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This paper presents novel electromagnetic bridge energy harvesters (BEHs) utilizing bridge vibrations and ambient wind surges to
power wireless sensor nodes used for bridges’ health monitoring. The developed BEHs are cantilever-type and are comprised of a
wound coil, permanent magnet, an airfoil, cantilever beam, and a support. Harvesters are characterized in-lab under different
vibration levels and are subjected to variable speed air surges. The harvesters exhibit multiresonant frequencies; prototype I has
resonant frequencies of 3.6, 14.9, and 17.6Hz. However, 7.6, 33, and 45Hz are the resonant frequencies for prototype II. Under
vibration testing, prototype I produced a maximum voltage of 206mV and an optimum power of 354.51μW at a frequency of
3.6Hz and 0.4g acceleration. However, at a frequency of 7.6Hz and 0.6g acceleration, prototype II showed the capability of
generating a maximum voltage of 430mV and an optimum power of 2214.32μW. Moreover, when BEHs are characterized
under variable speed air surges, prototype I generated a load voltage of 19mV and a power of 7.84μW at an air speed of 9m/s;
however, 22mV and 9.14μW load voltage and power, respectively, are developed by prototype II at 6m/s air speed.

1. Introduction

Energy harvesting from ambient vibration is a nondestruc-
tive and maintenance-free solution for powering remote,
integrated, abandoned, and embedded sensing systems used
for health monitoring of machines (such as reciprocating
engines, compressors, pumps, turbines, electrical generators,
and motors) and civil structures (such as bridges, flyovers,
and high risers). In civil infrastructure, health monitoring is
significant to avoid catastrophic failure, to save human lives,
and also to alleviate detours and traffic nonuniformities [1].
In reality, due to environmental hazards, fatigue, improper
usage, material aging, and earthquakes, the condition of civil
infrastructure continues to degrade with the passage of time
[2]. For deterioration, damage recognition, and risk investi-
gation, wireless sensor node- (WSN-) based health monitor-
ing systems are normally used to interrogate continuously
and remotely the condition of bridges [3]. The schematic of

a typical WSN is shown in Figure 1. For bridge’s health
monitoring, either accelerometer or strain sensor is used to
provide the real-time signals of bridge’s vibration or strain
levels. The sensor’s signals are processed (for analog to digital
conversion, noise filtration, and amplification) with condi-
tion and processing part of the WSN. The processed data is
then supplied to the transceiver and to the on-board mem-
ory. The power management part on the WSN is responsible
for the power distribution from the power source (battery or
super capacitor) to all the components on theWSN platform.
The programmable microcontroller manages all the activities
(sleep mode, measuring mode, and transmission mode)
which are programmed for the WSN.

Usually, WSNs deployed for health monitoring require
batteries for their operation. However, batteries are of lim-
ited life span and have to be either replaced or recharged
repeatedly which makes WSNs prohibitively inconvenient
and in some cases, expensive. Additionally, interrupted
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functionality (due to lack of battery power) of a WSN is a
burden on the network and may result in network conges-
tion. Although during operational mode, the power need of
commercial ultralow power MEMS sensors is in the range
of 1.8 to 324μW for a continuous current supply of 1.7
to 2.5μA [4] only. However, in WSNs, more power is
required for data transmission (0.09 to 128mW) [5] rather
than sensing. Furthermore, due to the rapid developments
in low power sensors, microcontrollers, conditioning cir-
cuits [6], power management circuits [7], and transmission
module and because of efficient wireless sensor networks
[8], the power requirement of WSNs is on a sharp decline.
The energy harvesting technique [9–13] that is developed
two decades ago has the tendency and capability to power
these low power WSNs [14]. The energies, those are present
in bridge’s environment and can be taken into the account
for energy harvesting, are vibration (vehicle-induced vibra-
tions), acoustic (vehicle noise), wind (naturally blowing
wind and air surges produced due to vehicle motion),
and solar. However, bridge’s vibration [15–17] and ambient
wind [18] are more reliable to be utilized for the harvesting
energy on bridges.

Usually, the traffic and wind-induced bridge’s vibrations
exhibit low frequency and low acceleration amplitude. The
vibration data of various bridges is summarized in Table 1.
The maximum acceleration of bridge vibration reported by
Sazonov et al. [19] is 0.55g; however, the maximum fre-
quency (40Hz) is recoded for the bridge reported by [20].
Short and medium span bridges vibrate with frequency typi-
cally ranging from 2 to 8Hz and acceleration levels less than
0.1g [21]. Some bridges exhibit random vibrations with low
frequency (2 to 30Hz) and low excitations of 0.01 to 0.05g
[22]. However, at other bridge structures, the vibrations are
comparatively more severe with a frequency range of 1 to
5Hz and acceleration levels from 0.3 to 1.5g. From Table 1,
it can be seen that in the bridges’ vibrations, the overall fre-
quency content actually ranges from 0 to 40Hz and the over-
all acceleration level is from 0 to 0.55g.

The bridges’ vibration levels provided in Table 1 are quite
enough to drive the vibration-based energy harvesters
[41, 42] to produce electrical power for the operation
of WSNs mounted for the heath monitoring of bridges.
In vibration-based energy harvesters, there has been a
substantial research and development and to extract the
bridge’s excitations, vibration-based piezoelectric [43],

electromagnetic [44–46], and electrostatic [47, 48] energy
harvesters can be utilized. Vibration-based piezoelectric
energy harvester usually consists of a piezoelectric membrane
or beam. When the harvester is exposed to base excitation,
the membrane or beam also starts oscillations and deforma-
tion or strain is produced in the piezoelectric material. That
strain actually induces the voltage (polarization) in the piezo-
electric material [49–51]. Electromagnetic energy harvester
comprised of a beam, coil, magnet, and base support. When
the harvester is excited, the beam starts vibrating and the
magnet attached to the beam also starts moving relative to
the coil, and due to the changing magnetic flux, a voltage is
induced in the coil [52–54]. However, electrostatic energy
harvester is made of two conductive plates which are parallel
to each other. The plates are separated by vacuum or air and
initially, an electric field is provided between the plates
(with the help of a battery). When external vibration is
applied to an electrostatic energy harvester, the plates of
charged capacitor separate and the mechanical energy is
converted into electrical energy [55, 56].

For the health monitoring system of bridge structures,
several BEHs are devised and reported in the literature. The
reported BEHs are mainly either electromagnetic type or pie-
zoelectric type. An electromagnetic BEH [19] produced with
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Figure 1: Schematic diagram of a wireless sensor node.

