6 0–0.0061 [11]
Ypsilanti Michigan 2–30 0.01–0.035 [12]
Golden Gate San Francisco 0–1.5 0–0.061 [13]
RT11 bridge in Potsdam New York 3.1 0.38 [14]
Box girder bridge Austin 1–15 0.12 [15]
3rd Nongro Bridge South Korea 4.1 0.025 [16]
Huanghe Cable-Stayed Bridge China 1-2 0.015 [17]
Seohae Grand Bridge South Korea 1 0.0125 [18]
IH-35N over Medina River Texas 3.1 0.15 [19]
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Figure 1: Architecture of a wireless sensor node.

the commercial WASNs along with their operating param-
eters are listed in Table 1. The values, in Table 1, have been
extracted from the WASN data sheet available on the man-
ufacturer’s websites and guide manuals.

In Table 1, commercial WASNs require a voltage from 3.3
to 5V for their operation; however, the overall range for the
current drawn by WASNs during the transmission operation
is from 0.5 to 39mA. Moreover, the power requirements of
these WASNs that range from 1.65 to 128mW are normally
accomplished with batteries.

During condition monitoring of bridges the vibration
levels are continuously measured. Bridge health monitoring
(BHM) needs continuous operation of WASNs throughout
the life of the bridge. In WASNs, batteries as a power source
restrict these to be embeddedwithin the bridge structure.The
sole solution for powering the embedded WASNs is energy
harvesting. For conversion of WASNs into autonomous
acceleration sensor nodes (AASNs), the power need of
these WASNs (overall power range from 1.65 to 128mW)
is required to be obtained from alternative sources, such as
energy harvester. At the bridge, solar, acoustic, wind, and
vibration energies are abundantly available; however, only the
vibration energy has the tendency to be utilized for embedded
WASNs application. Solar and wind energy harvesters are
not the best option for WASNs [9], which quite often need
to be located outside the bridge structure, such as in places
with extremely high light intensities and fast blowing air;
as a result, WASNs may also face the same environmental
factors problem. Bridge vibration is produced by the vehic-
ular motion and high wind speeds. Normally the bridges
oscillation is narrowband random in nature with frequency
and acceleration levels on the lower side [10]. Table 2 lists
the vibration information of several bridges. In Table 2 the
frequency of the bridge vibration varies from 1Hz to 40Hz.
The Golden Gate Bridge located at San Francisco, USA, has
the lowest frequency (1.5Hz); however, the New Carquinez
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Table 3: Piezoelectric materials and their properties.

Materials Density
(g/cm3)

Young’s
modulus (GPa)

Curie
temperature (∘C)

Dielectric
constant @ 1 kHz

Dissipation constant
@ 1 kHz (%)

Lead titanate 6.7 112.8 240 270 0.9
Lead magnesium niobate (PMN) 7.85 61 170 5500 2.0
Lead Zirconate Titanate (soft) 7.5 63 350 1725 2.0
Lead Zirconate Titanate (hard) 7.5 63 320 1250 0.4
Quartz 2.6 76.5 550 3.75∗

Barium titanate 6.02 67 120 1550 0.03
Polyvinylidene difluoride (PVDF) 1.78 8.3 205 12
Lead Lanthanum Zirconate Titanate 8 315 11262
Aluminium titanate 3.4 20
Aluminium oxide 3.95 413 311 11.5∗ 0.0086∗

Zinc oxide (ZnO) 5.61 147.3 430
∗The values are at 1MHz.

Bridge at California, USA, has the highest frequency of 40Hz.
The lowest acceleration level of 0.1 g is recorded for the
New Carquinez Bridge, California, USA. However, 0.15 g, the
highest acceleration level, is produced at IH-35NoverMedina
River, Texas, USA. The overall frequency and acceleration
content in the bridge vibration is in the range of 1 to 40Hz
and 0.01 to 3.79 g, respectively. These bridge vibration levels
can be utilized to generate powerwith vibration-based energy
harvesters. For converting WASN into autonomous and self-
powered system, it can be integrated with a vibration-based
energy harvester. The vibration-based energy harvester will
transform the ambient bridge vibrations that are available
in the vicinity of the WASN into electrical energy which
can then be utilized for the operation of the entire onboard
components in WASN.

2. Vibration-Based Energy Harvester

Vibration-based energy harvester (VEH) converts the ambi-
ent mechanical vibration into electrical energy. Most of
the developed VEHs are resonators and hence produced
maximum power, when these are operated at the resonant
frequency [20]. Nonresonant VEHs [21] are also gaining
grounds in recent years. The output response of VEHs com-
pletely depends on the nature of vibrations. Under sinusoidal
excitation the behavior of VEH is completely different than
the response of the same VEHwhen it is subjected to random
vibrations. Various types of VEHs have been developed
and reported in the literature. Based on the transduction
mechanism, the VEHs are classified as piezoelectric [22],
electrostatic [23], and electromagnetic [24] energy harvesters.

2.1. Piezoelectric Vibration Energy Harvesters. In piezoelec-
tric vibration energy harvester (PE-VEH), a piezoelectric
material is deposited on a suspended structure, such as a
beam or membrane. Due to the vibration, as the suspended
structure oscillates, the piezoelectric material is subjected to
deformation or strain. As a result of this strain or deformation

