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1. Introduction

Energy harvesting is an effective technique for generating electrical power by capturing and
utilizing renewable energy sources that are abundant in the environment but often remain untapped
(Priya and Inman 2009; Spreemann and Manoli 2012). One promising source of such energy is the
kinetic energy from ambient vibrations, particularly from the vibrational energy embedded in
transportation infrastructure. For example, rail-bridge systems and their key components, such as
rails, ballast, and ties, are often subjected to significant vibrations as trains pass over them which
can be harvested as electrical energy (Bosso, Magelli, and Zampieri 2021). Figure 1 illustrates a

typical rail-bridge system in the US subjected to the successive loads of a moving train’s railcars.

If effectively harvested, this vibrational energy can be converted into electrical power using
various types of energy harvesters, such as electromagnetic (Amjadian, Agrawal, and Nassif 2022;
Sun et al. 2021; Wang et al. 2021) and piezoelectric (Shan, Kuang, and Zhu 2022; F. Yang et al.
2021) harvesters. In a rail-bridge system, the harvested electrical power can be used to supply
electrical power for essential electronic equipment along the tracks, including wireless sensors,
trackside signaling systems (Pan, Zuo, and Ahmadian 2022), and communication devices(Hadas
et al. 2022). For instance, a standard wireless sensor requires approximately 100 mW of electrical
power for operation (Gao et al. 2018), which can be supplied by such energy harvesters. However,
electromagnetic energy harvesters offer significant advantages due to their low mechanical
damping and minimal reliance on mechanical contacts (i.e., low friction) (Amjadian, Agrawal, and
Nassif 2021; Priya and Inman 2009; Roundy, Wright, and Rabaey 2004). Their operation is based
on Faraday’s law in electromagnetics, which governs the induction of electrical current in moving
conductors (Amjadian, Agrawal, Silva, et al. 2022; Amjadian and Agrawal 2017; Amjadian,
Agrawal, and Nassif 2022).

The key concept of harvesting electrical power from vibration of a primary structure relies
on maintaining resonance between the energy harvester and the primary structure at its dominant
frequency (Williams and Yates 1996). However, this method is effective only when the vibration
is narrowband and dominated by a single frequency. In contrast, structures that experience a wide
range of excitation frequencies, such as rail-bridge systems subjected to moving train loads,
typically have a wideband vibration ranging from 5 Hz to 50 Hz (Lu, Mao, and Woodward 2012;

Y. B. Yang et al. 2021). For this reason, a narrowband energy harvester might face a significant



reduction in its efficiency when mounted on such structures for the purpose of electrical power

generation.
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Figure 1: Image of the Devon railroad bridge (Malla et al. 2017.

This inefficiency can arise from the challenge of tuning the harvester’s resonant frequency
to match multiple excitation frequencies, or from frequency deviations that result from operational
factors or manufacturing uncertainties or imperfections. To address these limitations, research has
increasingly focused on developing wideband harvesters capable of responding to multiple
excitation frequencies (Aboulfotoh, Arafa, and Megahed 2013; Zhu, Tudor, and Beeby 2009).
Various techniques have been proposed to expand the frequency bandwidth of energy harvesters
(Tang, Yang, and Soh 2010), such as frequency-up conversion (Zorlu, Topal, and Kiilah 2011) and
the incorporation of nonlinear stiffness mechanisms with either monostable (Mann and Sims 2009)
or bistable effects (Ahmad, Khan, and Khan 2021). Notably, hybrid energy harvesters that combine
electromagnetic and piezoelectric mechanisms have attracted significant interest because of their
potential to generate substantial amounts of electrical power (Dal Bo, Gardonio, and Turco 2020;
Harne 2012; Wang et al. 2015). However, it should be noted that these types of harvesters are

complex and often costly to implement.

