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Disruptive Technologies and their impacts on transportation systems. Our aim
is to develop innovative solutions to accelerate technology transfer from the
research phase to the real world.

Unconventional Big Data Applications from field tests and non-traditional
sensing technologies for decision-makers to address a wide range of urban and
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Impactful Engagement overcoming institutional barriers to innovation to hear
and meet the needs of city and state stakeholders, including government
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workforce of tomorrow to deal with new mobility problems in ways that are
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Executive Summary

The vibration caused by traffic on transportation infrastructures can be a valuable source of
kinetic energy, which can be harvested to power monitoring sensors and peripherals on bridges.
This approach not only reduces the reliance on non-renewable energy sources but also taps into
an immense source of untapped kinetic energy in the US transportation network, which sees over
5 billion vehicle miles traveled per day. The current study focuses on developing a high-power
density electromagnetic energy harvester (EMEH) that can convert this kinetic energy into
electrical energy to power sensors installed on transportation infrastructures. The EMEH design,
created through analytical and finite element simulations, employs linear arrays of small
permanent magnets to achieve a strong and focused magnetic field in a specific orientation. The
compact design of the EMEH allows it to be seamlessly integrated into the power circuit of
wireless sensor nodes (WSNs) and installed in transportation infrastructures without complicated
wiring. It can continuously charge the rechargeable battery of a WSN, thereby extending the
lifespan of the monitoring system. This project involves the development and field
implementation of a more compact version of the EMEH that the authors developed in the first
phase of the research that had only one resonator with two planar arrays of permanent magnets

(PMs).
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The EMEH developed in this project consists of two resonators and three linear arrays of PMs. A
prototype of proposed dual-resonator EMEH (DR-EMEH) is tested under harmonic excitations for
a wide range of frequencies. Next, it is installed on selected transportation infrastructures (highway
bridges) for testing its energy harvesting efficiency and capability to power various monitoring
sensors and peripherals. The study focuses on three different highway bridges with different
fundamental frequencies, ideally between 2Hz to 8Hz, and will record the traffic induced vibration
of each bridge during normal daily traffic. The EMEH's dynamic characteristics, such as tip mass
and spring stiffness (cantilever beams lengths), will be modified to resonate with the bridge by
matching their natural frequencies. The study aims to demonstrate the feasibility of the proposed
DR-EMEH to power sensors that regularly monitor the structural integrity of materials and

components of highway bridges, such as acceleration and temperature sensors.
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Section 1: Literature Review

Subsection 1.1 Introduction

Fossil fuels such as coal and petroleum are the primary sources of energy. They are, however,
nonrenewable, and more importantly harmful to our health and environment when being
converted to motion energy. A large portion of fossil fuel-derived energy is consumed by vehicles
moving daily in urban areas which is one of the major sources of air pollutants. The motion of
vehicles is, however, a significant source of kinetic energy that can be harvested to power sensors
and electrical equipment installed on highway bridges for structural health monitoring, thereby
reducing some dependence on fossil fuel-derived energy. This reduces the cost of structural
health monitoring by eliminating wiring requirements for an external power outlet (Roundy et
al., 2004; Williams and Yates, 1996).

There are three different types of energy harvesters typically used to harvest electric power from
traffic induced-vibration which are: electromagnetic, piezoelectric, and electrostatic (Priya and
Inman, 2009; Roundy et al., 2004). Electromagnetic energy harvesters (EMEHs) are more reliable
among them because they do not require mechanical contact between any components. For this
reason the effects of wear and tear is minimal in EMEHs, which can reduce the unwanted
mechanical damping in the harvester. The basic mechanism of an EMEH is based on the Faraday’s
law of induction (Khaligh et al., 2010; Wei and lJing, 2017). The relative motion between a
permanent magnet (PM) and a conductive medium (e.g. copper coil) causes a change in the

magnetic flux of the PM passing through the conductive medium. This change induces the
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socalled eddy current inside the conductive medium and the direction of this electric current
opposes the change in the external magnetic flux because of the relative motion of the PM and
the conductive medium as per the Lenz's law (Amjadian and Agrawal, 2020, 2018, 2017).

A large number of studies have focused on small sized EMEHs with single-frequency resonance
which are referred to as narrow-band EMEHSs. In these energy harvesters, the fundamental mode
of vibration is usually tuned to resonate with the first significant frequency of the external
excitation. The optimization of these types of EMEHSs is limited to the components of the
harvesting circuit (Beeby et al., 2007; El-hami et al., 2001; Elvin and Elvin, 2011; Halim et al., 2015;
Kwon et al., 2013; Liu et al., 2015; Peigney and Siegert, 2020; Salauddin et al., 2016; Zeng and
Khaligh, 2013). In the recent decade, a specific attention has been devoted to wide-band EMEHs
in which the first several significant modes of vibration of the EMEH are tuned to resonate with
the first several significant frequencies of the external excitation. Some examples are
piecewiselinear harvester (Soliman et al., 2008), multi-frequency harvester with FR4 coils (Yang
et al., 2009), locally resonant harvester (Mikoshiba et al., 2013), and multi-frequency harvester
with magnetic spring (Foisal et al., 2012). The design of these types of EMEHs is complicated, and
they are expensive to implement.