Table 1: Bridges’ vibration data.

Bridge
Frequency

(Hz)
Acceleration

(g)
Ref.

RT11 (New York, USA) 1 0.55 [19]

Ferrite (Sweden) 14-15 0.02 [20]

Barrel Springs 3.003 0.09 [21]

Grove Street (Michigan, USA) 2–30 0.01–0.035 [22]

— 2–8 0.1 [23]

New Arsta (Sweden) 1–5 0.3–1.5 [24]

Komtur (Berlin) 2–2.6 0–0.006 [25]

New Carquinez
(California, USA)

2–30 0.01–0.13 [26]

(North, France) 2 0.05 [27]

NC (USA) 1–40 0.01–0.1 [28]

Huanghe cable-stayed bridge
(China)

1-2 0.015 [29]

Golden Gate
(San Francisco, USA)

0–1.5 0–0.061 [30]

IH-35N over Medina River
(Texas)

3.1 0.15 [31]

California (USA) 10–20 0.0002 [32]

Box girder (Austin, USA) 1–15 0.12 [33]

Iwate Prefecture (Japan) 0–25 0.005 [34]

Ypsilanti (Michigan, USA) 2–30 0.01–0.035 [35]

Seohae Grand Bridge
(South Korea)

1 0.0125 [36]

Voigt bridge 4.8 0.0025 [37]

Seohae Grand (South Korea) 1 0.02 [38]

Iriri — 0.278 [39]

Ferrite (Sweden) 4.1 0.02 [40]
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wound coil, permanent magnets, and spring has a resonant
frequency of 3.1Hz. It is reported to generate 10V voltage
and 1000μW power at 3mm displacement and 3.1Hz fre-
quency. Moreover, a power development of 12500μW is also
reported when the energy harvester is subjected to 10mm
displacement amplitude and resonant frequency.

In BEH [33], a rod having a number of cylindrical mag-
nets is enclosed in a nylon casing and is allowed to oscillate
vertically (with the aid of the end repulsive magnets located
in the end caps) to generate energy from vibrations. Various
parts (such as caps, frame, and casing) of the BEH are fabri-
cated with rapid prototyping machine. When tested under
sinusoidal excitation, the harvester is reported to produce a
maximum power of 26mW at 0.08g and 2.2Hz.

Neodymium magnets, wound coil, and a pipe (acrylic)
are used to develop an electromagnetic BEH [36]. End mag-
nets in the outer caps are utilized to help the moving magnets
to levitate in the pipe (having the wound coil) during opera-
tion. When mounted on the bridge structure, the developed
BEH generated 10mV voltage and 2μW power from the
excitations at 8mg acceleration and frequency of 14Hz.

A rod (steel) having stacked magnets and core (steel)
discs is kept stationary while wound coils attached to helical
springs are allowed to vibrate in response to external oscilla-
tion in BEH developed by [40]. A voltage and power produc-
tion of 0.71V and 0.12mW, respectively, is obtained from
the developed BEH when vibrated at a frequency of 4.1Hz
and base acceleration of 25mg.

An electromagnetic BEH comprised of permanent mag-
net, wound coil, and microfabricated planar spring is
reported for low frequency vibration applications [57].
For the developed harvester, a power generation of 163μW
(at load resistance= 220Ω) is reported at 10Hz frequency
and 1g base acceleration.

Membrane (latex), wound coils, PCB-planar coils, neo-
dymium magnets, and spacers (Teflon) are used to develop
a BEH [58]. In the harvester, the magnets are placed on the
membrane and are allowed to oscillate; however, the wound
coils and planar coils are all kept fixed. Under sinusoidal
excitation at 27Hz and 3g, single wound coil is reported to
produce 11.05mV voltage and 2.1μW power; however,
under same operation condition, a power of 1.8μW and volt-
age of 15.5mV are generated by a single planar coil.

A piezoelectric cantilever-type BEH [25] comprised
three cantilever beams. Frequency upconversion technique
is utilized for the harvester’s operation. In the harvester,
the main beam has a proof mass at the free tip; moreover,
two beams (piezoelectric bimorph) are located on top of
the main beam just above the proof mass. The frequency of
the main beam is kept low (2Hz); however, the resonant fre-
quencies of the piezoelectric beams are comparatively high.
During operation when the proof mass hit the stopper, it
excites the piezoelectric beams which then vibrate relative
at higher frequencies. For the single piezoelectric beam, a
load power of 64μW (at 70 kΩ optimum load) at 2Hz and
0.1g vibration is reported.

A piezoelectric cantilever-type BEH [27] is devised for
narrow band vibrations. In the harvester, two piezoelectric
patches are bonded (near the clamped end of the beam) to

the top and bottom surfaces of the steel cantilever beam;
however, a proof mass is bonded to the free end of the beam
to tune the BEH at the resonant frequency of 14.5Hz. When
tested at the bridge’s real vibration in which the frequency
content is less than 15Hz, the BEH is reported for the voltage
generation of 1.8 to 3.6V and a power production of 30μW.

A cantilever-type piezoelectric BEH [59] is developed
with tunable capability. A couple of helical springs is attached
in between the proof mass (at beam tip) and frame (at beam
fixed end) to keep the piezoelectric cantilever beam in com-
pression. The preload technique is utilized to tune the piezo-
electric beam. The screws provided in the frame are used to
set the preload on the beam. The harvester exhibits the fre-
quencies 44.5Hz and 40Hz at preload of 2N and 4N, respec-
tively, and it is reported to generate a load voltage of 27 and
28V when connected to a load of 10MΩ and vibrated at 1g.

For low frequency operation, a cantilever-type BEH [59]
is produced. Multi-impact phenomenon and frequency
upconversion technique are utilized for the basic working
of the harvester. In the BEH, there are two vertically oriented
piezoelectric contained cantilever beams. Moreover, protrud-
ing knobs are made on the free end of piezoelectric beams. In
between the piezoelectric beams, a proof mass having rollers
is suspended with the help of a coil spring. The resonant fre-
quency of the spring-mass component is kept low (2.71Hz);
however, the resonant frequencies of the beams are relatively
high (120Hz). During operation, due to vertical vibration of
the proof mass, the sudden impact of the roller beams’ knobs
causes the piezoelectric beams to vibrate horizontally at its
own resonant frequency. When the devised BEH is applied
to the sinusoidal vibration, it generated a mean load power
of 7.7mW (at optimum load=9.7 kΩ) and average power
of 9.4mW at 0.29g and 4.4g, respectively. Moreover, under
simulated bridge’s oscillations, the harvester delivered
2.8mW mean power to the optimum load.

