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A B S T R A C T

Energy harvesters are a promising technology for powering infrastructure condition monitoring
systems without batteries. When deployed on railway bridges they are typically tuned to the
bridge’s natural frequency, however due to the dominance of train-induced forced vibration of
the structure, this results in sub-optimal energy harvesting. As a solution, this paper presents
a novel tuning strategy for energy harvesters on railway bridges. The strategy is based on a
statistical analysis of the mechanical energy generated in the bridge during train passage and
involves four steps: (𝑖) measurement of bridge response due to train traffic, (𝑖𝑖) calculation
of mechanical energy during train passage, (𝑖𝑖𝑖) statistical characterisation of the energy
distribution, and finally, (𝑖𝑣) calculation of the tuning frequency. A case study is presented
to compare the potential of the proposed strategy against tuning based upon the bridge natural
frequency. First, an in-service railway bridge is monitored to determine its natural frequency
and response to train traffic. Combining the field data with the proposed tuning strategy, the
design of energy harvesters for the bridge is optimised. The design of harvesters tuned to natural
frequencies is also studied. The underlying harvester type is a cantilever bimorph beam with a
mass at the tip and load resistance. Additive manufacturing is used for the substructure, which
is formed from PAHT-CF15 (High Temperature Polyamide carbon fibre reinforcement). The
harvesters are manufactured and deployed on the bridge subject to live railway traffic. Field
results show the devices designed using the new tuning strategy harvest up to 300% more
energy. The energy harvested in a time window of three hours (18 train passages) is 7.65mJ.

. Introduction

The use of autonomous and real-time infrastructure condition monitoring systems for railways offers financial and safety-related
enefits to operators. In recent decades, the development of the Internet of Things (IoT) has allowed new wireless communication
rotocols and gained the attention of the scientific community [1,2]. The application of IoT for real-time structural health monitoring
SHM) has been successfully implemented in buildings and civil engineering infrastructures, in historic buildings, bridges, civil
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structures, and soils [3–5]. Recent advances in SHM deployments in rail systems have been revised by Barke and Chiu [6], Vagnoli
et al. [7], and Jing et al. [8]. SHM systems allow new developments in predictive maintenance strategies to assess the serviceability
condition of rail systems without traffic disruption and at reduced costs. However, one of the main challenges with monitoring
systems is the need for a reliable power supply. Lack of access and maintenance operations in remote areas can limit their practical
implementation [9].

Energy harvesting from ambient vibrations is an alternative to traditional battery power for the sensors and nodes in monitoring
ystems [9–11]. For instance, Rodriguez et al. [12] developed an IoT sensor powered by vibrations from industrial air compressors
ithout the need for a battery. The energy harvester was tuned to the dominant frequency of the vibrations of the compressor by
djusting the geometrical design parameters. Then, the system was able to power a sensor with a duty cycle of 30 s. Although energy

harvesting devices are a promising solution for powering autonomous monitoring systems from ambient vibration, a challenge in
the design is the reduced operating range close to the resonant or tuning frequency [13]. Maximum performance is achieved for
energy harvesters tuned to the excitation frequency, and slight deviations from the resonance condition cause a drastic reduction
in the output power.

Solutions for efficiency reduction due to frequency detuning are based on increasing the operating frequency bandwidth and
tuning the resonant frequency. Ibrahim and Ali [14] investigated these methods and concluded that tuning the resonant frequency
is a more efficient technique for applications with a single dominant frequency; whereas methods for widening the frequency
bandwidth, including an array of harvesters with different resonant frequencies, multimodal energy harvesting, frequency up-
conversion, and nonlinear oscillators [15] are more suitable for multiple frequencies or random vibration sources. Railway bridge
vibration falls into the first type with a dominant frequency mainly determined by the dynamic behaviour of the structure, the train
configuration, and the travelling speed, although is also affected by uncertainties related to the vehicle–track–structure interaction.