A scaling study has shown that, contrary to what commonly believed, the power density of an
EMEH does not decrease proportionately with its volume as far as the electromechanical coupling
remain strong (Arroyo et al.,, 2012). One of the effective methods to strengthen the
electromechanical coupling in an EMEH is to optimize the arrangement of permanent magnets

(PMs) poles in order to strengthen their magnetic field toward the copper coil. This research
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project focuses on the design, modeling, and testing of a high-power EMEH consisting of PMs
with linear pole arrangements. The objective of the study is to optimize the design of the EMEH
such that it will be able to generate an average power of 1W and higher. This amount of electrical
energy is sufficient to power conventional sensors installed on highway bridges with

lowfrequency vibrations (Peigney and Siegert, 2020; Sazonov et al., 2009).
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Section 2: Design And Modeling Of The Energy Harvester

2.1: Electromechanical Model

Figure 2.1 shows the configuration of the EMEH consisting of a rectangular thick air-core copper
coil (COIL) moving relative to two layers of three cuboidal permanent magnets (PMs) mounted
on the left and right sides of the COIL. These PMs are attached to a firm base linked to the bridge
that moves with the acceleration Upx(t) along the X-axis. The COIL is attached to this base through
a thin flexible cantilever beam. The size of the horizontal air gap between the COIL and the left
and right layers of PMs along the Z-axis is denoted by Agz, and the size of the air gap between the

PMs along the X-axis is denoted by &gx.

Cantilever Beam

A

| (1)

<

Figure 2.1. Configuration of the EMEH consisting of a cantilever beam, a rectangular thick aircore
copper coil and two layers of three cuboidal permanent magnets.
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The PMs are identical and each has the dimensions Inxwmxhm. The dimensions of the left and
right layers of PMs are then calculated to be Lm=3In+26gmx, Wm=Wm, and Hn=hm. The COIL, as
shown in Figure 1, has the dimensions Icxwcxhc, the winding depth tc, and the total number of
turns Nc=NzxN¢, where Nz and N: are the numbers of turns along the Z-axis and the depth of the
winding, respectively. It is ideally assumed that Nz=h./dw and Ni=t,/dw where dw is the diameter
of the winding wire made of copper. It is assumed that I(t)>0 when the electric current lq(t) is
counterclockwise in the XY-plane so that the N- and S-poles are established at Z=+h./2 and

Z=-h./2, respectively, otherwise I(t)<0.

)
Ici(t)

emf

Figure 2.2. RL circuit model of the EMEH including an electric load with the resistance R.

A RL circuit consisting of a resistor with the resistance R| (electrical load) connected to the COIL in
series is used to harvest the electric power Pl from the EMEH as shown in Figure 2. Here, the COIL
is represented by a resistor with the resistance R in series with an inductor with the induction L.
whose values are functions of the COILs geometry. The electric power is generated by the
electromagnetic induction occurring in the COIL when it moves relative to the PMs. This relative
motion causes a change in the magnetic flux of the PMs passing through the COIL which induces

the electromotive force Vems in the circuit as per the Faraday’s law of induction, and as a result,
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the electric current I(t) is flowed through the COIL. It should be noted that the direction of this
electric current changes as per the Lenz’s law in such a way that the magnetic field of the COIL
opposes the initial cause of change in the magnetic flux of the PMs which is the motion of the
COIL. This magnetic interaction eventually excretes the magnetic force F. on the COIL opposing

to its motion, acting as a nonlinear braking/damping force.

2.1.1. Governing equation

The motion of the COIL through the magnetic field of the PMS when the beam is subjected
to the base acceleration Upx(t) is described by the following coupled equations representing the

electromechanical behavior of the system:

M 0Sw it (s, t) + ! dwadtuls, t) + El13%wduys(ss, t) = —mulx(t) (2.1)

Lo dfosgdt(t) + (R + R%)I%&(t) = V*(t) (2.2)

where, in Equation (2.1), mb and cb are the mass and mechanical damping per unit length of the
beam, respectively, Eply is the flexural rigidity of the beam, and wy(s,t) is the transverse
displacement of the beam along the X-axis relative to the base. The free end of the beam is
subjected to force Fex which is the X-component of the magnetic force F. excreted on the COIL
attached to the beam at s=L. This force and the tip (proof) mass ms representing the mass of the
COIL and its associated components are taken into account by satisfying the force boundary

condition at s=L (Erturk and Inman, 2008; Fu et al., 2019; Humar, 2012). The tip mass can be
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increased to tune the fundamental frequency of the beam to the excitation frequency, thereby

increasing the amplitude of the vibration and the output electrical power.