Cantilever-type piezoelectric BEHs [59] used piezoelec-
tric bimorph material to extract the energy for bridge’s health
monitoring system. Three prototypes are reported in this
work. Prototype I which has a resonant frequency of
117.1Hz is a bimorph cantilever beam having no proof mass.
In prototype II, proof mass is added due to which its resonant
frequency is lowered down to 65.2Hz. However, to extract
the energy from the comparatively broader band of excita-
tion an array type, prototype III is developed that have six
piezoelectric beams. The beams in prototype III are tuned
to frequencies of 63.25, 76.63, 71.5, 66.25, 63.13, 58.88, and
55.38Hz. Under optimum load condition, prototype I and
prototype II are reported to generate power levels of
197μW (at 11.8 kΩ) and 657μW (at 14.9 kΩ), respectively,
at 0.21g acceleration. Moreover, for prototype III, an aggre-
gate power production of 1.73mW is also reported when it
is subjected to 0.2g acceleration excitation.

A piezoelectric BEH [60] is devised to extract the energy
from the bridge’s bearing vibrations. Six 2mm thick piezo-
electric plates are adhesively bonded to the steel plate with
conductive epoxy to form a composite sheet. By sandwiching
rubber layers in between five composite sheets, the reported
BEH is developed. Under a dynamic load of 17.8 kN ampli-
tude and 2Hz frequency, the harvester is reported to generate
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650mV voltage. Moreover, at a forcing frequency of 1.5Hz,
the energy harvester delivered a power of 83.5μW to the
optimum load of 480Ω.

Two linear and one nonlinear piezoelectric BEHs [61] are
produced with the same material and have the identical can-
tilever beam architectures; moreover, the piezoelectric layers
and sizes of these are also kept the same. Linear BEH-1 has
the tip mass of 36 grams and its resonant frequency is
28.2Hz; however, in contrast, linear BEH-2 has a resonant
frequency of 80.4Hz and has no mass at the tip of the canti-
lever beam. With the nonlinear BEH-3, one magnet is
attached to the tip mass and the other is fixed near to moving
magnet in repulsive configuration. The excitation of the
bridge is simulated with the vibration shaker in order to char-
acterize (at 10 kΩ load resistance) the developed BEHs. The
BEHs are tested for the bridge’s vibration at the entrance,
mid span, and exit. At the entrance and mid span, the perfor-
mance of BEH-3 is reported to be better than the other
energy harvesters. A maximum voltage of 0.64V and power
of 41.1μW are produced by BEH-3 at the bridge’s entrance
(0.364g); however, at the mid span (0.27g), it generated a
voltage of 0.46V and a power of 21.3μW. However, at the
bridge’s exit (0.157g), BEH-1 is reported to perform well
and an optimum voltage of 0.31V and a power of 9.7μW
are reported for this linear BEH-1.

An energy harvester for the train-induced vibration in
bridge structure is reported in [62]. Finite element modeling
is used to predict the bridge’s excitation and power produc-
tion from the piezoelectric BEH (located at the underside
bridge’s surface) for various types of trains. It is reported that
the power production BEH with PZT as transduction mate-
rial is much better than that of PVDF (power generation is
52% of PZT). The developed BEHs are tested on a single-
span, composite (steel-concrete) bridge (36m long and
6.7m wide), and at a train’s speed of 120 km/hr, it is reported
to generate a maximum power of 1.6μW (with PZT-based
harvester) and 0.82μW (with the PVDF-based harvester).

Modeling and simulation for a linear electromagnetic
BEH driven by the lateral vibration (wind induced) of the
bridge structure are described in [63]. Two such mass-
tuned BEHs are installed on the bridge’s girder and are mod-
eled as single degree of freedom (lumped parameter model)
mechanical oscillators. At a wind speed of 30m/s, the simu-
lation results predicted a mass displacement of 0.5m for the
harvester mass, when the BEH is installed at the mid span
of the bridge; moreover, it is reported to produce an opti-
mized power of 2400W at the same wind speed.

Lumped parameter model for the bridge and an electro-
magnetic BEH is utilized for the analytical modeling of the
coupled system [64]. Single degree of freedom and two
degree of freedom-tuned mass energy harvesters are modeled
and simulated for the bridge’s excitations. A nondimensional
steady state power of 4.8 and 5 is reported for a single and
two degree of freedom BEH at equivalent damping ratio of
0.01 and 2, respectively.

In this research, work BEHs are developed to power the
bridge monitoring system. The work is the extension of the
BEH developed by the authors in [65]. The energy harvesters
are capable to produce power simultaneously from the

vibrations and wind available at bridge’s structure. Two low
frequency, electromagnetic, cantilever-type, vibration-based
and wind-based harvesters, prototype I, and prototype II
are produced. For the prototypes, novel device architecture
is utilized in which an airfoil is mounted at the free end of
the cantilever beam and is used to also extract the wind
energy. Moreover, the airfoil and the relevant attachment
are also exploited to have an extra device’s resonant fre-
quency. Prototype II has dual cantilever beams: one beam
contains the magnet; however, the other lower beam has the
wound coil. The wound coil beam actually adds an additional
resonant frequency to the harvester. Furthermore, most of
the reported BEHs are monoresonant and exhibit narrow
bandwidth; however, in this work, the multiresonant nature
of the developed energy harvesters is exploited to increase
the bandwidth of the devices and to harvest the energy from
the real narrow band bridge’s vibration environment.

2. Architecture and Working
Principle of Prototypes

The architecture of bridge energy harvester (BEH), proto-
types developed in this work, is shown in Figures 2 and 3.
The BEHs are comprised of a wound coil, a cylindrical per-
manent magnet, an airfoil, cantilever beams, and a frame.
In BEHs, the magnet and airfoil are attached to the free end
of the cantilever beams; however, the wound coils are fixed
just underneath the magnets. Moreover, a gap is provided
between the magnet and coil to allow free vibration of the
magnets over the coils. Prototype I consists of a single beam;
however, two cantilever beams are provided in prototype II.
The cantilever beam-II, in prototype II, will actually add an
extra resonant frequency to the energy harvester. Moreover,
a slightly long rod is used with the attached airfoil, in order
that the airfoil assembly behaves like an inverted pendulum
with a flexible base (beam) and can add another resonant fre-
quency to both the prototypes. The coil holder, in prototype
I, can be adjustable in the vertical direction and is used to fix
the gap between the magnet and coil according to the level of
base vibration. However, in prototype II, provision is pro-
vided to move beam-II in vertical direction as well as its
length can be adjusted with the help of beam holder slots
allowed in the frame. Since prototype II is comprised of two
beams, therefore it is capable of extracting the energy from
the real random (narrow band) bridge’s vibration at both
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Airfoil Beam