A simple yet effective technique to widen the frequency bandwidth of an energy harvester
is to use an impact mechanism by placing a mechanical stopper near the resonator separated by a
small gap. The stiffness of the energy harvester's dynamic system is intermittently altered each
time the gap closes. This adjustment allows for a shift in the resonance frequency of the energy
harvester, thereby widening its frequency bandwidth. The effects of impact mechanisms on the

frequency bandwidth of piezoelectric energy harvesters have been studied by many researchers.
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For example, Halim and Park (2014) designed a frequency up-conversion piezoelectric harvester
incorporating a flexible beam with a proof mass that contacts a smaller beam resulting in an
increase in the bandwidth and efficiency of the energy harvester. The study showed that the energy
harvester can generate a peak power output of 734 uW within a frequency range of 7-14.5 Hz
(Halim and Park 2014). Xu et al. (2017) designed a hybrid energy harvester that combines
piezoelectric and electromagnetic mechanisms utilizing a magnetic resonator to impact a beam
with piezoelectric strip. This configuration facilitated frequency up-conversion, enhancing power
output and enabling efficient wideband energy harvesting (Xu et al. 2017). In a recent work on
electromagnetic energy harvesters, Ouakad et al. (2022) developed a nonlinear impact-based
energy harvester incorporating dual resonators. The design leveraged magnetic flux and frequency
up-conversion to enhance both bandwidth and generated electrical power. The author
demonstrated that configurations using repulsive magnets can exhibit superior performance
compared to those using attractive magnets (Ouakad, Al-Harthi, and Bahadur 2022). However, the

study lacked experimental observations and proof of the concept.

This study presents a combined numerical and experimental investigation of an
electromagnetic energy harvester incorporating a mechanical impact mechanism to widen its
frequency bandwidth. The harvester consists of a cantilever beam with a coil attached to its free
end, serving as a proof mass, while two adjacent magnets generate the necessary magnetic field.
To assess the effect of impact on harvested electrical power, a FE model of a multi-span beam
subjected to successive moving loads is developed in COMSOL Multiphysics (version
6.2)(COMSOL v.5.4 2024) to analyze the mid-span acceleration of the multi-span beam at varying
speeds of the moving load. Moreover, an analytical model is developed to evaluate the harvester's
performance under the measured acceleration signals, both with and without impact. Finally, an
experimental prototype is fabricated to validate the impact-induced enhancement of frequency

bandwidth across different acceleration intensities.
2. Summary

This report presents the first-year findings from a study exploring the development and
testing of an electromagnetic energy harvester designed for wideband power generation. The
system employs an impact-driven frequency up-conversion mechanism, where a cantilever beam

with an attached copper coil interacts with stationary neodymium magnets. A mechanical stopper
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positioned beneath the resonator induces controlled impacts, creating nonlinear dynamic effects
that enhance voltage output and broaden the harvester’s operational bandwidth.

A FE model of a multi-span beam under moving loads was developed in COMSOL
Multiphysics to simulate excitation profile, and subsequently an analytical model of the harvester
was developed to evaluate induced voltage under both impact and no-impact scenarios. An
experimental prototype was fabricated and tested to validate the effect of impacts in widening the
operational frequency bandwidth.

Key findings indicate that introducing impact phenomenon significantly improves
performance. With a 7 mm impact gap and 0.20g excitation, the harvester produced a maximum
output voltage of 43 mV compared to 32 mV without impact, along with a 1 Hz increase in
frequency bandwidth.

The results highlight the critical role of impact effects in improving energy harvesting
efficiency and frequency response. Future work will focus on the development of dual and quad

resonator energy harvesters to further expand the operational frequency bandwidth.
3. Energy Harvester Design

3.1 Design and Configuration

Figure 2 shows the design of the proposed energy harvester highlighting its key
components involved in generating electrical power. The energy harvester includes a flexible
cantilever beam, specified by dimensions LsxW;sxHs, which serves as the resonator. As depicted
in Figure 2, a thick, square-shaped copper coil with dimensions L:xWexH, is mounted on the free
end of the beam. This coil is positioned to move freely between two stationary square-shaped
permanent magnets, each with dimensions LnXWm*Hm. These magnets are spaced apart from the
coil by an air gap of the size 8. ensuring that the coil can move without physical contact with them.