polarization occurs across the piezoelectric material and
voltage is induced [22]. Normally, in PE-VEHs, electrodes
are used to carry away the induced charge to the load. For
PE-VEH, a number of piezoelectric materials are available,
the detail of which is listed in Table 3. In PE-VEH, the
selection of particular piezoelectric material depends on
a number of criterions, such as dielectric constant, Curie
temperature, or modulus of elasticity of the material. For
example, for high acceleration vibrations, the piezoelectric
materials (Lead titanate and Aluminum oxide) with high
value of Young’s modulus can be the desirable choice. How-
ever, for high temperature applications, Aluminum oxide is
the material of choice. Lead Lanthanum Zirconate Titanate
has a very high value of dielectric constant and therefore it is
expected to perform very well in low acceleration vibration
environments. Due to the easiness of in situ fabrication
of Lead Zirconate Titanate (PZT) with sol-gel technique
and the easy integration of PZT fabrication with the other
microfabrication processes, PZT is largely utilized as the
transduction material in most of the developed PE-VEHs.
Based on the device architecture, the reported PE-VEHs
can be classified into cantilever unimorph type PE-VEH
[25], cantilever bimorph type PE-VEH [26], and membrane
type PE-VEH [27]. Figure 2 shows the schematic diagram
of different typical types of PE-VEHs developed in the
literature. The unimorph cantilever type PE-VEH consists
of a suspension beam (cantilever beam), Figure 2(a), and
normally, on top surface of the beam, a piezoelectric material
is deposited. However, in bimorph cantilever type PE-VEH,
for better performance dual layers of piezoelectric materials
are deposited on upper and lower surfaces of the base beam,
Figure 2(b). A membrane type PE-VEH shown in Figure 2(c)
comprises amembrane. Amembrane is fabricated on a cavity
and a piezoelectric material layer is pasted either on top or
both top and bottom surfaces of the membrane. Electrodes,
mostly of either gold or copper, are coated on the piezoelectric
layer to collect the charges during the operation of PE-VEH.
Moreover, in the harvester a proof mass is used to adjust the
resonant frequency of PE-VEH [28]. When the PE-VEH is
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Figure 2: Schematic diagram of various PE-VEHs: (a) unimorph
cantilever type PE-VEH, (b) bimorph cantilever type PE-VEH, and
(c) membrane type piezoelectric PE-VEH.

subjected to base excitation, the beam or membrane vibrates
at amuch amplified displacement.The strain developed in the
piezoelectric material due to the deflection (vibration) causes
the charge to form across the piezoelectric layer.

2.2. Electrostatic Vibration Energy Harvesters. Electrostatic
vibration energy harvesters (ES-VEHs) are based on changing
capacitance between a fixed and a movable metallic plate. In
ES-VEHs, the oppositely charged plates are partly separated
by vibration and hence mechanical energy is transformed
into electrical energy [20]. The plates are initially kept
charged with a voltage source and as the gap or overlap
area between the plates changes, the changing capacitance
causes increase in the voltage across the plates, thus providing
the means for mechanical to electrical energy transduction
[20]. Schematic diagrams of different architectures, normally

adopted for ES-VEHs, are shown in Figure 3. The ES-VEHs,
shown in Figures 3(a) and 3(b), are plate type ES-VEHs.
The out-of-plane, gap varying type ES-VEH, Figure 3(a), is
comprised of a fixed plate, deposited on a substrate and
a movable plate, suspended on top of the fixed plate with
the help of fixed-guided beams and anchors. During the
operation, when the energy harvester is subjected to base
excitation 𝑦(𝑡), the movable plate moves perpendicular to
the fixed plate and the gap (capacitance) between the plates
varies. For in-plane plate type, ES-VEH, the moveable plate
is allowed to move in the plane of the harvester and during
operation the overlap area between the plates changes. The
ES-VEHs shown in Figures 3(c) and 3(d) are normally known
as comb type ES-VEHs. In these types of ES-VEHs, there
are a number of interdigitated plates (electrodes). The static
plates are produced on the substrate; however, the movable
plates are the integral part of the shuttle mass, suspended
by fixed-guided beams. Both energy harvesters are in-plane
harvesters; however, comb type ES-VEH, in Figure 3(c), is a
gap varying kind of energy harvester and the one shown in
Figure 3(d) is an overlap varying type of ES-VEH.

There are two ways in which ES-VEHs are able to readily
create a Coulomb force, a gap closing arrangement operated
in a constant charge mode, and a sliding arrangement
operated in a constant voltage mode [29]. To permit the
time dependent operations (charging and discharging) in
the ES-VEH, switching is performed between the energy
harvester and the energy extraction circuit (EEC). The
operation cycle of a charge constraint ES-VEH is shown in
Figures 4 and 6. At its maximum capacitance, the ES-VEH
is charged by a battery (line 𝐴𝐵 in Figure 6(a)). When this
initially charged capacitor is detached from the power source
(battery) and the EEC, the movement of the harvester’s plates
reduces the capacitance and increases the voltage across the
capacitive plates (line 𝐵𝐶). In the step 𝐵𝐶, the mechanical
motion is actually converted into electrical energy. When
point 𝐶 is reached, the switching connects the harvester to
the EEC and the harvester’s plates are discharged back to
initial position, point 𝐴, through line 𝐶𝐴. In Figure 6(a)
the area enclosed by the operational cycle of the ES-VEH is
actually the amount of energy generation.

If the conductive plates of the ES-VEH that are initially
charged and still attached to the voltage source (battery) are
relatively moved in a sliding mode of operation, the electro-
static force (voltage) between the plates remains constant.The
operation of ES-VEH in a constant voltage mode is shown in
Figures 5 and 6(b). The ES-VEH is charged to its maximum
capacity along line 𝐴𝐵, in Figure 6(b). Afterward, the plates
are allowed to move horizontally; however, as the battery is
still connected to the plates during themotion the capacitance
of the harvester decreases (line𝐵𝐶). Line𝐵𝐶 shows the power
generation of the harvester, where the mechanical motion is
converted to electrical energy. The ES-VEH is disconnected
from the battery and connected to the load part of the circuit
due to which the charge flows out of the harvester’s plate and
the voltage drops from 𝑉in to 𝑉res (line 𝐶𝐴). The net area,
𝐴𝐵𝐶𝐴, in the 𝑄𝑉 plot, Figure 6(b), represents the amount of
energy generation during one complete cycle of operation.



Shock and Vibration 5

x(t)Substrate

Proof massBeam Electrode

Electrode

Anchor

v

y(t) = Ysin(𝜔t)

(a)

Proof massBeam

AnchorElectrical pad

(b)

Substrate

Proof mass

Beam
Anchor

Fixed electrodes

Movable electrodes

v

(c)
Substrate

Proof massBeam

Anchor

Fixed electrodes

Movable electrodes

v

(d)

Figure 3: Schematic diagram of ES-VEHs: (a) out-of-plane gap varying type ES-VEH, (b) in-plane, overlap area varying ES-VEH, (c) comb
type overlap area varying ES-VEH, and (d) comb type gap varying ES-VEH.
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Figure 4: Operation of ES-VEH in constant charge mode.