Coil holder 
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Figure 2: Architecture of the bridge energy harvester, prototype I.
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resonant frequencies at once. Moreover, in prototype II, the
beams are designed stiffer and are more suitable for high
acceleration level bridge’s vibrations. Furthermore, in accor-
dance to bridge’s vibrations, the lower beam in prototype II
can easily be tuned to adjust its resonant frequency and alter
the bandwidth of the harvester for better performance. When
the BEHs are subjected to vibrations, the cantilever beam and
the magnet attached to it start oscillation over the coil and as
a result of which, a changing magnetic flux density is experi-
enced by the coil and an EMF is induced in the coil according
to Faraday’s law of electromagnetic induction. Similarly,
when the ambient wind surges flow over the airfoil, it pro-
duces an upward lift force; however, usually the natural wind
flow and even the air surges due to moving traffic are nor-
mally fluctuating in nature; therefore, due to these wind
surges, the cantilever beam and magnet attached to the airfoil
will start oscillating vertically and induce an EMF in the coil.
The EMF induced in the coil of the developed BEHs depends
on the number of coil turns, magnetic field strength, level of
base acceleration, wind speed, and relative velocity between
the magnet and the coil.

3. Modeling of Prototypes

3.1. Harvester’s Beam Design. With lumped parameter
model, the undamped fundamental frequency

f n =
1
2π

k
me

1

of the cantilever-type energy harvester depends on the
beam’s stiffness k and equivalent mass me.

The cantilever beam’s stiffness (lumped) [66]

k =
3EI
L3

2

is a function of beam’s length L, modulus of elasticity E, and
moment of inertia [66]

I =
bh3

12
3

of beam’s cross-section that depends on the beam’s thickness
h and width b.

The equivalent mass [66]

me =
33
140

mb +m 4

of the uniform beam having mass (magnet and airfoil) at the
tip can be obtained with beam’s mass mb and tip mass m.

Using (1), (2), (3), and (4), the length

L =
35Ebh3

4π2 f 2n 33mb + 140m

1/3

5

of the beam can be obtained in terms of beam’s parameters
and fundamental frequency.

In order to estimate the beam’s length for a certain fun-
damental frequency (1 to 40Hz, the targeted frequency
range based on bridge vibration data, Table 1) of the BEH
and keeping in view the low frequency operation of the
harvesters, the fundamental frequency of 3.6Hz and
7.6Hz has been selected for the developed prototype I
and prototype II, respectively. Moreover, a beam’s width
and thickness of 4 cm and 0.4mm, respectively, are taken
for a hot dipped galvanized steel (modulus of elastici-
ty =E=200GPa) beams. The mass (55.6 grams) of the mag-
net which is to be attached to the beam is measured;
however, the mass (30.1 grams) of the airfoil assembly is
estimated from the proposed dimensions. Furthermore,
the mass of the beam (mb) which is supposed to be less
in comparison to the tip mass (m=85.7 grams) is ignored
during the simulation for the beam’s length. Figure 4 shows
the simulation result of (5), and for a fundamental fre-
quency of 1 to 40Hz, the beam’s length can be adjusted
from 335.7mm to 28.7mm. Moreover, the simulation pre-
dicts the beam’s length of 142.9mm and 86.8mm for pro-
totype I and prototype II, respectively.

The beam of cantilever-type energy harvester can
also be designed based on the acceleration levels of the
bridge’s vibrations. By modeling the harvester as single
degree of freedom system, the amplitude of the relative
displacement [66]

Z =
A ω/ωn

2

ω2 1 − ω/ωn
2 2 + 2ξT ω/ωn

2
6

between the magnet and coil depends on the base accelera-
tion’s amplitude A, total damping ratio ξT, undamped natu-
ral frequency ωn, and frequency of base excitation ω.

At resonance, the relative displacement amplitude

Z =
A

2ω2
nξT

7

can be used to write the undamped natural frequency

ω2
n =

A
2ξTZ

=
k
me

8

in terms of base acceleration A.
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Figure 3: Architecture and working principle of prototype II.

5Journal of Sensors



By utilizing (2), (3), and (8), the length

L = ξTZEbh
3

2Ame

1/3

9

of the cantilever beam can be expressed in energy harvester’s
parameters.

Figure 5 shows the simulation result of (9) for a constant
gap between the magnet and coil (Z=1.5 cm, amplitude of
relative displacement). During simulation, the acceleration
levels from 0.006 to 0.55g (bridges’ vibration data, Table 1)
are utilized to predict the length of hot dipped galvanized
steel (modulus of elasticity =E=200GPa) beam with a
width and thickness of 4 cm and 0.4mm, respectively,
and having a tip mass of 85.7 grams (mass of magnet
and airfoil assembly). Moreover, the total damping ratio
from 0.0001 to 0.025 is used for the simulation purpose.
For high acceleration level vibrations, the stiffness of the
harvester’s beam needs to be also on higher side; how-
ever, to operate effectively in low acceleration vibration
environment, the beam is required to be less stiff and
the same is revealed by the simulation in Figure 5. As
per acceleration level, the length of the beam is required
to be adjusted, and long beam will be suitable for low
acceleration vibration; however, for high acceleration
vibration, the beam’s length is kept to be short. Moreover,
at a specific acceleration level, the beam’s length also
depends on the total damping ratio, while for harvesters
with high damping, relatively long beams have to be
adopted. At ultralower acceleration levels from 0.0006g
to 0.031g, the reduction in beam’s length is about
41.5% irrespective of the total damping ratio of the har-
vester. A percentage reduction of 31.6 in the beam’s
length occurs for an acceleration range from 0.032g to
0.1g. However, for relatively high acceleration levels from
0.102g to 0.55g, the beam’s length has to be reduced
by 43%.

3.2. Harvester’s Wound Coil Design. For a wound coil
(Figure 6) in an electromagnetic energy harvester, the num-
ber of turns

n = DL −DS
2dw

10

in each layer and the number layers

N l =
H
dw

11

in wound coil depend on coil’s outer diameter DL, inner
diameter DS, heightH, and wire diameter dw and can be used
to compute the total number of coil turns

N t = nN l =
H
dw

DL −DS
2dw

12

In electromagnetic energy harvesters, the coil’s resistance

RC =
ρcLt
Ac

=
4ρcN lLl
πd2w

=
ρcHLl
πd3w

=
ρcH

d3w
〠
n

i=1
DS + 2i − 1 dw

13
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that is also the function of the coil’s material and coil’s
parameters (dimensions) is important, since the optimum
load is normally equal to the coil’s resistance for mesoscale
coils [45]. There are two ways to manufacture the wound coil
in an electromagnetic BEH. By using the coil’s dimensions as
constraints, (12) can be utilized to compute the total number
of coil’s turns; however, by producing coil in this way has the
disadvantage that the coil resistance is not a constraint.