One solution for detuning is the use of self-tuning methods, which are used to increase the frequency bandwidth of optimal
performance. For example, Eichhorn et al. [16] proposed a prestressed cantilever piezoelectric energy harvester to adjust the tuning
frequency in the interval 440−460Hz by modifying the tensile preload. The harvester performance could then be improved in
nvironments with shifting vibration frequencies. Similarly, Cheng et al. [17] developed a self-tuning energy harvester by applying
n adjustable axial force with a piezoelectric actuator. The simulations showed the self-tuning system increased the output power
round 26 times compared to a device with a fixed tuning frequency. Al-Ashtari et al. [18] modified the stiffness of the harvester
sing two permanent magnets to improve performance in a wide range of excitation frequencies. Furthermore, Karadag et al. [19]
roposed a self-tuning method with a movable mass attached to the beam substructure. The proposed tuning algorithm increased
he frequency bandwidth to 10%. Also, Kouritem et al. [20] investigated a sliding mass harvesting device to increase the frequency
andwidth. Previous investigations have demonstrated the relevance of adequate resonant frequency tuning on the system output
ower.

The above concepts can be applied to create optimal designs of harvesters on railway bridges to maximise performance. Energy
arvesting on railway bridges is closely related to the dynamic behaviour of the structure and the load induced by trains [21–24].
ypically, a harvester device is tuned to one of the natural frequencies of the hosting structure. However, the bridge behaviour in
orced vibration varies due to, among others, the train mass, the travelling speed and the vehicle–bridge interaction, resulting in a
hift of the dominant frequencies [25]. Consequently, the performance of a device tuned to the fundamental frequency is suboptimal
21]. Therefore, tuning harvesters for railway bridge applications should not be performed at the bridge natural frequency, but
nstead should consider changes in the dynamic response during train passage to achieve optimal performance.

The aim of this paper is to investigate the influence of excitation uncertainties on the determination of the optimal tuning
requency in real energy harvesting systems. By isolating and investigating the excitation uncertainties, we intend to address a
ractical concern in energy harvesting applications and provide specific insights into how these uncertainties affect performance
nder operating conditions. In this regard, this paper attempts to optimise the frequency tuning of energy harvesters on railway
ridges for their implementation in autonomous monitoring systems.

A novel tuning strategy based on a statistical analysis of the bridge response during train passage is proposed. The mechanical
nergy generated by a lumped-mass model is used as an estimation of the efficiency in converting bridge vibrations into energy. The
uning procedure is divided into three steps: (𝑖) experimental measurement of bridge response under different train passages; (𝑖𝑖)
stimation of the optimal tuning frequency by stochastic analysis of the mechanical energy harvested by tuned lumped-mass systems
n a frequency range of interest; and (𝑖𝑖𝑖) validation under laboratory and operating conditions. This approach is advantageous
ecause it allows for the identification of the optimal tuning frequency without a dynamic identification, thus eliminating the need
f complex experimental tests to determine mode shapes and natural frequencies [26,27]. The capabilities of the proposed method
re shown through the identification of the most appropriate tuning frequencies on railway bridges on an in-service high-speed line.

The paper is divided into the following parts: Section 2 is concerned with the stochastic analysis of bridge vibrations due to
ailway traffic and the optimal tuning procedure; the proposed approach is later verified in Section 3; and the results of a real
pplication in a case study are presented Section 4, including bridge modal identification, tuning frequency estimation, design and
anufacture of energy harvesters, and energy assessment under operational conditions.

. Optimal tuning in railway bridges

This section describes the process used for tuning an energy harvester for efficient operation on a railway bridge. First, consider
n energy harvester attached to the bridge at a location defined by the coordinate 𝑥𝑏 (see Fig. 1). This device is subjected to vertical
2

ibration 𝑧𝑏(𝑥𝑏, 𝑡) induced by a train that travels at a speed 𝑉 .
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Fig. 1. Scheme of bridge/harvester system.

Fig. 2. Scheme of harvester system.

The harvester configuration is a bimorph cantilever beam with a tip mass 𝑀𝑡 and two piezoelectric plates (PZT) of length 𝐿𝑝
perfectly attached to the substructure (see Fig. 2). The piezoelectrics are polarised in opposite directions along the thickness of the
plate and connected in series. The system feeds a load resistance 𝑅𝑙. The geometry of the substructure given by the thickness ℎ𝑠
and length 𝐿𝑠, and the tip mass 𝑀𝑡 are selected as the design parameters to adjust the harvester natural frequency to the tuning
frequency once the piezoelectric and the substructure material properties have been defined.