2.3. Electromagnetic Vibration Energy Harvesters. Electro-
magnetic vibration energy harvesters (EM-VEHs) operate on
the principle of Faraday’s law of electromagnetic induction.
An emf is induced in a closed loop (coil) when the magnetic
flux density through the loop area is changed [30]. Generally,
EM-VEH is composed of a permanent magnet, coil, and a
suspension system. Due to vibration, there is relative motion
between magnate and the coil in EM-VEH and an emf is

induced in the coil [31]. Different architectures for EM-VEHs
reported in literature are shown in Figure 7.The architectures
used for the developed EM-VEHs include moving magnet
and fixed coil EM-VEHs [32], moving coil and fixed magnet
EM-VEHs [33], wound coil type EM-VEHs [34], planar coil
type EM-VEHs [31], cantilever beam type EM-VEHs [35],
fixed-fixed beam type EM-VEHs [36], and membrane type
EM-VEHs [32].
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Figure 5: Operation of ES-VEH in constant voltage mode.
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Figure 6: (a) Charge versus voltage at constant charge mode. (b) Charge versus voltage at constant voltage mode.

In EM-VEH, the coil is normally made from diamagnetic
material that offers very weak force of repletion to permanent
magnet and attribute to very low damping. The wound coil
in EM-VEH is normally produced from copper wire [37].
However, various diamagnetic materials that are available
for producing the microfabricated planar coils in EM-VEHs
are shown in Table 4. Among these materials silver has the
least electrical resistivity and can be suitable for making
planar coil for EM-VEHs. However, due to the compatibility
with other microfabrication materials and micromachining
processes copper, Aluminum, and gold aremostly utilized for
producing planar coils.

In EM-VEHs, high magnetic flux density, permanent
magnets take an essential part in conversion of vibrational
energy to electrical energy. The various types of permanent
magnets that are generally used in the developed EM-VEHs
are listed in Table 5. Due to high residual magnetic flux den-
sity, neodymium (NdFeB) permanent magnets are normally
used in almost all of the reported EM-VEHs. However, the
high Curie temperature of cast Alnico (AlNico), Samarium
Cobalt (SmCo), and Sintered Alnico (AlNiCo) make these
permanent magnets more suitable for high temperature
applications.

The comparison of the three basic types of VEHs is shown
in Table 6. PE-VEHs and ES-VEHs are capable of generating
high voltage levels than that of EM-VEHs [32]. The voltage
generation in EM-VEHs is on the low side (in mV range);
therefore, the voltage rectification is a little difficult and
normally ultra-low voltage diodes are used in the rectifier to
perform the low voltage rectification [38]. In contrast to EM-
VEHs, the internal impedance of PE-VEHs and ES-VEHs is
very high due to which low output current levels are available
from these harvesters [32]. Moreover, ES-VEHs require a
battery source for the continuous charging of the plates of the
harvesters and also an energy extraction circuit (switching
circuit) [29] to collect the harvested energy from ES-VEHs.

3. Bridge Vibration Energy Harvesting

Bridge produces vibration due to the vehicular motion and
wind [39]. These vibration levels are used as base excitation
for different type of bridge vibration energy harvesters. A
bridge vibration energy harvester converts bridge vibrations
into electrical energy. Various types of bridge vibration
energy harvester have been developed and reported.
However, PE-VEHs and EM-VEHs are commonly used to
extract the energy from the available bridge’s excitations.
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Figure 7: Schematic diagram of reported EM-VEHs: (a) membrane type EM-VEH, (b) cantilever beam type EM-VEH, (c) top view of beam
type EM-VEH, (d) cross-sectional view of beam type EM-VEH, and (e) moving coil type EM-VEH.

Table 4: Planar coil materials and their properties.

Coil materials Relative permeability Density Electrical resistivity at 20∘C Thermal conductivity
(g/cm3) (nΩ⋅m) (W/mK)

Copper 0.99 8.96 16.78 401
Silver 0.99 10.4 15.87 429
Aluminium 1.00 2.7 28.2 237
Gold 1 19.3 24.4 318
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Table 5: Properties of permanent magnets used in EM-VEHs.

Magnet materials Recoil
permeability

Density
(g/cm3)

Curie
temperature (∘C)

Ultimate tensile strength
(kpsi)

Residual flux density
(Tesla)

Neodymium (NdFeB) 1.05 7.4 310 12 1.4
Smarium Cobalt (SmCo) 1.05 8.4 825 5 1.1
Sintered Alnico (AlNiCo) 1.7 6.8 810 65 0.62
Cast Alnico (AlNiCo) 1.7 7.3 860 5.4 1.2

Table 6: Comparison of basic types of vibration-based energy
harvesters.

Parameters PE-VEHs ES-VEHs EM-VEHs
Output voltage High High Low
Output current Low Low High
Output impedance High High Low
Resonant frequency Low High Low
Voltage rectification Easy Easy Hard
Switching circuit No Must No

3.1. Electromagnetic Bridge Vibration Energy Harvesters. An
aircore linear EM-VEH has been reported in [14] to harvest
from the bridge vibrations. The developed EM-VEH is single
phase harvester that is capable of generating high voltage, low
current and has high coil resistance due to large number of
turns.The energy harvester consisted of permanent magnets,
a coil and spring. The spring used has a stiffness of 34N/m,
and in the coil vicinity the flux density of the magnets is
recorded to be 200–274mT. The wound coil is made up of
10,000 turns with resistance of 67 kΩ and inductance of 34H.
The air gap (aircore) is provided to decrease the mechanical
damping during the vibration. The developed EM-VEH is
mounted on the girder of a bridge and the bridge’s vibration
is used to excite the device. At the resonant frequency of
3.1 Hz and 10mm base displacement, the EM-VEH generated
a power of 12500 𝜇W. However, at the amplitude of 3mm
base displacement the harvester is able to produce 10V peak
voltage and 1000 𝜇W power. The device architecture and
fabrication were not mentioned.