However, by utilizing (13), the coil’s resistance can also
be kept as a constraint along the other coil’s parameters
and the number of coil’s turns can be adjusted such that
(13) is satisfied.

4. Fabrication of Prototypes

The developed BEHs, prototype I and prototype II, are
shown in Figures 7 and 8. The base support (frame) of the
BEHs are produced from commercially available aluminum
sections (Forward Metals, UK). The cantilever beams hold-
ing the neodymium (NdFeB) magnets are fabricated from a
galvanized steel sheet (Shanghai Metal Co., China). By using
a manual winding apparatus, a wound coil is made from an
enameled copper wire of 80μm diameter. In prototype I,
the produced wound coil has a thickness of 10mm and diam-
eter of 18mm and contains 965 turns. However, a coil of
4mm thickness and 20mm diameter and having 400 turns
is formed for prototype II. Moreover, for the prototypes,
the airfoils are fabricated from a light weight Thermophore
insulation sheet (Industrial Enterprises, Pakistan) and ply-
wood. The fabricated airfoils are then attached to the free
end of cantilever beams through a long bolt and a nut. A
cylindrical permanent magnet is then attached to the bottom

side of the top cantilever beam. Just underneath the magnet,
the wound coil, in prototype I, is bonded to the coil’s holder
located at the harvester’s base and in prototype II, the coil is
glued to the bottom cantilever beam-II. The coil holder of
prototype I can move up and down with the help of screws
to adjust the desired gap between the magnet and the coil.
However, in prototype II, the beam-II support is kept mov-
able and adjustable. This beam-II support is designed in such
a way that with it, not only the magnet-coil gap is adjusted
but also the beam holder is moved along the base, and the
length of beam-II can be selected in order to tune beam-II
accordingly. Furthermore, small size nuts and bolts and
screws are utilized to securely clamp and assembled all the
produced parts and components of the BEHs. In both proto-
types, the gap between the magnet and coil is adjusted such
that, these can be operated in low as well as in relatively high
acceleration levels and can produce adequate voltage levels. If
the gap is kept too small, the harvesters’ performance will be
better at low acceleration levels; however, at high acceleration
levels, the magnet will touch the coil and alter the harvesters’
operation. Moreover, for large gaps, the harvesters will gener-
ate high output voltage at high acceleration levels; however,
minimum or no voltage will be produced when these are sub-
jected to low accelerations. Dimensions and main parameters
of the developed BEHs are provided in Table 2.

5. Experimentation and Results

5.1. Characterization of Prototypes under Harmonic
Vibrations. With the experimental setup shown in Figure 9,
the developed BEH prototypes have been characterized
inside the laboratory. The setup composed of a 12/24V, DC
power supply (Universal Electronics, Pakistan), a power
amplifier (Model: RM-AT2900, Rock Mars, United Arab
Emirates), oscilloscope (Model: GOS 6112, GW Instek,
New Taipei, Taiwan), a function generator (Model: GFG
8020H, GW Instek, New Taipei, Taiwan), digital multimeter
(Model: UT81A/B, Uni-Trend Technology, Dongguan,

Airfoil

Beam support
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Magnet

Coil holder

Frame

Coil
20 mm

Figure 7: Photograph of the fabricated BEH, prototype I.
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Frame

Slots 

Beam II
holder

Figure 8: Photograph of the fabricated BEH, prototype II.

Table 2: Main features and dimensions of developed BEHs.

Feature Prototype I Prototype II

Coil’s resistance 54.5Ω 28Ω
Magnetic flux
density

1.32 T 1.32 T

Magnet’s mass 55.6 grams 55.6 grams

Magnet’s dimensions 20mm× 20mm 20mm× 20mm

Coil and magnet gap 1.5 cm 1 cm

Number of coil turns 965 400

Width of beam-I 4 cm 3 cm

Width of beam-II — 2.9 cm

Thickness of beam-I 0.40mm 0.40mm

Length of beam-I 14 cm 8 cm

Thickness of beam-II — 0.30mm

Length of beam-II — 5.7 cm

Airfoil dimensions 10 cm× 10 cm× 3 cm 8.5 cm× 8 cm× 2 cm
Device overall size 14 cm× 9 cm× 5 cm 8 cm× 6 cm× 4 cm
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China), vibration shaker, and an accelerometer (Model:
EVAL-ADXL335Z, Norwood, USA). Moreover, a variable
speed electrical motor, a fan arrangement, and a PVC duct
pipe are used to produce surges (variable speed) of air. In
the setup, the function generator is used to generate a sinu-
soidal voltage signal of a desired frequency which is ampli-
fied up by the power amplifier and is then supplied to the
vibration shaker. The BEH is mounted on a wooden block
which is tightly fixed to the shaker’s table, and an acceler-
ometer is also attached to the block in order to monitor
the acceleration levels to which the BEH is subjected. The
BEH output voltage signals and the measurements from the
accelerometer are measured and analyzed with the oscillo-
scope and multimeter.

Figures 10 and 11 show open circuit voltage levels of
BEHs with respect to excitation frequency at different accel-
eration levels. The BEHs are subjected to a forward frequency
sweep (FFS) from 0.2Hz to 80Hz and to acceleration levels
from 0.2g to 0.6g. As the acceleration level to which the
BEHs are exposed is increased, the output voltage of these

devices also increases. In the tested frequency range, proto-
type I exhibits three resonant frequencies 3.6 (first resonance
of the cantilever beam), 14.9 (resonance of the beam-airfoil-
magnet assembly), and 17.6Hz (second resonance of the can-
tilever beam, torsion mode). A maximum voltage of 810mV
is generated at a resonant frequency of 14.9Hz and a base
excitation of 0.5g. In prototype I, at a base acceleration
greater than 0.5g, the magnet was touching the coil.