In order to estimate the efficiency in the conversion of energy from bridge vibration, a mechanical system is used [28] in
this paper for tuning an energy harvesting system. Although the harvester resonant frequency is affected by the electromechanical
coupling, and therefore the performance, the authors concluded in Ref. [25] that the influence in devices tuned to low frequencies
is very small.

Thus, for simulation purposes, a lumped-mass model is used to represent the dynamic behaviour of the harvester. The properties
of the system are given by the lumped mass 𝑚, the damping coefficient 𝑐 and the stiffness 𝑘 [21]. The mechanical energy in the
system during the period 𝑇 is a function of the velocity of the vibration:

𝐸 = 𝑐 ∫

𝑇

0
|�̇�(𝑡)|2 𝑑𝑡 (1)

where 𝑤(𝑡) denotes the vertical displacement of the lumped mass and the damping coefficient 𝑐 is used to represent the vibration
energy transfer from the bridge to the harvester. The instantaneous power then corresponds to the power absorbed by the harvester
plus the kinetic energy.

The previous equation can be expressed in terms of the Fourier transform of the harvester velocity according to Parseval’s
theorem [21]. Then, the displacement of the harvesting device is expressed as:

𝑤(𝜔) = 𝑚𝜔2𝐻(𝛽)𝑧𝑏(𝑥𝑏, 𝜔) (2)

where 𝐻(𝛽) is the frequency response function of the harvester:

𝐻(𝛽) = 1
𝑘

[

1
(1 − 𝛽2) + 2𝜄𝜁𝛽

]

(3)

where 𝛽 = 𝜔∕𝜔 defines the relation between the loading frequency 𝜔 and the natural frequency 𝜔 of the lumped mass model, 𝜁 is
the damping coefficient and the imaginary unit number is denoted by the Greek letter 𝜄. The natural frequency corresponds to the
uning frequency. Thus, the energy collected becomes:

𝐸 = 𝑐
2𝜋 ∫

∞

−∞
|𝜄𝜔𝑚𝜔2𝐻(𝛽)𝑧𝑏(𝑥𝑏, 𝜔)|

2
𝑑𝜔 (4)

The energy harvester’s performance is closely related to the dynamic behaviour of the bridge during train passage [21], and
aximum harvested energy is obtained when the device is tuned to the fundamental frequency of the bridge [27]. However, the
erformance of the energy harvester is limited to a narrow frequency bandwidth around the tuning frequency, and therefore the
arvested energy is drastically reduced as a result of detuning or deviation from the resonant condition. Although the harvester can
3
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be tuned to the fundamental frequency of the bridge, uncertainties in the dynamic response affect not only the vibration amplitude
but also frequency content, thus making the choice of the tuning frequency more difficult.

The dynamic response of a bridge under the passage of a train is affected by several factors. Some are relatively constant
uch as the bridge properties, while others vary, such as the configuration of train axle spacings, and train speed. Furthermore,
ome factors and their effect on the bridge are challenging to determine [29], such as structural damping and various interaction
echanisms, the most relevant being vehicle–structure, track–structure, and soil–structure interaction effects. An effective approach

s to use stochastic processes to represent the inherent randomness of the generation mechanisms (unevenness, axle loads, train
peed, interaction effects, etc.). Thus, the load can be described by a Poisson process [30].

Energy harvesting on railway bridges is then influenced by the uncertainty in the generation mechanisms. Based on the
andomness of the bridge vibration, energy harvesting is a stochastic process {𝐸(𝜔, 𝑡𝑟) ∶ 𝜔 ∈ 𝛺, 𝑡𝑟 ∈ 𝑇𝑟}, where 𝐸(𝜔, 𝑡𝑟) refers

to the energy harvested for the train passage 𝑡𝑟 in a set of 𝑇𝑟 train passages, and 𝛺 denotes the frequency interval of interest in
which the harvester can be tuned. The energy distribution is positive and often has an asymmetric distribution with a higher density
on the left side of the mean value. Although Gaussian processes are commonly used due to their continuous nature, well-understood
properties, and may be sufficient for systems with symmetric data distributions, energy harvesting would require an asymmetric
distribution.