The cantilever beam's fixed end is attached to a rigid base, which is subjected to the
acceleration signal a(t) resulting from the vibrations of a multi-span beam under a series of
successive moving loads at varying speeds. A rigid stopper is placed below the free end of the
beam, with an adjustable gap size J; to shift its resonant frequency by modifying the impact gap
size. Table 1 details the geometrical dimensions and material properties of the energy harvester
and its key components. The copper coil is wound with AWG-28 wire, and the thickness of the

winding is t=0.25 in. The total number of coil turns is estimated to be approximately N.=400.
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Figure 2: Configuration of the energy harvester and its key components with the stopper
mounted below the free end of the cantilever beam.

Table 1: Geometrical dimensions and material properties of the harvester

Parameter Value Unit  Description

LxWxHg 6.0x1.0x0.2 in Beam dimensions

LinXWmnxHp 1.0x1.0%0.125 in Magnets dimensions

LxWexHe 1.0x1.0x0.5 in Coil dimensions

te 0.125 in Winding depth of the coil

B: 1.32 T Magnetic remanence of the magnets (N42)
dw 0.0125 in Diameter of the winding wire

da 0.3 in Air gap size

dp Var. from 5to 15 mm Impact gap size

3.2 Design and Configuration

During an external excitation with the acceleration a(t), the cantilever beam vibrates
relative to the base frame and primary structure (i.e., multi-span beam). The applied excitation
generates relative velocity between the coil at the beam’s free end and the adjacent magnets
causing fluctuations in their magnetic flux. According to Faraday’s law, these fluctuations induce
an electromotive force (emf) within the coil as it moves within the magnetic field of the magnets.
When the displacement of the free tip of the beam exceeds the size of the impact gap, an impact

occurs, introducing additional stiffness into the dynamic system of the energy harvesters. This
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mechanism increases the relative velocity between the coil and the magnets, thereby enhancing
the electrical power generation. Moreover, the sudden change in stiffness shifts the resonant
frequency of the energy harvester, widening its frequency bandwidth. As a result, the proposed
energy harvester can operate over a wider frequency range, improving its overall energy harvesting

efficiency.
4. Moving Load Analysis

A simplified two-dimensional (2D) FE model is developed using COMSOL Multiphysics
(version 6.2)(COMSOL v.5.4 2024) to analyze the response of a multi-span reinforced concrete
(RC) beam, functioning as a bridge, under a series of successive moving loads, as shown in Figure
3. The beam is simply supported and has three spans, each measuring 36 m in length (Lyo=36 m),
0.5 m in height (Hy=0.5 m), and 1.0 m in width (W,=1 m). The moving load, representing a series
of successive railcars, is simulated through a periodic pulse function. This function has a load
intensity of 0.3 MPa and a pulse width of 1 meter (P=30 tons). The distance between two
consecutive pulses is set at 18 meters (S=18 m) which provides a generalized representation of

actual spacing between the axles of a typical railcar.

a(t)
@ i |

|
[
|
|
|
|
|
|
|
;: ;: Sensor :; i;
i A / 24

Leo Lyg Lyg
Figure 3: Dynamic model of a three-span RC beam subjected to the successive moving loads
of a railcar with two concentrated axle loads.

A time-dependent study is defined in COMSOL to measure the time history of the
acceleration of the beam. This study evaluates the time history of acceleration response at the
midpoint of the 2" span of the RC beam. Figure 4a shows this response at various speeds, v=25,
50, and 75 m/s, plotted in terms of the front load’s location normalized to total length of the beam.

The critical speed of the moving load can be estimated by aligning it with the first mode of
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vibration of the beam, where the displacement at the midpoint reaches its maximum. This speed is

determined by this equation (Fryba 1972):

Ver = 2f1 Lo (1a)

where 1 (=0.58 Hz) is the natural frequency of the first mode, calculated as:

Eply

— (1b)
PbApLE,

(T

)
where Epl, denotes the flexural rigidity of the beam, Ay the cross-sectional area, and pp, the mass
density. By substituting the corresponding values for these parameters into Equation (1), we
calculate the critical speed to be ve=41.5 m/s. Figure 4 also displays the acceleration response at
the midpoint of the 2" span of the RC beam for v=v... Figure 4b shows the power spectral density
(PSD) of the acceleration response in terms of the frequency. In this figure, the effects of moving

load on a shift in the resonance frequency of the beam is noticeable.
5. Dynamic Model

5.1 Electromechanical Model

For simplicity, this study focuses only on the first vibration mode of the cantilever beam.
Figure 5 illustrates the electromechanical model of the energy harvester, where the mechanical and
electrical domains are coupled through the motion of the coil moving within the magnetic field

produced by the magnets.