However, under the same testing conditions, the proto-
type II response is shown in Figure 11. Three resonant fre-
quencies are exhibited by this BEH, 7.6Hz (first resonance
of the upper cantilever beam), 33Hz (resonance of the
beam-airfoil-magnet assembly), and 45Hz (resonant fre-
quency of the second beam upon which the wound coil is
placed). At the first resonant frequency in which the magnet
along and the upper beam are oscillating, the harvester pro-
duces greater output voltage. BEH prototype II is capable of
generating a maximum voltage of 618mV at a resonant fre-
quency of 7.6Hz and at base acceleration of 0.6g. However,
comparatively, less voltage levels are generated at the second

Amplifier 

PVC duct Motor and fanDMM Wind meterComputer 

Harvester

Power supply Function generatorOscilloscope Shaker 

Figure 9: Experimental setup for characterization of BEHs.
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Figure 10: Open circuit RMS voltage produced as a function of
frequency for BEH prototype I.
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frequency by BEH prototype II.
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resonant frequency; however, at the third resonance of the
BEH prototype II, the voltage production is almost equal
to that generated at the first resonant frequency. Since
comparatively the beams of prototype II are stiffer, there-
fore, it is subjected to relatively high acceleration levels
(up to 0.6g). The multiresonant behaviour of the prototypes
is beneficial and is significant in a number of ways. For exam-
ple, such characteristic increases the bandwidth of the har-
vester which is helpful during off resonance operation of
the harvesters. The multiresonant prototype performance
will be far better than the monoresonant energy harvesters
when the operation frequency is slightly away from the reso-
nance; moreover, with multiresonant frequencies, the devel-
oped BEH will be more capable to perform better under the
real, narrow band bridge excitations. Since all the resonant
frequencies of prototype I are associated with the upper beam
only, therefore, it will not be able to harvest the energy from
the bridge vibration at all frequencies at once; however, the
resonant frequencies of prototype II are not associated with
a single beam, therefore, comparatively, during operation, it
will be capable to generate power at both beams’ resonant
frequencies at once.

In Figures 12 and 13, optimum load resistances of
54.5Ω and 28Ω are attached to prototype I and prototype
II, respectively, and these are subjected to FFS at various
acceleration levels. When connected to the optimum load,
prototype I produced a maximum RMS load voltage of
345mV at the resonant frequency of 3.6Hz and at a base
acceleration of 2g. On the other hand, prototype II produced
a maximum RMS load voltage of 256mV at a resonant fre-
quency of 7.6Hz and at base acceleration of 0.6g.

In Figures 14, 15, and 16, output load voltage from proto-
type I with respect to load resistance is depicted. In this
experimentation, the BEH is excited at a resonant frequency
of 3.6Hz, 14.9Hz, and 17.6Hz and is subjected to accelera-
tion levels of 0.2, 0.3, and 0.4g. Different load resistances
were connected with the harvester, and output voltage of
the prototype is measured. It is obvious from these figures

that, at greater load resistance, high load voltage levels are
produced which are attributed to the low current that is
flowing in the load. Furthermore, the load voltage is
increased as the acceleration level to which the harvester
is exposed is increased. At a base acceleration of 0.4g and
load resistance of 200Ω, maximum load voltage levels of
206mV, 58mV, and 25mV are produced by the harvester
when excited at a resonant frequency of 3.6Hz, 14.9Hz,
and 17.6Hz, respectively.

At the first, second, and third resonant frequencies of
7.6, 33, and 45Hz, the output load voltage from the BEH pro-
totype II with respect to load resistance is depicted in
Figures 17, 18, and 19. The harvester is excited at 0.3g,
0.5g, and 0.6g acceleration levels and is characterized for a
load resistance from 10 to 100Ω. While attached to 100Ω
load, maximum load voltage levels of 430mV, 250mV, and
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Figure 12: Load voltage as function of frequency for prototype I.
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Figure 13: Load voltage as a function of frequency for prototype II.
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390mV are produced by the harvester when excited at a base
acceleration of 0.6g, 0.5g, and 0.3g, respectively.

At the resonant frequencies, the load power characteris-
tics of prototype I as a function of the load resistance are
shown in Figures 20, 21, and 22. These figures are obtained
with the load voltage data depicted in Figures 15, 16, and
17. The average load power values are computed with the
aid of measured load RMS voltage and the corresponding
load resistance attached to prototype I. The load power char-
acteristic lines correspond to the device’s first (3.6Hz), sec-
ond (14.9Hz), and third (17.6Hz) resonant frequencies
and at base acceleration levels of 0.2, 0.3, and 0.4g. It is evi-
dent from the plots that as the base acceleration level is
increased, the more power is generated by the harvester.
Relatively, higher power levels are obtained at the first

resonant frequency of 3.6Hz. Moreover, at all resonant fre-
quencies, the average power delivered to the load is opti-
mum at a condition (maximum power transfer theorem)
where the attached load resistance is equal to the coil’s resis-
tance (54.5Ω). Furthermore, the harvester when excited at
0.4g base acceleration level delivered an optimum power
of 354.51μW, 26.5μW, and 7.33μW at resonant frequen-
cies of 3.6Hz, 14.9Hz, and 17.6Hz, respectively, under opti-
mum load condition.

The BEH prototype II performance in terms of load
power (power characteristics) is also analyzed. Figures 23,
24, and 25 show the average load power produced by the har-
vester as a function of load resistance at different base accel-
erations. The device is characterized at three resonant states
and under base acceleration levels of 0.3, 0.5, and 0.6g. The
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Figure 15: Load voltage versus load resistance at different g levels
and at 14.9Hz resonant frequency for prototype I.
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Figure 16: Load voltage against load resistance at different g levels
and at 17.6Hz resonant frequency for prototype I.
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Figure 17: Load voltage with respect to load resistance at 7.6Hz for
prototype II.
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measured load RMS voltage levels obtained at the respective
load resistance are utilized to compute the corresponding
power levels (P=VRMS/Rload) delivered to the load. Due to
better design, optimized wound coil, optimum magnet-coil
gap, and lower coil resistance, comparatively, higher power
levels are obtained from prototype II. At optimal load resis-
tance of 28Ω (resistance of the coil), maximum power levels
of 2214.32μW, 836.03μW, and 2178.89μW are produced at
0.6g acceleration and at resonant frequency of 7.6Hz, 35Hz,
and 45Hz, respectively.