2.1.2. Electromechanical coupling coefficient

Equation (2.1) can be rewritten into the following form

Fou = —K+lyg (2.3)
where K; is called electromechanical coupling coefficient or transformation factor (El-hami et al.,
2001) that couples the mechanical domain to the electrical domain. This coefficient is time
varying because the limits of integration in Equation (2.1) changes with the motion of the COIL.
However, a quite large number of researchers (Beeby et al., 2007; Shen et al., 2018; Williams and
Yates, 1996; Zhu et al., 2012; Zuo and Cui, 2013) have assumed that K is constant and does not
change with time which is an oversimplified assumption that may lead to error in estimation of
the harvested electric power (Cannarella et al., 2011; Mdsch and Fischerauer, 2019). It can be

also shown that,

Vo= +Kxt+s
(2.4)

Equations (2.3) and (2.4) show that how the generation of the electromotive force Vemf (and the
alternating current Ii=Vemf/(Ri+R¢)) in the RL circuit is coupled to the velocity of the COIL and its

magnetic interaction with the PMs.
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2.1.3. SDOF model

It is more convenient to approximate the response of the cantilever beam with its response in the
first mode of vibration which is in resonance with the external excitation. This approximation
becomes more accurate when the tip mass is much larger than the total mass of the beam (Erturk
and Inman, 2011, 2008). If we assume that ms/mpL—>o then the governing equation can be

written into the following form by eliminating l.i(t) from Equation (2.1) using Equations (2.3) and

(2.4),

u+#(t) + 2 9+ + Tmrat T ( REE,)+ Ro)= w+u+#t) + w+u+#(t) = tx(t)
2.5 (

where ws=2mtf; is the natural circular frequency of the first mode of the beam in which fs being
the natural frequency, &; is the critical mechanical damping ratio, and usx(t) is the displacement of
the free end of the beam or the COIL along the X-axis. This equation is nonlinear due to time
variant nature of the electromechanical coupling coefficient K¢(t). A numerical solver is used in
SIMULINK (“Simulink 9.0,” 2017) to solve it. The electrical power harvested from the EMEH is

equal to the instantaneous power P; consumed by the load, which is given by,

P (t) = RIxs (t) (2.6)
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The parameter used to assess the performance of the EMEH is the average electrical power Pjayg

given by the following integral taken over time interval [0, 1],

1 o
P./=1TA1P(t)dt 2.7)

2.2. Parametric study

A parametric study is carried out in this section to optimize the configuration of the EMEH and its
performance in harvesting electrical power from the traffic-induced vibration of highway bridges.
The excitation of the base is assumed to be harmonic with the acceleration Upx(t)=lbxmaxsin(2mfut)
in which Upxmax and f, are the amplitude and frequency, respectively. These parameters are set to
Ubxmax=0.1g and f,=4 Hz which are common values for highway bridges subjected to traffic loading
(Peigney and Siegert, 2020). The response of the EMEH is a function of these parameters Agz, bgx,
le, We, he, tc, dw, Im, Wm, hm, Brm, ms, fs, &, Re, Ri, and 1. In this study, it

is assumed that the PMs are cubic shaped with the size In=wm=hm=am=1 in and Bin=1.4 T. It is
further assumed that Agz=1/16 in, dw=1 mm (18-AWG), Rc=2.173 Q (for lw=copper wire
length=100 ft), ms=704 gr (mass of the copper wire), fs=4 Hz, £&=0.05, and t=1 sec. The rest of
parameters including the dimensions of the COIL, &gx, and R referred to as optimization

parameters (OPTPs) are varied to optimize the performance of the EMEH.
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2.2.1. Dimensions of the COIL

The COIL is assumed to be cuboidal shaped with the length I, the width we, the height h¢, and the
winding depth tc. The length of the copper wire |l winding the COIL is kept as a constant here that
can be expressed in terms of the dimensions of the COIL as lw=2N;N¢(lc+wc-2tc). This expression

is used to set up to following formula to find h¢ in term of |y, N, and dy,

12

ho= 2Ny E(1 + @y, I H—2I (2.8)
) GN3d;

where o.=w./I<1 is the aspect ratio of the COIL on the XY-plane. It should be noted that
Nt<0.50a¢(lc/dw) to make sure that the winding depth tc remains less than the half of the width in
accordance with the physics of the problem. The length of the COIL is fixed to be same as the
length of the left and right PMs layers. This ensures that a minimal motion can cause the COIL to
cut through the magnetic field of the PMs at the edges where the magnetic flux density varies

sharply. The rest of OPTPs are assumed to have these values: 6gx=1 mm and R=R.=2.173 Q.
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Figure 2.3. Effects of the geometry of the COIL on the harvested electrical power.