The energy harvesting circuit comprises a coil connected in series to a load which is
modeled as a single resistor with electrical resistance Ri. The coil itself is represented by a resistor
(R¢) and an inductor (L) connected in series, accounting for the coil's resistance and inductance
respectively. Electrical power is generated whenever the coil moves relative to the magnets,
particularly when it resonates with the base excitation. This relative motion alters the magnetic
flux of the magnets passing through the coil, inducing an electromotive force (Vem) in the circuit
according to Faraday's law of induction. Consequently, this results in an electric current, L:(t),

flowing through the coil.
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Figure 4: Acceleration response at the midpoint of the 2nd span of the RC beam for the speeds
v =25,50,41.5, and 75 m/s (a) plotted in terms of the front load’s location normalized to
length of the beam with its (b) PSD plotted in terms of frequency

5.2 Governing Equation
The motion of the coil through the magnetic field generated by the magnets, when the

cantilever beam is subjected to base acceleration a(t), is modeled by the following coupled

differential equations:

2
my d ;tsz(t) e du; t(t) + ksug (t) — Fc(t) + Fp(t) = —mga(t) (22)
L dl‘(:j;t(t) + (Rl + RC)Ici(t) = Vemf(t) (2b)

Here, Equation (2a) describes the vibration dynamics of the cantilever beam where us(t) represents

the displacement of the coil (proof mass), ms is the proof mass, cs the mechanical damping
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coefficient, and ks the stiffness. The term Fc(t) represents the eddy current damping force acting
on the coil, and Fp(t) is the impact force when the impact gap closes, causing the proof mass to

collide with the mechanical stopper.

Impact gap t

Rigid link 1
us(t)
)
L)
i, R,
// .
Magnstic Field B(XY,2) ~7» Veat () Coil
-

R,
Load

Figure 5: Electromechanical model of the energy harvester with the mechanical stopper
modeled as a nonlinear Hertzian spring with stiffness constant kp.

Equation (2b) models the electrical dynamics within the coil where L:i(t) and Vem#(t) are the
induced current and electromotive force, respectively, generated due to the coil's relative motion
with the magnets. The impact force Fy(t), defined in Equation (2a), is modeled using a Hertzian

nonlinear spring model:
kpAp (D32 AL(t) >0
Fp(t) — p p( ) p( ) (3)
0 A,(H) <0

where A= —ug — 8, is the penetration between the two colliding bodies, and kj, is the stiffness

constant of the nonlinear spring. The eddy current damping force, Fc(t), in Equation (2a), is

expressed as:

Fo(t) = —Kelgi (D) 4)

where K¢ is the electromechanical coupling coefficient, assumed constant for simplicity. The

induced voltage (i.e., electromotive force) is given by the following expression,

Veme(t) = +Keug(t) (5)
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where U (t) is the velocity of the coil (or the proof mass). Ignoring the effects of Lc from
Equation (2b), and integrating Equations (4) and (5) into Equation (2a), the governing equation
can be simplified into a decoupled form as follows:

K¢ Fp(t)

f . 2f2
t 4mef t
4mf,mg(R; + R.) Us(0) + 4 us (0 + mg (6)