For a magnet and coil gap of 1.5 cm (prototype I) and
1 cm (prototype II), the developed prototypes have been
characterized at acceleration levels from 0.2 to 0.6g. For a
constant beam’s length, too low acceleration levels will actu-
ally result in a very small relative displacement between

magnet and coil and hence the performance of the harvesters
would be highly affected. If the gap between the coil and mag-
net is not altered, then in the harvester, the beam’s length is
required to be modified according to the specific low acceler-
ation of the bridge’s vibration. Based on vibration’s accelera-
tion level, the harvester’s beam length can be adjusted as per
simulation performed in Figure 5. For ultralow acceleration
levels such as 0.0006g, the beams’ length needs to be from
90.7mm to 571.5mm for the total damping ratio of 0.0001
and 0.025, respectively. However, for relatively high acceler-
ation levels, like 0.03g, for the total damping ratio of 0.0001
and 0.025, the beams’ length is required to be kept from
53mm to 334.2mm, respectively, for better operation. More-
over, for the same values of total damping ratio’s and at a
bridge’s acceleration level of 0.1g, the beam’s lengths of
35.5mm and 223.7mm, respectively, will be highly effective
for the harvester’s efficient operation.
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Figure 19: Load voltage against load resistance at 45Hz for
prototype II.
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Figure 20: Load Power versus load resistance at different g levels
and 3.6Hz resonant frequency for prototype I.
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Figure 21: Load Power with respect to load resistance at different g
levels and 14.9Hz resonant frequencies for prototype II.
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However, in the developed prototypes, the provision of
the gap adjustment is provided and with simple modifica-
tion, these can be very easily utilized to operate efficiently
and effectively under ultralow and low bridge’s vibration.
In the prototypes for the existing beams, the gap between
the magnet and coil can be minimized (optimized) to sig-
nificantly extract the energy from the ultralow and low
levels of acceleration.

5.2. Characterization of BEH Prototypes under High Speed Air
Surges. The harvesters are also characterized in the scenario
of ambient high speed wind. In the testing rig, the wind blow-
ing setup is utilized to perform experiments on energy har-
vesters. Figures 26 and 27 show the open circuit and load

voltage levels generated by prototype I and prototype II as a
function of wind speed. In the measurements, the air speed
is gradually increased by regulating the fan rotation and volt-
age levels are recorded at various air speeds. Moreover, for
measuring the wind speed, a flow anemometer (Model AR-
856, Intell Instruments™ Plus, China) is used. Prototype I is
characterized for an air speed from 0.5m/s to 9m/s. It is clear
from the graph that as the wind speed to which the harvesters
are subjected is increased, the output voltage level increases.
For prototype I, a maximum open circuit voltage of 64mV
and a load voltage of 19mV (at optimum load resistance of
54.5Ω) are produced at an air flow of 9m/s. However, the
performance of prototype II is determined under an air speed
from 0.5 to 6m/s. In prototype II, at an air speed higher than
6m/s, the magnet was touching the coil; therefore, it was not
subjected to air speed beyond 6m/s. For prototype II, a max-
imum open circuit output voltage (84mV) is obtained at an
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Figure 23: Load power as function of load resistance at 7.6Hz for
prototype II.
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Figure 24: Load power with respect to load resistance at 35Hz for
prototype II.
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Figure 25: Load power as a function of load resistance at 45Hz for
prototype II.
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applied wind speed of 6m/s. However, under load condition,
when 28Ω (optimum load) is attached to the harvester, a
maximum load voltage of 22mV is delivered. Just as under
vibration testing, prototype II seems to produce high voltage
levels than prototype I, when it is subjected to variable air
speed flow.

Figures 28 and 29 show the output power generated by
prototype I and prototype II as a function of load resistance
at different wind speeds. In this experiment, prototype I is
subjected to specific air speed (3, 6, and 9m/s) and various
load resistances are connected to the harvester and load volt-
age levels are measured. The recorded load voltage values are
used to compute the corresponding power levels delivered to
the load. It is clear from Figure 28 that at 9m/s air speed, a
maximum load power of 7.84μW is obtained from prototype
I, when connected to a load resistance of 54.5Ω (identical to
coil resistance). Moreover, under optimum load condition,

the harvester produced optimum power levels of 3μW and
7.1μWat 3m/s and 6m/s wind speed, respectively. However,
the optimum power levels (Figure 29) obtained from proto-
type II while operating under optimum load condition
(28Ω load resistance) are 9.14μW, 7μW, and 3.9μW at
6m/s, 5m/s and 3m/s wind speed, respectively. Similar to
the operation of under vibration, prototype II showed the
capability of generating more power than prototype I also
when these are excited by variable speed air surges.

6. Comparison and Discussions

The developed BEHs are listed and compared with each other
in Table 3. A number of factors can be utilized to compare
these BEHs, such as device’s energy transduction method,
acceleration levels to which these are designed, harvesters’
resonant frequency, number of device resonant frequencies,
harvester’s bandwidth, mechanism internal impedance,
voltage, and power level generation. In all of the reported
BEHs, either electromagnetic or piezoelectric energy trans-
duction methods are used. Up until now, the electrostatic
transduction method is not adopted for the BEHs and
most probably it is due to the fact of the requirement of
a battery for the initial charging of the harvester during
operation. The resonant frequency range for the reported
energy harvesters is 1–120Hz. The overall acceleration levels
to which the devised BEHs are subjected during characteriza-
tion actually range from 0.008 to 0.6g. Comparatively, the
voltage levels produced by the piezoelectric BEHs (350–
28000mV) are higher than those generated by the electro-
magnetic BEHs (10–10000mV). Most of the electromagnetic
BEHs are actually developing voltage levels well below 1V.
However, while relating these BEHs on the basis of power
production, it is quite clear that the power generation ability
of electromagnetic BEHs (0.7–26000μW) is far better than
the piezoelectric BEHs (0.6–7700μW), and this advantage
of electromagnetic BEHs in reality is attributed to the low
internal impedance of electromagnetic BEHs (3.6–67 kΩ).
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The internal impedance of piezoelectric BEHs is relatively
on higher side (480–10MΩ). The overall power production
(0.6–26000μW) of the developed BEHs is fairly enough
to operate the WSNs utilized for the health monitoring
of bridges.

In comparison, the BEHs, prototype I and prototype II
developed in this work, are the only BEHs, those exhibit
multiresonant frequencies and therefore are capable of
harvesting the energy from relatively wider band of input
bridge’s vibrations. The relatively broader bandwidth of the

developed prototypes and multiresonant frequencies actually
ensure better performance for these harvesters during off res-
onance operation in comparison to monoresonant energy
harvesters whose performance drastically degrade when
these are operating at off resonance frequencies. Further-
more, in contrast, the developed harvesters will perform far
better in narrow band random vibration environments (such
as the bridge’s vibration). Moreover, the internal impedance
of the harvesters reported in this work is lower than all the
reported BEHs except [58]. Among electromagnetic BEHs,

Table 3: Comparison of energy harvesters.