Figure 2.3 shows the variation of Pjayg with ac for three different values of the winding depth:
to/we=1/3, 2/3, and 3/3. It is seen that P, increases with the increase of a. implying that the
more flatter the COIL, the higher electrical power can be harvested. The maximum harvested
electrical power is equal to 5.9 mW that is obtained when a=0.75 and t./wc=2/3 as illustrated in
this figure. Therefore, the optimum dimensions of the COIL are .=3.079 in, w.=2.309 in, h=1.048

in, and t.=0.761 in.

2.2.1. Arrangement of the PMs

The arrangement of the PMs based on the direction of their poles and the size of the air gap
between them can significantly affect their magnetic interaction with the COIL. Figure 2.4 shows
two different arrangements of the PMs poles considered for evaluation of the EMEH in this study:
(a) uniform and (b) alternating linear arrays. Figure 4(a) and (b) show the variation of Pj,g with

O6gmx When the PMs are arranged according to the uniform and alternating linear arrays,
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respectively. The optimum dimensions of the COIL found in sub-section 3.1 have been used here
with this assumption that R=R.=2.173 Q. Figure 2.5(a) shows that the variation of Pjayg with §gmx
is harmonic-like for the uniform linear array, i.e. Piayg™sin(6gmx). It first decreases and then
increases as the thickness of the air gap between the PMs becomes larger. The maximum
harvested electrical power is equal to 8.068 mW that is generated when §zmx=0.75 in (red circle).
Figure 2.5(b), however, shows that the variation of P with &gmx is bell-like for the alternating
linear array. The maximum electrical power is calculated to be 269.4 mW which is remarkably
larger than that calculated for the uniform linear array. This peak also happens when 8gmx=3/4 in
(red circle). It is seen that at very large gaps §gmx>am=1 in (black circle) the performances of both
the linear arrays become similar as expected which is due to the fact that the magnetic interaction
of the COIL with each PMs become independent from its magnetic interaction with other PMs.
Therefore, the alternating linear array causes the highest amount of electrical power

that can be harvested from the EMEH.

(a) (b)

Figure 2.4. Two different arrangements of the PMs poles proposed for the design of the EMEH:
(a) uniform and (b) alternating.
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Figure 2.5. Effects of the arrangement of the PMs on the harvested electrical power: (a)
uniform and (b) alternating linear arrays.

2.2.2. Electrical load

The electrical resistance of the harvesting circuit (electrical load) R; can also significantly affect
the performance of the EMEH and the amount of electrical power that can be extracted from it.
This is a key parameter that can help to configure the electrical components of the harvesting
circuit and its resultant resistance. Figure 2.6(a) shows the variation of Pjayg With Ri/Rc for the case
when the PMs are arranged according to the alternating linear array with this assumption that
8gmx=3/4 in. The optimum dimensions of the COIL found in sub-section 3.1 have been used here.
It is seen that the maximum harvested electrical power is equal to 1716 mW that is obtained for
Ri=0.25R.=0.543 Q or let say for a circuit with the equivalent electrical resistance of 0.5 Q. It can
also be seen that for R>R. the harvested electrical power decreases dramatically which is due to
this valid assumption that the electromechanical coupling coefficient K¢ is a time-varying
parameter. If we assume that Ks is constant and it does not change with time (Beeby et al., 2007

Shen et al., 2018; Williams and Yates, 1996; Zhu et al., 2012; Zuo and Cui, 2013) then the
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maximum harvested electrical power is obtained when Ri>R. which is not consistent with the

reality of the problem (Cannarella et al., 2011; Mdsch and Fischerauer, 2019).

2.2.3. Base Excitation

The dynamic properties of the base acceleration including its amplitude and frequency can have
significant effects on the performance of the EMEH. Figure 2.6(b) shows that to amplify the
outputted electrical power it is essential to tune the fundamental frequency of the EMEH to the
excitation frequency. A small decreasing in the peak acceleration of the traffic vibration from 0.1g
to 0.075g (i.e., 25%) decreases the maximum electrical power from 1716 mW to 94.65 mW (i.e.,
95 %), which is a significant reduction. This shows the importance of identification of the
characteristics of the acceleration signal response of the target bridge before finalizing the design

of the EMEH.
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Figure 2.6. Effects of the (a) electrical resistance of the harvesting circuit and (b) dynamic
characteristics of the traffic vibration on the harvested electrical power.