For bridge monitoring purposes an EM-VEH [15] is
produced by a rapid prototyping, 3Dprinting technology.The
CAD model and the photograph of the fabricated EM-VEH
are shown in Figure 8. In the harvester, the teeth, springs,
and mounting clamps were 3D printed as one single part by
using selective laser sintered Nylon plastic. The harvester’s
parts which are not possible to be produced by 3D printing
were conventionally machined or purchased. The reported
EM-VEH included permanent magnets assembly which is
allowed to vibrate vertically with the help of an Aluminum
shaft and two linear ball bearings. An Aluminum shaft is
passed through the central holes in magnet’s assembly and is
supported by the bearings located in the end caps. Moreover,
magnets located at each end are used as the springs to repel
the vibrating magnet. The repulsive magnets are actually
placed at the end caps which are screwed onto the casing of
the harvester. A nonlinear spring stiffness produced due to

the repulsive magnets is intended to broaden the bandwidth
and also to provide a simple frequency tuning mechanism.
The vibrating magnets assembly is produced by sandwiching
iron alloy (that has high magnetic saturation and permeabil-
ity) disks between the opposing NdFeB magnets. A threaded
rod (nonmagnetic) with nuts at each end is utilized to keep
the disks-magnets assembly. Due to the iron disks a high
magnetic flux density is produced over a series of fixed
wound coils that surrounded the vibrating magnets. The
harvester is designed in such a way to be easily mounted
onto the web-stiffener plate or cross-frame of the bridge
structure.Thedeveloped EM-VEHwhen tested on a vibrating
shaker produced an optimumpower of 26mWat acceleration
amplitude of 0.08 g and frequency of 2.2Hz. The prototype
energy harvester is only characterized inside the lab, under
sinusoidal excitations, and is not tested for the real bridge
vibrationwhich due to passing traffic is pulsating and random
in nature.

An EM-VEH [18] developed for extracting the energy
from the vibration of urban infrastructure (e.g., bridges, rail
tracks, and highways) is shown in Figure 9.The reported EM-
VEH is comprised of acrylic pipe, four NdFeBmagnets, and a
wound coil produced at the surface of the pipe. Two magnets
are mounted at each end of the pipe; however, the remaining
two are attached together and are allowed to suspend inside
the pipe due to the repulsive force offered by the endmagnets.
When the developed EM-VEH is installed on the Seongdong
bridge, at 8mg acceleration amplitude and 14Hz dominant
frequency (bridge vibration’s frequency band = 9 to 50Hz)
produced amaximum voltage of 10mV and an average power
of 2𝜇W. In the reported energy harvester, the conductingwire
is wrapped around a small portion of the cylindrical portion,
which actually resulted in small power generation. Moreover,
for the device only length is mentioned, the diameter or
volume of the harvester is not provided which might be
helpful in computing the power density generated by the
prototype.

An EM-VEH for harvesting energy from low fre-
quency and nonperiodic vibration is developed in [40]. The
developed harvester is reported as paramagnetic frequency
increased generator (PFIG). The energy harvester (PFIG)
consisted of a wound coil (2mmwidth and 3.175mm length),
magnets (diameter = 3.175mm and thickness = 4.75mm),
copper suspension, tungsten mass, and Aluminum casing as
shown in Figure 10.

The PIFG has been developed with a hybrid fabrication
technique in which standard microfabrication lithographic
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Figure 8: EM-VEH developed by [15]: (a) exploded view of EM-VEH prototype, (b) cross-section view of EM-VEH, (c) 3D printed EM-VEH,
and (d) assembled EM-VEH with vibrating magnet structure.

processes are combined with conventional machining as
shown in Figure 11. For inertial mass and each frequency
increased generator (FIG), the planar springs are microfab-
ricated (photolithography) by the selective etching of 127 𝜇m
thick copper (alloy 110) sheet. The main magnet (NdFeB)
and latching-actuation magnet are bonded to the spring
to produce the FIG assembly. The wound coils are made
over the bobbins (Aluminum) from the copper (44AWG
enameled) wire. With a single screw at the centre, the bobbin
and the coil are fixed inside the FIG. The inertial mass
(tungsten carbide) produced by electric discharge machining
is bonded to each side of another planar spring. The FIG
and the inertial mass subassemblies are then joined together
using screws. When attached to the load resistance of 220Ω
and excited at 1 g base acceleration and 10Hz frequency,

the reported PFIG produced a max power of 163 𝜇W. The
device experimentation has been performed in the lab using
vibration shaker, and no real time characterization for the
harvester has been investigated in the work.

As shown in Figure 12, an EM-VEHwithmultirepulsively
stacked magnets andmovable wound coils has been reported
for low vibration environments [16]. The EM-VEH consisted
of two wound coils. There are 980 turns in Coil-1; however,
Coil-2 is made up of 1960 turns.The overall thickness of Coil-
1 and Coil-2 is 2mm and 4mm, respectively, and resistance
of 145 and 290Ω, respectively. Eight NdFeB magnets and
seven steel cores, with each having thickness of 5mm, are
attached on a steel shaft. The developed energy harvester
is simulated for the vibration levels available at the third
Nongro Bridge (South Korea) and the simulation results
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Figure 9: EM-VEH reported in [18] for bridge vibration energy harvesting.
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Figure 10: Exploded view of EM-VEH [40].

showed an average power generation of 0.12mW from an
input acceleration level of 0.025 g at 4.1 Hz frequency. Single
coil of the device produced a voltage amplitude of 0.71 V and
an rms voltage of 0.14 V.The reported energy harvester is not
characterized for the real bridge environment and, moreover,
in the simulation performed in the lab the effect of wind and
air surges produced due to passing traffic is not considered.

The EM-VEH reported in [37] consisted of Planar PCB
coils, wound coils, membrane, magnets, and Teflon spacers.
Assembled view of the reported EM-VEH is shown in
Figure 13. The different parts of the EM-VEH are produced
using PCB fabrication techniques and traditional machining
processes. From a FR4, PCB board, a double sided planar coil
of overall size of 1 × 1 cm is developed with PCB fabrication
technique. The planar coil has a wire width of 200𝜇m and is

composed of 12 turns. Wound coils are made from 0.18mm
copper wire. Copper wire is manually wound on the Teflon
spacers to produce 7 turns wound coil for the harvester. The
planar coil and wound coil have a resistance of 3.6 and 1.8Ω,
respectively. A flexible membrane is clamped in between
twoNdFeBmagnets and thismembrane-magnets suspension
system is bonded in between the two Teflon spacers. FR4
substrate with dual planar coils is then attached to the spacer
with epoxy. The prototype energy harvester has four planar
and sixteenwound coils.TheEM-VEH is characterized under
sinusoidal vibration at different acceleration levels. At a
resonant frequency of 27Hz and acceleration amplitude of
3 g, a single planar and wound coil of the EM-VEH produced
a voltage of 15.5mV and 11.05mV and a load power of
1.8 𝜇W and 2.1 𝜇W at their matching impedance of 3.6 ohm
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Figure 11: Fabrication of EM-VEH, reported by [40].

and 1.8 ohm, respectively. The resonant frequency (27Hz)
of the developed energy harvester is a little bit on higher
side. Moreover, the harvester is only tested in the lab under
sinusoidal excitation and the behaviour of the device is not
investigated in the actual vibration of bridge. The membrane
type energy harvesters normally exhibit nonlinear behaviour
at high acceleration levels; however, this seeking of operation
of the device is not discussed here.