The efficiency of statistical inference will be improved by identifying an appropriate distribution to use in modelling train-induced
vibration and energy harvesting. Thus, Lombaert et al. [31] presented a methodology to quantify uncertainties in ground-borne
vibration using a chi-square distribution with a single degree of freedom. The proposed statistical characteristics of the response
were verified for the passage of a TGVA at a speed of 200 km/h and an AGC TER commuter train at a speed of 150 km/h. Daqaq [32]
and Gaidai et al. [33] represented the average power of piezoelectric galloping energy harvesters using a Weibull distribution.
The shape and mean of the distribution were controlled by the shape and scale parameters. There are also extensions of existing
classical distributions to obtain more flexibility and adaptability in data modelling [34], leading to gamma-normal, gamma-Weibull
or generalised gamma distributions.

Among these distributions, this paper assumes that energy harvesting in railway bridges can be modelled as a gamma distribution
{𝐸(𝜔, 𝑡𝑟)} ∼ Ga(𝑎(𝜔), 𝑏(𝜔)), with the shape and rate parameters 𝑎(𝜔) and 𝑏(𝜔) given by [35]:

𝑎(𝜔) =
𝑏(𝜔)
𝑇𝑟

∑

𝑡𝑟∈𝑇𝑟

(

𝐸(𝜔, 𝑡𝑟)
)

(5)

1
𝑏(𝜔)

= 1
𝑇 2
𝑟

[

𝑇𝑟
∑

𝑡𝑟∈𝑇𝑟

(

𝐸(𝜔, 𝑡𝑟) log(𝐸(𝜔, 𝑡𝑟))
)

−
∑

𝑡𝑟∈𝑇𝑟

(

𝐸(𝜔, 𝑡𝑟)
)
∑

𝑡𝑟∈𝑇𝑟

(

log(𝐸(𝜔, 𝑡𝑟))
)

]

(6)

The gamma distribution is a two-parameter distribution suitable for modelling continuous random processes with positive
variables and asymmetric shapes. The gamma distribution, defined by the shape and rate parameters, represents the time required
to obtain 𝑎(𝜔) events in a Poisson process with rate 𝑏(𝜔). Thus, the gamma distribution can be used to represent the number of
train passages required to accumulate an amount of energy, assuming that energy harvesting occurs in discrete events associated
with train passages. The energy harvested in each train passage occurs randomly, but on average at a constant rate, and the passage
frequency can then be modelled by an exponential distribution. However, instead of considering the time between train passages,
the gamma distribution allows us to model the train passages required to accumulate a given amount of energy.

Therefore, the shape parameter 𝑎(𝜔) defines the energy harvested in 𝑏(𝜔) train passages. The gamma distribution models the
energy harvested in a time window that defines a harvest rate per train passage. The gamma distribution can then be used to
analyse the probability that an amount of energy will be accumulated in a period of time, and also to estimate the total time
required to achieve the desired energy level. This is useful for the planning and design of energy harvesting systems on railway
bridges, as it provides information on the variability of the time required to achieve energy harvesting targets.

Hence, the mean energy 𝐸(𝜔) harvested by a system tuned to the frequency 𝜔 during 𝑇𝑟 train passages is obtained from Eq. (5)
n terms of the shape and rate parameters:

𝐸(𝜔) = 1
𝑇𝑟

∑

𝑡𝑟∈𝑇𝑟

𝐸(𝜔, 𝑡𝑟) =
𝑎(𝜔)
𝑏(𝜔)

(7)

Furthermore, the probability density function (PDF) and cumulative distribution function (CDF) are given by:

𝑔(𝑥; 𝑎(𝜔), 𝑏(𝜔)) =
𝑏(𝜔)𝑎(𝜔)

𝛤 (𝑎(𝜔))
𝑥𝑎(𝜔)−1𝑒−𝑥𝑏(𝜔), 𝑥 ≥ 0 (8)