2.3. Numerical validation

A three-dimensional finite element (FE) model of the proposed EMEH is developed in COMSOL
Multiphysics software (COMSOL v.5.4, 2018) to verify the accuracy of Equations (2) and (5). The
configuration of the FE model has been optimized according to the results of the parametric
analysis performed in section 3. Figures 2.7(a) shows this model and the details of the meshing.
As can be seen a very fine mesh has been used along the edges of the COIL and PMs to achieve
accurate results from the simulation. Figure 2.7(b) shows that the FE model is enclosed by a
sphere of the radius r,=6 in as the air domain whose center is positioned at the origin of the XYZ
coordinate system which is located at the center of the air gap between the PMs. Figure 2.7(c)
shows the magnetic flux density vector field of the PMs on the XZ-plane at Y=0 for usx=—0.322I,

and l=-6.2 A.
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Figures 2.8(a) to 2.8(c) show time histories of the displacement of the COIL usx, the induced
electric current l¢;, and the magnetic force acting on the COIL Fx, respectively. This force has been
calculated from the analytical model for given values of usx and Ili and will be compared to the
corresponding results calculated from the FE model. Figures 2.8(a) and shows two points (red
circle) chosen to calculate the magnetic force acting on the COIL where usx=-0.322Ic and +0.320I,
respectively. These displacements correspond to the electric currents Ii=-6.2 A and -11.6 A,
respectively, as illustrated on Figure 2.8(b). Figure 2.8(c) shows the values of the corresponding
magnetic force Fex acting on the COIL calculated from the FE model and then compared to the
analytical model. It can be seen that there is a good agreement between both the models at both
the points. This validates the accuracy of the analytical model developed to calculate the

magnetic force using Equations (2) and (5).
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FIGURE 2.7 FE model of the EMEH developed in COMSOL: (a) meshing details, (b) air
domain, and (c) magnetic flux density vector field of the PMs
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Figure 2.8 Comparison between the analytical model and the FE model to calculate the
magnetic force; (a) displacement of the COIL, (b) electric current induced in the COIL, and (c)
magnetic force Fcx acting on the COIL
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Section 3: Design, Fabrication, And Laboratory Testing Of Proof-Of-The-

Concept Prototype Of A Dual-Resonator Energy Harvester

3.1 Introduction

This chapter focuses on the design, fabrication, and laboratory testing of a proof-of concept
prototype of a new EMEH with an optimized configuration. The design of this prototype,
compared to the model studied in chapter 2, has been improved by adding one more resonator

(cantilever beam) and more PMs.

3.2 Proof-of-the Concept Prototype

The benefit of using the strong electromechanical coupling between the moving coil (attached to
the cantilever beam) and two layers of three PMs with alternating pole arrangements is further
investigated by adding one more moving coil and one more layer of PMs with alternating pole
arrangement to the energy harvester studied in chapter 2. This new energy harvester is termed
as dual-resonator electromagnetic energy harvester (DR-EMEH) due to having two moving coils
resonating with the base excitation or the bridge under the induced-vibration traffic.

Figure 3.1 shows the drawing details of the proof-of-the-concept prototype of proposed DREMEH
with its key components and their geometrical parameters. This prototype consists of two
rectangular copper coils of the size 1x0.5x1.5 in (and winding depth=0.375 in) attached to the
free ends of two thin cantilever beams of the size 6x0.5x1/32 in vibrating with respect to three
layers of neodymium PMs of the size 0.5x0.5x0.5 in with the magnetic remanence of Brn=1.48 T

(Neodymium, type N52). The other ends of cantilever beams, made of Aluminum, are fixed to
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two separate Aluminum supports that can be moved to vary the length of the cantilever beams
Lp. The neodymium PMs are attached to three Aluminum supports that with the cantilever beams
supports sit on a thick Aluminum plate (rigid platform). Taking the maximum amplitude of the
vibration of the copper coils into account, the amount of space the device occupies during its

operation is about 6x3x4 in (V=0.001 m3).
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Figure 3.1. Drawing details of the dual-resonator energy harvester (a) 3D view, (b) longitudinal
cross section with geometrical parameters, and (c) configuration of the PMs
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Table 3.1 lists these parameters with their corresponding values as used for fabrication of the
proof-of-the concept prototype. Here it should be noted that the two important parameters that
have strong influence on the electrical power outputted from the device are: (1) the
electromechanical coupling coefficient or transformation factor (El-hami et al., 2001) that is
controlled by the pole arrangements of the PMs, and (2) the resonance frequency which is
controlled by the length of the cantilever beams denoted by Ly in Figure 3.1(b). This length can
be adjusted to tune the resonance frequency of energy harvester according to the predominant
frequency of bridge at the location of the test. In this study, it is assumed that Lp=3 in and 4 in.

Table 3.1. Geometrical parameters of the key components of the DR-EMEH.

Parameter Value  Unit Description

| Var. n The length of the cantilever beams

Wb 0.5 in The width of the cantilever beams.

Hb 1/32 in The thickness of the cantilever beams.

Lm 0.5 in The length of the PMs.
W 0.5 in  The width of the PMs.

Hm 0.5 in The thickness of the PMs.

L 1.0 in The length of the copper coils.

We 0.5 in The width of the copper coils.