Modeling and simulation for an EM-VEH are performed
in [41].The proposed devices are used to harvest energy from
the wind induced vibrations of the suspension bridge. A sus-
pension bridge of 766m length is modeled in SAP2000 and
with utilizing the wind speed data, the vibration response of
the bridge is obtained. The wind induced vibration response
of the bridge is then utilized to forecast the power generation
with EM-VEH models. A simulated EM-VEH-1 consisted of
a wound coil, suspended magnet, and a fixed magnet. In the
central recess of the wound coil, the suspended magnet is
allowed to vibrate on top of fixed magnet. In the harvester,
magnets are oriented in such a way to repel each other during
oscillations.The simulations performed on a linear EM-VEH-
1model predicted amaximumpower generation of 0.056mW
at the mid span of the bridge. Moreover, it is mentioned
that in the middle portion (305m) of the bridge the energy
harvesting per harvester is larger than 0.001W. Modeling
and simulation are also performed for a nonlinear EM-VEH-
2. The architecture of EM-VEH-2 is similar, except there

is also a fixed permanent magnet on top of the suspended
magnet. For an equivalent damping ratio of 0.02, a peak
power of 1.45W is reported at the mid span of the bridge.
In the reported energy harvesting work, only simulations are
conducted for the bridge vibration (due to wind) and the
energy harvester. The harvester fabrication is not reported;
furthermore, during modeling and simulations the passing
traffic, induced excitations are ignored.

For a bridge stay cable vibration control, a double-
function EM-VEH is investigated in [42]. The reported
electromagnetic damper is to provide vibration damping in
the bridge stay cable as well as extract the energy from
the bridge vibrations. The double-function electromagnetic
damper is comprised of EM-damper and an energy harvest-
ing circuit. A discontinuous conduction mode (DCM) buck-
boost converter is used to obtain the optimum operational
points of the reported EM-damper. For the performance of
the EM-damper, numerical simulations are performed on
a full scale wind excited stay cable. It is reported that, for
the specific wind speed that range from 9m/s to 15m/s, the
EM-damper successfully performed the dual functions and
with the harvester, an average energy generation efficiency of
42.3% is obtained. Moreover, at the optimum wind velocity
range (9m/s to 15m/s), the simulation results also predicted a
maximumpower production ranging from 82.5mW to 2.4W.
In this research only the simulation of energy harvesting from
a bridge stay cable due to the excitations by the wind speed
is performed. No harvester’s fabrication and experimentation
have been conducted; moreover, the traffic induced vibration
is not considered in the simulations which can affect the
overall accuracy of the simulation results for the energy
harvesting system.

3.2. Piezoelectric Vibration Energy Harvesters. A PE-VEH
[15] developed for bridge monitoring system is shown in
Figure 14. The harvester consisted of two Aluminum can-
tilever beams and a large mass (steel) at the beam’s tip. Two
small piezoelectric bimorph type (MIDE Volture) vibration
energy harvesters are also placed at the free end of the main
beam. Due to the excitation, as the main beam vibrates,
the beam’s tip hits a stopper plate oriented just beneath the
tip. The impulsive striking caused the small piezoelectric
bimorph beams to resonate at relatively higher resonant
frequencies. The resonant frequency of the main beam is
2.07Hz. When the PE-VEH is subjected to a vibration
at 2Hz frequency, 0.1 g acceleration amplitude, and 6 cm
displacement, an optimum power of 64 𝜇W is generated by
a single bimorph beam at the optimum load of 70 kΩ. The
testing of the developed energy harvester is not reported for
the real bridge vibration; moreover, the initial beam bending
(due to proof mass) might cause nonlinear device behaviour
even at lower acceleration levels.

For harvesting vibrations in civil structures, the devel-
oped tunable PE-VEH [26] is shown in Figure 15. The
reported PE-VEH is a cantilever type energy harvester and
consisted of a commercially available bimorph PZT sensor
(type: SMBA4510T05M, STEMIC) and a tip proof mass
(3.75 grams). Two metallic coil type springs are used to
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Figure 12: Device and experimental setup [16].
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Figure 13: EM-VEH developed in [37]: (a) exploded view and (b) assembled prototype.

connect the beam’s tip to the clamped beam’s end. The
objective of utilizing the coil spring is to provide the preload
(prestress) to the bimorph beam.With the screws, the lengths
of the springs are adjusted in order to alter the preload
on the beam. When connected to a 10MΩ load resistance
and subjected to 1 g acceleration, the PE-VEH produced
a voltage of 27V and 28V under compressive preloads
of 2N and 4N, respectively. The corresponding resonant
frequencies reported at these preloads (2N and 4N) are
44.5Hz and 40Hz. Real experimentation on bridge has not
been performed, and only lab characterization is discussed.
Moreover, in the harvester, any slight difference in the spring
forces for the beam preload will greatly affect the device
performance.

The design, modeling, and characterization of the PE-
VEH have been investigated in [43]. The developed energy
harvester shown in Figure 16 is a cantilever type energy
harvester. To extract the energy from the frequency band
(15Hz) of bridge vibrations, the resonant frequency in the
developed energy harvester is kept 14.5Hz. Two bimorph
piezoelectric (MideQP20W) patches were bonded on the top
and bottom surface of a steel plate which has a dimension
of 40 × 220 × 0.8mm. The piezoelectric patches were glued
near the clamped end of the cantilever beam. For the resonant
frequency tuning of the harvester a 12 g mass is placed on
the steel beam as a proof mass. The developed PE-VEH is
tested on the bridge and, at a frequency of lower than 15Hz,
it successfully produced a maximum power of 30 𝜇W and
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(a)

(b)

Figure 14: PE-VEH developed by [15]: (a) CAD model of PE-VEH prototype and (b) developed PE-VEH on the vibration shaker.
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Figure 15: PE-VEH produced for vibration in civil structures [26].

a voltage that ranges from 1.8 to 3.6 V. Since the reported
harvester is mounted at the fixture of water pipe passing
under the bridge, therefore, it might be possible that high
wind speed hampers the operation of the harvester.