[1 + %LS] i (0) + 4, [zs +
= —a(v

where f; represents the natural frequency of the fundamental mode of the cantilever beam, and &
is the critical mechanical damping ratio. It should be also mentioned that the total mass of the
resonator has been corrected to include the distributed mass of the cantilever beam. Finally, the
performance of the energy harvester is evaluated by using the average value of the instantaneous
electrical power generated across the load over the time interval [0,T] which is determined by the

following integral (Amjadian, Agrawal, and Nassif 2022),

3] = RI—K? lle'Jz(t)dt (7)
e (R1+Rc)2 T 0 *

5.3 Numerical Study

In this section, we present a numerical study to optimize two key design parameters of the
energy harvester: the electromechanical coupling factor (Kr) and the impact gap size (dp). These
parameters influence the efficiency of electrical power generation and the frequency up-conversion
mechanism in harvesting power from the vibration of the three-span beam under the given moving
load shown in Figure 3. The governing equation, Equation (6), is solved numerically using a block-
based modeling technique in Simulink (MATLAB). For this numerical study, it is assumed that
ms=56 gr, ks=7.9 N/m, ¢;=0.068 N.s/m, k,=25 MN/m, Rc=8.0 Q, and Ri/R¢=1.0. Figure 6 shows
the average harvested power in terms of Ky, ranging from 0 to 15 N/A, for various moving load
speeds. The results indicate that the maximum electrical power is achieved at the optimum value
K#=3.1 N/m v=75 m/s, and this optimum value remains nearly the same for other speeds. Figure 7
shows the average harvested power with respect to dp, ranging from 0 to 10 cm, for different load
speeds under the assumption K=3.1 N/m. As the size of impact gap increases, the harvested power
rises and then remains constant when there is no impact. The maximum electrical power of

approximately 22 mW occurs at 3,=4.5 cm for v=75 m/s.
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Figure 6: Average harvested power plotted versus the electromechanical coupling factor
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Figure 7: Average harvested power plotted in terms of the impact gap

6. Experimental Study

6.1 Prototype Fabrication and Experimental Setup
Figure 8 displays the prototype of the energy harvester that was fabricated for laboratory

testing. The dimensions and material properties of this prototype are aligned with those detailed in
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Section 2. Table 1 lists a detailed summary of these properties and geometric specifications used
in the fabricated prototype. The key components of the prototype, including the cantilever beam,
base frame, and coil holder, were manufactured using a high-quality plastic material (Ep=2 GPa)
to ensure durability and consistent performance during testing. To improve the impact stiffness, a
stainless-steel screw was utilized as the mechanical stopper. The screw is non-magnetic to prevent
interference with the magnetic flux. The setup also includes two magnets on the two sides of the
coil where each is screwed to a frame using two vertical slots. These slots allow for the vertical
adjustment of the magnets to align their centers precisely with the coil, strengthening the magnetic

interaction between the coil and the magnets necessary for efficient energy harvesting.
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Figure 8: Pictures of the harvester tested in the lab: (a) key components (b) side view of the
coil and the mechanical stopper separated by a gap

Figure 9 demonstrates the experimental setup. The prototype is securely fastened to an
electrodynamic shaker using a rigid mounting plate. It is subjected to a series of sweeping
harmonic excitations within a range of frequencies from 10 Hz to 20 Hz and peak accelerations of
0.15g and 0.20g. Experimental. As designated in Figure 9, Sensor 1 is mounted on the mounting
plate to record the input excitation, and Sensor 2 is attached to the free end of the cantilever beam,

monitoring the output response and detailing the beam’s vibration dynamics throughout the tests.
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Figure 9: Experimental setup of the harvester in the lab and apparatus used for data
measurement
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Figure 10: Induced voltage plotted in terms of the excitation frequency without impact,
comparing the response for the peak accelerations 0.15g and 0.20g

6.2 Experimental Results

Figure 10 and Figure 11 illustrate the induced voltage in an open-circuit configuration for
scenarios with and without impact, respectively. Figure 10 presents the induced voltage in terms
of the excitation frequencies ranging from 10 to 20 Hz, for two peak base accelerations of 0.15g
and 0.2g. The induced voltage at 0.2g acceleration consistently exceeds that at 0.15g across the
frequency spectrum. The resonance frequency is identified at approximately 15.25 Hz, with no

significant bandwidth effects observed. At this resonance frequency, the peak voltage recorded for
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a peak acceleration of 0.15g is approximately 28 mV, while for a peak acceleration of 0.2g, it is

about 32 mV.
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Figure 11: Induced voltage plotted in terms of the excitation frequency with impact,
comparing the response for the peak accelerations 0.15g and 0.20g: (a) 6p=7 mm; (b) dp=12
mm