Hc 1.5 in The thickness of the copper coils.

te 0.375 in The winding depth of the copper coils.
Agm 5/64 in The size of the gaps between the PMs and the copper coils.
Oge 3/8 in The size of the gaps between the PMs in the Z-direction.
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3.3. Laboratory Testing of the Prototype

The fabricated prototype of DR-EMEH was tested in the lab to evaluate its performance in
generating electric voltage for the two arrangements of PMs introduced in chapter 2 as shown in
Figure 2.4. Figure 3.2 shows the lab-bench setup established in the UTRGV Structural Engineering
laboratory for testing the proof-of-the-concept prototype of the DR-EMEH under harmonic
excitations. The apparatus used in this experiment are a an Electrodynamic Shaker (Vibration
Research: VR5600, 110F-lIb pk) used to simulate the harmonic excitation of base, a controller
(Vibration Research: VR9500, 4 Channels, 24-bit Resolution) to control the shaker and record the
acceleration and voltage data in the frequency domain, an accelerometer (PCB, 100 mV/g
sensitivity, 50 g pk) to measure the acceleration of the base, and a computer to processes the

output signals.

Dual-Resonator
EMEH

IR
S

Computer

Controller DAQ System

Amplifier l / Accelerometer

Dual-Resonator

EMEH Vibiation:Shakes

Figure 3.2. Experimental setup used to test the proof-of-concept prototype of the
proposed DR-EMEH in a laboratory environment under harmonic excitations generated by an
electromagnetic vibration shaker.
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Figure 3.3. Testing of the proof-of-the-concept prototype of the proposed DR-EMEH,;
(a) 3D view of the fabricated device in laboratory with its key components, and (b) closeup view

of the copper coils mounted on the free ends of cantilever beams (resonators).
Figure 3.3 shows the close-up view of mounting the DR-EMEH (with the PMs poles arranged
alternately) on the vibration shaker. The accelerometer is installed on the head expander of the
shaker to control the amplitude of input excitation and motion of the rigid platform beneath the
DR-EMEH. The size of the air gaps between the PMs and the copper coils is about Agm=5/64 in
and the size of the air gaps between the PMs in the vertical direction is about 6¢=3/8 in. The

performance of DR-EMEH is evaluated under a linear sin sweep frequency test in which the

acceleration of the vibration shaker is,
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U= Aisin E2r Nf, + e Sl (3.1)

where f1=2.5 Hz, ,=22.5 Hz and t,=60 sec. The amplitude of traffic-induced acceleration of a
highway bridge under a common daily traffic is usually less than 0.1g, for this reason it is assumed
that A,={0.05g, 0.075g, 0.1g}. In this study, the harvested voltage is open circuit implying that the
voltage is measured without connecting the DR-EMEH to any middle circuit.

Figure 3.4 shows the voltages outputted from the resonator 1 and 2 of DR-EMEH with uniform
pole arrangement plotted versus the frequency of the base excitation. Figure 3.4(c) shows that
the maximum voltage harvested is about 0.7 V for both the resonators when Ay=0.1g. This voltage
is measured at a resonance frequency band ranging from f=7 Hz to 8 Hz. Figure 3.5 shows the
time histories of the voltages output from these two resonators for Ap=0.1g. Figure 3.6 shows the
voltages outputted from the resonator 1 and 2 of DR-EMEH with alternating pole arrangement
plotted versus the frequency of the base excitation. The resonance frequency of resonators 1 and

2 are measured to be f=7.6 Hz and f=7.8 Hz, respectively.
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Figure 3.4. Voltage outputted from the DR-EMEH with uniform pole arrangement plotted
versus the frequency of the base excitation for (a) Ap=0.05g, (d) A,=0.075g, (c) Ap=0.1g.
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Figure 3.5. Time-histories of voltage outputted from the DR-EMEH with uniform pole
arrangement plotted for Ap=0.1g, (a) Resonator 1 and (2) Resonator 2.
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Figure 3.6. Voltage outputted from the DR-EMEH with alternating pole arrangement plotted
versus the frequency of the base excitation for (a) A,=0.05g, (d) A,=0.075g, (c) Apb=0.1g.
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Figure 3.7. Time-histories of voltage outputted from the DR-EMEH with alternating pole
arrangement plotted for Ab=0.1g, (a) Resonator 1 and (2) Resonator 2.
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Figure 3.6(c) shows that for A,=0.1g the maximum voltage harvested from the device is about 3.0
V for both the resonators at their resonance frequencies. This shows that the amount of voltage
harvested from the device with the alternating pole arrangement can be 4 times higher than in
the case when the PMs poles have a uniform arrangement. Figure 3.7 shows the time histories of
the voltages output from the resonators 1 and 2 for Ap=0.1g. The amplified voltage response
shown from t=30 sec to t=40 sec corresponds to the resonance of the device with the base

excitation.
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Section 4: Field Testing Of The Dual-Resonator Energy Harvester

The performance of proof-of-the-concept prototype of the DR-EMEH was further investigated by
conducting a field-testing study to install DR-EMEH on three highway bridges over the Passaic