The bridge vibration interaction with the piezoelectric
energy harvester is reported in [44]. Analytical modeling
for bridge vibration and PE-VEH is performed in time
domain and frequency domain. The bridge dynamics is
modeled as a simply supported beamwith a constant moving
load; however, the PE-VEH is modeled as one degree of
freedom system. The developed models are simulated for
different parameters, such as bridge length (25, 50, 75, and
100m), vehicle velocity (20, 40, 60, 80, and 100mi/h), bridge
damping ratio (0.01, 0.03, and 0.05), and the location of
the piezoelectric (PVDF) harvester on the bridge (1/4, 1/2,
and 3/4 of bridge’s length). The simulation results showed a
maximum power generation either at 20mi/h or at 40mi/h.
Bridge lengths of 75m and 100m produced sufficient power
to operatemicrosensors. However, the prospective harvester’s
locations, 1/4th and 3/4th, of the bridge lengths are reported

to have enough potential for the considered bandwidth of the
vehicle velocities. Moreover, for a vehicle (1000N) velocity
of 20mi/h over a 100m long bridge, a maximum simulated
power of 0.6 𝜇W is reported at 3/4th bridge’s length. Only
modeling and simulation have been performed, and the PE-
VEH fabrication and its implementation are not mentioned.

In [45], a multi-impact cantilever type PE-VEH is devel-
oped for low frequency (less than 10Hz) vibrations of struc-
tures, such as bridges. The reported energy harvester (shown
in Figure 17) consisted of a frame, two vertically oriented
piezoelectric cantilever beams, and a mass-spring system
(hung mass) aligned in between the two vertical beams. A
piezoelectric patch (PI P-876) is bondednear the clamped end
of each vertical Aluminum cantilever beam; however, there
are a number of bulges on the remaining portion of the beam.
The mass containing the rollers on the sides is suspended
by the coil spring. During vibrations, when the rollers move
along the mass, the bulges at the tips of the cantilevers are
repeatedly struck by the rollers. Due to these impacts, high
frequency vibrations (120Hz) are triggered in the horizontal
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(a)

(b)

Figure 16: (a) Piezoelectric energy harvester (b) experimental setup
[43].

direction on the cantilever beams. In this manner, the low
frequency external vibration is converted into the vertical
oscillation of the hungmass and then into the high frequency
excitation (horizontal) of cantilevers. When the reported
PE-VEH is subjected to a sinusoidal excitation at 0.29 g
acceleration amplitude and 2.71Hz (resonant frequency of
hung mass), an average power of 7.7mW is produced under
optimum load condition of 9.7 kΩ. Moreover, at resonance
and under the same load matching condition, a maximum
average power of almost 9.4mW is reported at a base accel-
eration of 4.4 g for the energy harvester. However, when the
PE-VEH is characterized for the simulated bridge vibrations,
the harvester delivered a maximum average power of 2.8mW
to the optimum load resistance of 9.7 kΩ. It is reported that,
under the simulated bridge excitations, the working of the
PE-VEH is not as smooth as in case of sinusoidal vibrations.
When compared with the fabricated traditional cantilever
type PE-VEH (same resonant frequency of 2.71Hz), the
performance of the multi-impact type PE-VEH is found
far better. For the reported device the performance is only
analyzed in the lab using vibration shaker. Moreover, due to
sudden impacts between beams and hung mass, the beams
wear and fatigue can be an issue.

For the bridge vibration analysis, modeling of a bridge’s
model with a moving point load and an analytical modeling
of a vibration-based piezoelectric energy harvester have been
discussed in [46]. A PE-VEH with and without inductor
has been modeled as a single degree of freedom system
and simulated using the devised bridge’s model. A moving
point load at various vehicle speeds (10, 15, 20, and 25m/s)
is assumed at different locations (1/4, 1/3, and 1/2 of the
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Figure 17:Multi-impact PE-VEHdeveloped by [45]: (a)CADmodel
and (b) assembled energy harvester.

bridge’s length) of the bridge and energy is estimated at
different bridge’s length. Both time and frequency responses
are obtained at various bridge’s locations and it is reported
that the optimum power is harvested at the location where
both the PE-VEH resonant frequencies matched with the
bridge’s natural frequency. A simulated, maximum energy
generation of about 18𝜇J is reported at 1/3 of the bridge’s
length for a vehicle speed of 25m/s. In this work only
the bridge model and energy harvester have been analyzed
and simulated, and no device fabrication and real time
experimentation are performed.

A piezoelectric energy harvester is developed [47] for
extracting the energy from vibration available at the bridge
bearing. The prototype PE-VEH consisted of a 0.5 in thick
steel plate (6 in × 26 in) containing 6 PZT (Type 5A) piezo-
electric wafers. The thickness of each PZT wafer is 2mm
and is bonded to the steel plate using conductive epoxy
(Chemtronics CircuitWorks, CW2400). Moreover, a rubber
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Figure 18: Fully-assembled bearing prototype [47].
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Figure 19: Experiment setup for model validation [48].

(60-durometer neoprene) layer is inserted between the steel
plates. The assembled bearing PE-VEH contained 5 PZT
bonded steel plates and rubber (60-durometer neoprene)
layers (3/8 in × 6 in × 26 in) which are inserted in between
the overlap steel plates. A load resistance of 480Ω is attached
to each PZT wafer and the prototype PE-VEH is subjected to
a cyclic force (square wave) at different frequencies and force
amplitudes. At optimal load condition and when subjected to
a force amplitude of 4 kip and a frequency of 1.5Hz, the total
energy (Watt⋅seconds) dissipated in the load resistance in 2
seconds is reported to be 1.67 × 10−4W⋅s, which corresponds
to the harvester’s instantaneous total power generation of 8.35
× 10−5W. Moreover, at a frequency of 2Hz a peak voltage
of 650mV is reported. The developed prototype is shown in
Figure 18. The reported device is only characterized in lab,
and the implementation of the developed energy harvester
in the actual bridge bearing can be an issue regarding the
compromise on the structural strength and stability.