Figure 11a and Figure 11b show the plots of the induced voltage in terms of the excitation
frequencies ranging from 10 Hz to 20 Hz for contact gaps of 8,=7 mm and d,=12 mm, under two
peak base accelerations, 0.15g and 0.2g. As shown in Figure 11a, at a peak acceleration of 0.15g,
the deflection of the cantilever beam exceeds the contact gap 6,=7 mm, triggering an impact
between the free end of the cantilever beam and the stopper. This impact widens the resonance
bandwidth of the harvester around the resonance frequency of the energy harvester, which is 15.25
Hz. However, when the peak acceleration increases to 0.2g, the bandwidth expands to
approximately 1 Hz, ranging from 14.75 Hz to 15.75 Hz for a contact gap of 7 mm. In addition, a

noticeable increase in the induced voltage occurs near the resonance frequency, boosting the
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energy harvester's operational efficiency especially for at the peak acceleration 0.20g, with an
increase in output voltage to 43 mV, as depicted in Figure 11a. It is seen that, due to the impact
effects, the output voltage exhibits an increase of 11 mV compared to the case without impact as
shown in Figure 10. However, when the impact gap (Jp) is increased to 12 mm, Figure 11b shows
that at the peak acceleration 0.15g, the impact has no noticeable effects on the response of the
energy harvester. However, upon increasing the peak acceleration to 0.20g, a marginal increase in
bandwidth is noted. Despite this, in both cases, the induced voltage decreases compared with the
case when 8,=7 mm. This reduction can be attributed to the diminished effects of impact as the

impact gap increases.
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Figure 12: Acceleration plotted in terms of the excitation frequency with impact, comparing
the response for the peak accelerations 0.15g and 0.20g: (a) Sensor 1; (b) Sensor 2

Figure 12a and Figure 12b shows the peak values of the acceleration signals recorded by

sensors 1 and 2, respectively, plotted in terms of frequency for 6,=7 mm. Here, sensor 1 is used to
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regulate vibration levels through the controller and driver. Near the resonance frequency, where
the impact occurs, the acceleration shows a sharp change. Following this, the controller manages
the sudden shift, ensuring it remains within the specified limits. However, it should be noted that
this may affect the performance of the measurement system if the harvester is kept under a base
excitation at this resonant frequency. A high-frequency rate is necessary to capture the change
while keeping the signal-to-noise ratio very low. In Figure 12b, which shows the peak values of
the acceleration signal recorded by sensor 2, a linear increase in acceleration is observed, which is

consistent with the previously noted linear increase in voltage during the impact.
7. Conclusions

In this study, an electromagnetic energy harvester was designed, fabricated, and tested for
wideband electrical power generation. The harvester utilizes nonlinear dynamics and impact
effects induced by a mechanical stopper to enhance its energy generation performance. A
theoretical model was developed to predict the induced voltage under measured acceleration
signals obtained from a finite element model of a multi-span beam subjected to the dynamic load
of a series of moving railcars. This theoretical model accounts for both impact and non-impact
scenarios. An experimental study was conducted to assess the impact effects on the performance
of a fabricated prototype of the energy harvester. The results demonstrated that the energy
harvester's efficiency improves with impact occurrence which led to a bandwidth expansion of 1
Hz when the excitation level reaches 0.20g and the impact gap is set at 7 mm. Furthermore, the
maximum output voltage was measured at approximately 43 mV. The study also examined the
influence of the impact of gap size on the bandwidth expansion. It was found that increasing the
impact gap from 7 mm to 12 mm reduced the maximum output voltage by nearly 15 mV at an
excitation level of 0.15g with no improvement in the frequency bandwidth. This highlights the
critical role of impact in widening the operational frequency bandwidth, particularly when the
impact gap is smaller. Future work should explore the effects of mutli-resonators and impact on
the electromagnetic coupling coefficient to develop a more practical model for electromechanical

coupling between the moving coil and stationary magnets.
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