Harvester’s type
Transduction
mechanism

Acceleration
(g)

Resonant
frequency (Hz)

Impedance
(Ω)

Voltage
(mV)

Power
(μW)

Ref.

Bridge energy
harvesters

Electromagnetic

0.55 2 1.8 — 2.3 [26]

0.08 2.2 — — 26000 [25]

0.38 3.1 67 k 10000 12500 [41]

0.008 14 — 10 2 [42]

0.025 4.1 290 710 120 [43]

1 10 270 — 39.45 [45]

1 10 240 — 163

[44]0.05 2 240 — 57

— <1 — — 0.7

1 10 0.22 0.1 13.6 [57]

3 27 3.6 15.5 2.1 [58]

0.2–0.4 3.6, 14.9, & 17.6 54.5 206 354.51
[This
work]

0.3–0.6 7.6, 33, & 45 28 430 2214.32
[This
work]

Piezoelectric

0.1 2 70 k — 64 [25]

0.02 14-15 100 1.8–3.6 30 [27]

— 14.5 — 3600 30 [46]

1 40 10M 28000 78.4 [47]

0.29 2.71 & 120 9.7 k — 7700 [48]

0.21 117.1 11.8 k 2000 197
[49]

0.21 65.2 14.9 k 5000 657

— 1.5 480 650 83.5 [50]

— 2 200 k — 0.6 [52]

Multimode energy
harvesters

Electromagnetic

0.76 369, 938, & 1184 0.8 3.2 3.2 [67]

1 840, 1070, & 1490 626 3.7 0.0041 [68]

50 4200–5000 580 10 0.4 [69]

50 3300–3600 580 20 0.5 [70]

1 368, 530, & 614 264 0.043 2.6 [71]

Piezoelectric

0.1 10–100 100 k 1000 5 [72]

0.1 17.5 & 21.7 100 k 22.5 500 [73]

0.8
101.04, 108.16, &

134.4
— 3100 — [74]

0.05 387.1, 398.2, & 398.6 1M — 53 [75]

1 14.2 & 25.4 71M 13.2 24.5 [76]

— 32 & 41.6 100 k 30500 1000 [77]

0.2 71.8, 84.5, & 188.4 2M 1000 0.136 [78]

Hybrid
0.1 65–95 116 — 2160 [79]

0.2 22.8 & 25.6 240 — 4200 [80]

14 Journal of Sensors



the voltage production of the harvesters [this work] is also
adequate, and only the harvesters [41, 43] are capable of gen-
erating more power than these (due to large number of turns
in the coil). As far as power generation is concerned, only the
BEHs [25, 41, 48] have the tendency to produce larger power
than the harvesters developed in this work. Furthermore, the
BEHs in this work are the only harvests which have the
ability to extract the energy simultaneously from the brid-
ge’s vibration and wind surges (natural or traffic induced)
and therefore this feature of the developed BEHs makes
these exceptional than the other reported BEHs.

Moreover, the developed BEHs are also compared with
the reported multimode energy harvesters listed in Table 3.
In comparison, the resonant frequencies of multimode
energy harvesters are relatively higher than those of the
developed BEHs. There are only few multimode energy har-
vesters [73, 76, 77, 80], for which the resonant frequencies are
reported less than 42Hz. Due to their higher resonant fre-
quencies, most of the multimode energy harvesters are inca-
pable to perform well under bridges’ vibration (1–40Hz).
Moreover, most of the multimode energy harvesters are sub-
jected to the acceleration levels higher than that at which the
developed BEHs are characterized. Only multimode energy
harvesters [72, 73, 75, 79] are reported to be tested at acceler-
ation levels less than 0.2g. By comparing with respect to
internal impedance, only the multimode energy harvester
[67] has lower impedance than that of the developed BEHs.
Furthermore, the voltage generation of the BEHs developed
in this work is greater than all of the electromagnetic mul-
timode energy harvesters and the piezoelectric multimode
energy harvesters reported in [73, 76]. Among the unhy-
brid multimode energy harvesters, the developed BEH,
prototype II, is capable of producing the highest power
level (2214.32μW); however, the unhybrid multimode
energy harvesters [73, 77] are reported to generate power
levels higher than the developed BEH, prototype I. Due to
dual transduction mechanisms, the performance of the
hybrid multimode energy harvesters [79, 80] is better and
these are the only reported multimode energy harvesters
which produce comparable or higher power levels than the
developed BEHs.

7. Conclusions

Electromagnetic-based bridge energy harvesters (BEHs) have
been developed in this work. The reported energy harvesters
utilize the available energies on bridge, such as bridge’s
vibration and ambient wind to produce power for wireless
sensor nodes (WSNs) used for monitoring of the bridge
structures. To target low frequency excitation environment,
two cantilever-type BEHs, prototype I and prototype II, are
produced having the resonant frequencies of 3.6Hz,
14.9Hz, and 17.6Hz and 7.6Hz, 33Hz, and 45Hz, respec-
tively. The BEHs are characterized in both vibration and
wind environments and have showed the capability to pro-
duced satisfactory voltage and power levels.

Prototype I is suitable for narrow band vibration environ-
ment having the frequency content from 1 to 18Hz and
acceleration levels below 0.4g and is capable to generate an

open circuit voltage of 810mV, maximum RMS voltage of
206mV (at 200Ω), and an optimum power of 354.51μW
(at 54.5Ω) in such vibration environment. Moreover, it
has also shown the ability to produced adequate voltage
and power levels (up to 7.84μW) from wind surges from
0.5m/s to 9m/s.

However, on the other hand, prototype II is more
appropriate for vibration surroundings with acceleration
levels below 0.6g and frequency band from 1 to 45Hz. It
can produce an open circuit voltage of 618mV, a maxi-
mum RMS voltage of 430mV (at 100Ω), and an optimum
load power of 2214.32μW (at 28Ω) from such vibration
conditions. Furthermore, it is also able to harvest the
power (up to 9.14μW) from ambient wind with speed
from 0.5m/s to 6m/s.

In comparison to the other reported BEHs, the energy
harvesters developed in this work have showed the ability
to produce higher voltage and power than most of the
reported BEHs. Moreover, the developed BEHs generated
enough power levels to operate the ultralow power sensors
and are capable to supplement the power of the batteries in
WSNs used for the bridge’s health monitoring. Furthermore,
the developed BEHs are the only harvests which are capable
to extort the energy simultaneously from the bridge’s vibra-
tion and wind surges (natural or traffic induced).
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