For the structural healthmonitoring of bridges, modeling
and fabrication of a PE-VEH are reported in [48], and the
experimental setup is shown in Figure 19. The developed
PE-VEH consisted of a bimorph piezoelectric (Piezo System
Inc., T226-A4-503X) cantilever beam. Two prototypes are
reported, prototype-1, which is only the bimorph cantilever
beam (without tip mass) and has a resonant frequency
of 117.1 Hz. However, in prototype-2, tip mass is added at

the free end of the beam and its resonant frequency is
65.2Hz. The prototypes are subjected to sinusoidal exci-
tation at 0.21 g acceleration level and respective device’s
resonant frequencies. At the optimum loads of 11.8 kΩ and
14.9 kΩ, maximum power of 197 and 657𝜇W is reported for
prototype-1 and prototype-2, respectively. The simulation of
the devised model is reported to be in good agreement with
the measurement. Moreover, for the broadband applications,
an array type PE-VEH is also fabricated in this work. The
broadband PE-VEH composed of an array of six piezoelectric
cantilever beams with different resonant frequencies (63.25,
76.63, 71.5, 66.25, 63.13, 58.88, and 55.38Hz). Under optimum
load condition (7.3, 6.6, 6.8, 7.1, 7.3, 7.5, and 7.8 kΩ), when
subjected to a base acceleration of 0.2 g, a power of 0.31,
0.24, 0.26, 0.28, 0.31, and 0.33mW is produced by each
beam in the array. For the developed array type PE-VEH an
average power of 0.22mW is reported in the frequency range
from 57 to 78Hz. In this publication the energy harvester
is characterized under the vibration of a bridge model, and
no experimentation on the real bridge is reported. Moreover,
the developed prototypes exhibit relatively higher resonant
frequencies (57 to 78Hz) and can be applicable only in
those structures where this narrow frequency band bridge
vibrations are available.

To power a structural health monitoring system from
bridge vibrations, a computational model is developed for
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a PE-VEH [49]. The simulated PE-VEH is composed of
a PVDF layer attached to the whole top surface of the
bridge and the vibration produced due to a single vehicle
passing over a simply supported bridge is considered for
power generation. The vehicle is modeled as a moving point
load crossing the bridge at a constant velocity. However,
the bridge model is a 25m long concrete (density of 2,446
and Young’s modulus of 36GPa) beam, with a rectangular
cross-section (width of 8.5m) and a span to depth ratio of
20. The PVDF material with the density, Young’s modulus,
and dielectric constant of 1760 kg/m3, 3 Gpa, and 7.434 ×
10−11 F/m, respectively, is utilized for simulation. For analysis,
a finite element softwareABAQUS is used and the structure is
analyzed using 2-dimensional, 8-nodded quadratic elements.
For a 25m and 30m concrete (base beam) and PVDF bridges,
the simulations reported a power production of 4.2 kW and
5.1 kW, respectively. Moreover, the concrete (beam) bridge
power generation results are also compared with steel (base
beam) and PVDF bridges, and a much less power generation
(only 0.058 kW and 0.096 kW, resp.) is reported for the steel
bridges. In this work the size of the simulated energy harvest-
ing mechanism is gigantic. In reality, how the piezoelectric
material will be attached to the road surface is notmentioned.

4. Comparison of Bridge Vibration
Energy Harvesters

Developed bridge vibration energy harvesters are summa-
rized in Table 7. The comparative analysis of the reported
bridge vibration energy harvesters can be performed on
several criterions, such as harvester’s size, transductionmech-
anism, resonant frequency, operation frequency, frequency
bandwidth, internal impedance, optimum load, acceleration
levels to which these are subjected, voltage generation, power
production, and power density.

Based on the transduction mechanism, the bridge vibra-
tion energy harvesters are classified into EM-VEHs [15, 16,
37, 40, 41] and PE-VEHs [18, 44, 45, 47, 48]. In most of the
developed PE-VEHs the commercially available piezoelectric
material is utilized to fabricate the energy harvester. However,
in EM-VEHs, mostly wound coils and permanent magnets
are used to produce the devices. PE-VEHs produced high
voltage levels; however, due to high internal impedance low
power levels are generated. Although, relatively, low voltage
levels are produced by EM-VEHs, because of low internal
impedance in EM-VEHs, relatively high output current and
power levels are obtained.

By virtue of the harvester’s resonant frequency, most of
the developed bridge vibration energy harvesters reside in
the range of low resonant frequency (<100Hz) devices. Only
the harvesters reported in [45, 48] have resonant frequencies
greater than 100Hz. Relatively the EM-VEHs have lower
resonant frequencies than that of PE-VEHs. This fact is
attributed to the larger proof mass (permanent magnet) in
EM-VEHs than that of the PE-VEHs.

The classification of bridge vibration energy harvesters
can also be performed with respect to the power production
by these devices. Very low power levels (0.6–57𝜇W) are
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Figure 20: Power developed by the bridge energy harvesters as a
function of acceleration.

generated by the harvesters reported in [18, 37, 40, 41, 44].
The energy harvesters reported by [16, 47, 48] have generated
relativelymediumpower levels, which is in the range of 120 to
657 𝜇W. However, comparatively high power levels (7700 to
1450000 𝜇W) are produced with energy harvesters developed
in [15, 41, 45].

Figure 20 shows the power generated by the developed
bridge vibration energy harvester as function of base accel-
eration. The bridge vibration energy harvesters are subjected
to an overall base acceleration that range from 0.025 to
8 g. The EM-VEHs are relatively characterized under lower
acceleration levels (0.025 to 3 g), in comparison to PE-VEHs,
which are subjected to 0.21 to 8 g, acceleration levels. Based on
the acceleration levels of the applied vibration, the reported
bridge vibration energy harvester can be classified into
low, medium, and high acceleration energy harvesters. Low
acceleration level (0.025 to 0.29 g) harvesters are reported
by [16, 40, 45, 48]. The developed harvesters [15, 40] are
characterized under medium acceleration levels (0.3 to 1 g).
However, the harvesters operated under high acceleration
levels (3 to 8 g) are reported in [18, 37]. The EM-VEH
developed in [16] is operated under the lowest acceleration
level of 0.025 g; however, among the energy harvesters, a PE-
VEH [18] is subjected to the high acceleration level of 8 g.
Comparatively, the harvesters [45] and [48] produce high
power levels at medium acceleration levels of 0.29 and 0.21 g,
respectively.