Riverin New Jersey. Figure 4.1. shows the locations of these bridges on the Google map: (1) Hillery

Street bridge, (2) De Jessa Memorial Bridge, and (3) Main Avenue Bridge. These bridges

were tested during the rush hours when the traffic load was relatively heavier.
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Figure 4.1. Locations of the highway bridges on the Google map: (1) Hillery Street bridge, (2) De

Jessa Memorial Bridge, and (3) Main Avenue Bridge.
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4.1. Hillery Street Bridge

The Hillery Street Bridge is a three-span Pratt pony steel truss bridge over the Passaic River in
Totowa and Woodland Park, New Jersey. The bridge was initially constructed in 1898 and

underwent rehabilitation in 1973. In 2009, it was extensively renovated to restore its original

historical state, including its lattice-work sidewalk railings.

DR-EM%I

T

Computer

Figure 4.2. Field testing of the DR-EMEH on the Hillery Street Bridge in NJ: (a) photo of the bridge
taken from the Google map with the location of testing marked, (b) testing setup, and (c) mounting
of the device on the railing of bridge sidewalk.
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Figure 4.2 shows the installation of the device on Hillery Street Bridge. The device was safely
mounted on the railing of bridge sidewalk using electrical tape at a location close to mid of the
bridge span (See Figure 4.2(a)). In this test, Lb=3 in for both the resonators. In addition, an
accelerometer was installed on the railing at a location very close to the device to measure the
acceleration of the bridge during the testing. The harvested voltage was recorded using a DAQ
system connected to a computer (Laptop) in the field as shown in Figure 4.2(b).

Figure 4.3(a) shows the time history of the acceleration of the bridge recorded during the test.
The peak value of the acceleration is less than 0.05g. Figure 4.3(b) shows the power spectral
density of the acceleration signal containing several peaks representing the dominant frequency
of the bridge itself and the moving load during the test. Figure 4.4 shows the time histories of
voltages harvested from the vibration of resonators 1 and 2 during a 10-minute test. The peak
value of the voltage for resonator 1 is less than 0.05V which is very low due to the low amplitude
of bridge acceleration and mistuning of the device frequency with the dominant frequency of the

bridge and the moving load.
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Figure 4.3. Acceleration response of the Hillery Street Bridge during the test: (a) time-history
and (b) power-spectral density
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Figure 4.4. Time history of voltage harvested from the traffic-induced vibration of the Hillery
Street Bridge: (a) resonator 1 and (b) resonator 2.
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4.2. De Jessa Memorial Bridge

De Jessa Memorial Bridge (also known as Kingsland Avenue Bridge) is a four-span Warren pony
steel truss bridge over the Passaic River that connects the Township of Lyndhurst to the Township
of Nutley in New Jersey. The bridge is old, was initially built in 1905 and then partially renovated
in 1986. The bridge, which is more than a century old, is now deemed functionally obsolete due
to its incapability to accommodate current traffic demands, considering its load-carrying capacity
and deck geometry (Source: https://www.kingslandavenuebridge.com/faq/). This implies that if
redesigned, the bridge can carry a higher volume of traffic that can result in higher harvested

electric power during rush hours.
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Figure 4.5. Field testing of the DR-EMEH on the De Jessa Memorial Bridge in NJ: (a) photo of the
bridge taken from the Google map with the location of testing marked, (b) testing setup, and (c)
mounting of the device on the sidewalk railing.
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Figure 4.5 shows the installation of the device on the De Jessa Memorial Bridge in a point very
close the midpoint of span. The device was safely mounted on the railing of bridge sidewalk using
electrical tape to harvest the voltage for 10 minutes (See Figure 4.5(a)). Likewise, in this test, Lb=3
in for both the resonators. The accelerometer was installed on the railing at a location very close
to the device to measure the acceleration of the bridge during the testing. The harvested voltage
was recorded using a DAQ system connected to a computer (Laptop) in the field as shown

in Figure 4.5(b).

Figure 4.6(a) shows the time history of the acceleration of the bridge recorded during the test for
10 minutes. For this bridge, the peak value of the acceleration was less than 0.15g, that is almost
three times of the peak acceleration recorded on the Hillery Street Bridge. Figure 4.3(b) shows
the power spectral density of the acceleration signal containing several peaks representing the
dominant frequency of the bridge itself and the moving load during the test. Figure 4.7 shows the
time histories of voltages harvested from the vibration of resonators 1 and 2 during the test. The
peak value of the voltage for resonator 1 is less than 0.15V. This amount of voltage is low, which
just like the Hillery Street Bridge, is due to the low amplitude of bridge acceleration and mistuning
of the device frequency with the dominant frequency of the bridge and the moving

load.
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Figure 4.6. Acceleration response of the De Jessa Memorial Bridge during the test: (a)
timehistory and (b) power-spectral density.
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Figure 4.7. Time history of voltage harvested from the traffic-induced vibration of the De Jessa
Memorial Bridge: (a) resonator 1 and (b) resonator 2.
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4.3. Main Avenue Bridge

The Main Avenue Bridge (or Gregory Avenue Bridge) is a three-span Thru steel truss bridge
carrying a 2-lane street with sidewalks over the Passaic River in Passaic & Wallington, New Jersey.