The power developed by the devised bridge vibration
energy harvesters with respect to the harvester’s size is
shown in Figure 21. Most of the reported bridge vibration
energy harvesters are mesoscale devices. Among the devel-
oped bridge vibration energy harvesters, the EM-VEH [40]
has the smallest size (4.8 cm3) and produced a power of
163 𝜇W.However, PE-VEH developed by [47] is of the biggest
size (12208.91 cm3) and it reported to generated 167 𝜇W. In
comparison, the EM-VEH-2 [41], with a volume of 152 cm3,
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Figure 21: Power developed by the bridge vibration energy har-
vesters as function of harvester’s size.

is mentioned to produce a simulated power of 1450000 𝜇W,
which is the largest among all the bridge vibration energy
harvesters. However, the actual fabrication of the EM-VEH-
2 [41] is not reported. Moreover, the least power (0.6 𝜇W,
simulated) is generated by a PE-VEH [44], which has a size
of 6.5 cm3. By comparing the overall size, the EM-VEHs are
relatively smaller in size, having the range from4.8 to 152 cm3;
however, the PE-VEHs are comparatively bigger in size (from
17 to 12208.91 cm3).

For the reported bridge vibration energy harvesters,
the power density plotted against the harvester’s internal
resistance is shown in Figure 22.The internal resistance of the
EM-VEHs is on the lower side (0.021 to 290Ω); however, for
the PE-VEHs the internal resistance is relatively high and it
ranges from 480 to 200 kΩ. The energy harvesters, for which
the lowest (0.021Ω) and the highest resistance (200 kΩ) are
mentioned, are actually not fabricated but only simulations
are performed for these devices.The power delivery from the
harvester is optimum at impedance matching and therefore
it is important to design the energy harvesters in such a way
that the harvester’s internal impedance is equivalent to the
combined impedance of the rectifying circuit and thewireless
sensor node.

All of the developed bridge vibration energy harvesters
are resonators: that is, these would generate optimum power
at resonance condition. However, at off-resonance operation
the power production by the resonant energy harvesters is
normally on the lower side.Moreover, these energy harvesters
have a narrow bandwidth, which is also an issue. Power as
a function of resonant frequency is shown in Figure 23. The
resonant frequency of all of the bridge energy harvesters
is within the frequency band (1 to 40Hz) of the bridge
vibrations, except PE-VEH-2 [45] and PE-VEHs [48], whose
resonant frequencies are well higher than 40Hz. For most
of the bridge vibration energy harvesters, the resonant fre-
quency is in the range from 1 to 10Hz.
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Figure 22: Power density versus resistance of different bridge
vibration energy harvesters.
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Figure 23: Power developed by the bridge vibration energy har-
vesters as function of harvester’s resonant frequency.

For thorough comparison of the bridge energy harvesters,
the power density (PD) and power density per acceleration
(PDPA) as function of the harvester’s resonant frequency are
shown in Figures 24 and 25, respectively. The overall PD
of the developed bridge vibration energy harvesters ranges
from 0.01 to 9539.5 𝜇W/cm3. Among the bridge vibration
energy harvesters, [16, 40, 48] have their PDs on the higher
side. The medium range PDs are provided by harvesters
[37, 41, 44], and least most PDs are reported for EM-VEH-
3 [40] and PE-VEH [47]. Although PE-VEHs [48] seems to
produce relatively high PDs, the resonant frequencies (65.2
and 117.1 Hz) of these harvesters are way over the frequency
band of the bridge vibrations and, therefore, most of the time
these would operate at off-resonant frequencies and generate
either moderate or low powers.
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Figure 24: Power density of bridge vibration energy harvesters
verses harvester’s resonant frequency.
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Figure 25: Power density per acceleration of bridge vibration energy
harvesters verses harvester’s resonant frequency.

In Figure 25, when the bridge vibration energy harvesters
are compared by PDPA, still harvesters [48] seem promising;
however, due to the over the range (>40Hz) resonant fre-
quencies, the performance of harvesters reported in [48] will
be always under the par. The energy harvesters [16, 40, 47]
all have resonant frequencies below 10Hz and, moreover,
for these devices the PDPA values are on the higher side;
therefore, it is expected that these energy harvesters will
operate far better than the other reported bridge vibration
energy harvesters.

5. Conclusions

For autonomous bridge health monitoring system, the wire-
less acceleration sensor nodes (WASNs) need to be self-
powered nodes. In order to operate autonomously, WASNs

require an alternative power source to replace the existing
limited shelf life batteries. The energy harvester that extracts
the energy from ambient sources (solar energy, thermal
energy, acoustic energy, wind energy, and mechanical vibra-
tions) can be integrated with the WASN to autonomously
monitor the condition of bridges and civil structures. In
bridge surroundings, wind, solar, acoustic, and vibration
energies are abundantly available for energy harvesting;
however, only bridge vibration has the tendency to be utilized
for embedded WASNs applications. This work presents the
recent developments and advancements in the field of bridge
vibration energy harvesting for autonomous WASNs. So far,
two types of bridge vibration energy harvesters are developed
and reported in the literature; these are piezoelectric vibration
energy harvesters (PE-VEHs) and electromagnetic vibration
energy harvesters (EM-VEHs). Due to the ease of inclusion
of commercially available piezoelectric material in PE-VEH,
it is easy to develop PE-VEHs as compared to EM-VEHs.
However, because of high current andpower levels generation
by EM-VEHs, majority of the reported bridge vibration
energy harvesters are based on electromagnetic transduction
mechanism. Moreover, the existence of lumped permanent
magnet in EM-VEHs attributes to relatively low resonant
frequencies of the harvesters, which is highly significant in
narrow-band, low frequency bridge’s vibration. Till date, for
bridge vibrations, the development of electrostatic vibration
energy harvesters is not reported in the literature and the
possible reason for this is attributed to the usage of initial
charging source (battery) and the requirement of the elec-
tronic switch circuit during the operation of these energy
harvesters.

The overall power generation range for the reported
bridge energy harvesters is from 0.7 to 1450000𝜇W; however,
the resonant frequencies of these energy harvesters fall in
the range from 1 to 120Hz. The power level generated by
the developed PE-VEHs is from 0.6 to 7700 𝜇W and their
resonant frequencies are in the range of 1Hz to 120Hz.
The produced EM-VEHs have relatively low resonant fre-
quencies (from 0.13Hz to 27Hz) and showed the capabil-
ity of producing power from 0.7𝜇W to 1450000𝜇W. The
power generation level of the reported bridge vibration
energy harvesters is quite sufficient to operate most of
the commercially available wireless sensor nodes discussed
in the introduction. Moreover, the resonant frequencies
of most of the devised bridge energy harvesters lay in
the narrowband (1 to 40Hz) vibrations available at bridge
structures.
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