The bridge was constructed in 1906 and underwent some rehabilitations and changes in 1985.

= Accelerometer

7

DR-EMEH

<«— Computer

DAQ. System

l

Figure 4.8. Field testing of the DR-EMEH on the Main Avenue Bridge in NJ: (a) photo of the
bridge taken from the Google map with the location of testing marked, (b) testing setup, and (c)
mounting of the device on the sidewalk railing.
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Figure 4.8 shows the installation of the DR-EMEH on the Main Avenue Bridge. As can be seen, the
device was installed in the middle of the third span where the amplitude of vibration was
measured to be relatively high. Figure 4.8(b) and (c) show that the device was mounted on the
railing of bridge sidewalk using electrical tape. The test was run for 10 minutes. However, in
contrast to the previous two tests, in this test L, was set to be 4 in for both the resonators resulted
in the reduction of the frequency of resonators from f=7.5 Hz to f=5.5 Hz. Figure 4.8(b) also shows
that the accelerometer was installed on the railing at a location very close to the device to
measure the acceleration of the bridge during the testing. Like the prior two tests, the harvested
voltage was recorded using a DAQ system connected to a computer (Laptop) on the bridge as

shown in Figure 4.5(b).

Figure 4.9(a) shows the time history of the acceleration of the bridge recorded during the test for
10 minutes. The peak value of the acceleration is about 0.1g. Figure 4.9(b) shows the power
spectral density of the acceleration signal that includes several peaks ranging from 5 Hz to 40 Hz
representing the dominant frequency of the bridge itself and that of the moving load during the
test. Figure 4.7 shows the time histories of voltages harvested from the vibration of resonators 1
and 2 during the test where Ly=4 in. The peak value of the voltage for resonator 1 is about 0.75V
and for resonator 2 is about 1.25 V, which are much larger than those recorded for the two prior

highway bridges.
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Figure 4.9. Acceleration response of the Main Avenue Bridge during the test: (a) time-history
and (b) power-spectral density.
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Figure 4.10. Time history of voltage harvested from the traffic-induced vibration of the Main

Avenue Bridge: (a) resonator 1 and (b) resonator 2.
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Section 5. Conclusions

This report focuses on the design (optimization), fabrication, and testing of a high-power narrow

band EMEH to be able to generate an average electrical power of about 500 mW and more at the

resonance frequency. This amount of electrical energy alone is more than enough to power

conventional wireless sensors used for their structural health monitoring. The results of this

research yielded several notable conclusions, some of which are listed below:

First, an analytical model was developed to optimize a simple model of an EMEH
with linear arrays of PMs. The proposed EMEH consists of two stationary layers of
three cuboidal neodymium PMs, a rectangular thick air-core copper coil (copper
coil) attached to the free end of a flexible cantilever beam whose fixed end is firmly
attached to the highway bridge oscillating in the vertical motion due to passing
traffic. An analytical model has been developed to conduct a parametric study and
optimize the geometry of the copper coil, the arrangement of the PMs, and the
resistance of the harvesting circuit. This analytical model has been

validated by a FE simulation in COMSOL.

It has been shown that arranging the PMs in an alternating layout can significantly
increase the generated power if the thickness of the air gap between the PMs to
be large enough to amplify the magnetic interaction between the PMs. The
numerical results show that the maximum harvested electrical power is equal to

1716 mW obtained by a harvesting circuit with an electrical resistance of 0.5 Q.
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Second, an enhanced model of the EMEH (dual-resonator EMEH) was designed
and fabricated for laboratory and field tests. This prototype consists of two
rectangular copper coils of the size 1x0.5x1.5 in (and winding depth=0.375 in)
attached to the free ends of two thin cantilever beams of the size 6x0.5x1/32 in
vibrating with respect to three layers of cuboidal neodymium PMs of the size
0.5x0.5%0.5 in with the magnetic remanence of Brm=1.48 T.

The results of laboratory test showed that each of the resonators in the DR-EMEH
can generate a voltage up to 3V for a resonance frequency about 7.7 Hz under a
harmonic acceleration with the amplitude 0.1g. The results of field test showed
that the performance of the DR-EMEH is significantly affected by the frequency of
moving load, and if necessary, it needs to be redesigned according to the
dominant frequency of moving load during rush hour.

It is worth mentioning that the main drawback of the proposed EMEH is its large
vibration amplitude that limits its field application. A mechanical stopper can be
installed to limit the amplitude of the copper coil, although this to some extent

may limit the amount of output electrical power due to impact.
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