𝐺(𝑥; 𝑎(𝜔), 𝑏(𝜔)) = 1
𝛤 (𝑎(𝜔))

𝛾 (𝑎(𝜔), 𝑥𝑏(𝜔)) (9)

where 𝑥 is an estimator of {𝐸(𝜔, 𝑡𝑟)}, 𝛤 (𝑎(𝜔)) is the gamma function and 𝛾(𝑎(𝜔), 𝑥𝑏(𝜔)) is the incomplete gamma function given,
respectively, by [36]:

𝛤 (𝑎(𝜔)) = ∫

∞

0
𝑡𝑎(𝜔)−1𝑒−𝑡 𝑑𝑡 (10)

𝛾 (𝑎(𝜔), 𝑥𝑏(𝜔)) = ∫

𝑥𝑏(𝜔)

0
𝑡𝑎(𝜔)−1𝑒−𝑡 𝑑𝑡 (11)
4
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Thus, the confidence interval 𝐶𝐼(𝜔;) = 𝐺(𝑥; 𝑎(𝜔), 𝑏(𝜔)) ≤  defines the energy harvested by a system tuned to the frequency
𝜔 during 𝑇𝑟 train passages with a confidence level  . In [21,25] it was shown that the harvested energy reaches the highest levels
when the device is tuned around the fundamental frequency of the bridge. Therefore, the confidence interval presents a global or
local maximum at the frequencies �̂� around a natural frequency of the bridge given by the following:

max{𝐶𝐼(𝜔;)} = 𝐶𝐼(�̂�;), 𝜔 ∈ 𝛺 (12)

In addition, the energy harvested by a device tuned in the frequency interval 𝛥�̂�(�̂�) = [�̂�−𝛥�̂�, �̂�+𝛥�̂�] presents a maximum peak
for each train passage 𝑡𝑟 ∈ 𝑇 𝑟 at frequency 𝜔∗(𝑡𝑟), which can also be described as a random process {𝜔∗(𝑡𝑟) ∶ 𝜔∗(𝑡𝑟) ∈ 𝛥�̂�(�̂�), 𝑡𝑟 ∈ 𝑇 𝑟}
that follows a Gaussian distribution 𝑁(𝜇, 𝜎). Moreover, the accumulated energy harvested by a device tuned to the mean frequency
̂ of the distribution is maximised in the interval 𝛥�̂�(�̂�) for train passages 𝑡𝑟 ∈ 𝑇 𝑟, as will be shown later.

Therefore, the optimal tuning frequency corresponds to the mean of the distribution 𝑁(𝜇, 𝜎), i.e. 𝜔𝑡 = 𝜇. The tuning frequency
represents the most probable frequency excited by train passages. Thus, the overall energy harvested by a device tuned to 𝜔𝑡 is
maximised.

2.1. Tuning procedure

The tuning process is subdivided into four steps: (𝑖) experimental measurement of the bridge response due to railway traffic;
(𝑖𝑖) computation of mechanical energy for train passages 𝑡𝑟 ∈ 𝑇 𝑟 and harvesters tuned in the frequency range of interest 𝜔 ∈ 𝛺;
(𝑖𝑖𝑖) statistical characterisation of the energy distribution {𝐸(𝜔, 𝑡𝑟)} ∼ Ga(𝑎(𝜔), 𝑏(𝜔)); and (𝑖𝑣) estimation of the tuning frequency 𝜔𝑡
according to the approach previously presented.

A key issue in the tuning process is the definition of the tuning interval 𝛥�̂�(�̂�), which must ensure the peak energy frequency
distribution follows a normal distribution 𝑁(𝜇, 𝜎). For this purpose, two conditions are imposed: (𝑖) the one-sample Kolmogorov–
Smirnov test [37] must satisfy the null hypothesis that the peak energy frequency comes from a normal distribution; and (𝑖𝑖) the
quantile–quantile representation must fit the input sample 𝜔∗(𝑡𝑟) with a coefficient 𝑅2 ≥ 0.9. The quantile–quantile plot represents
the quantile of the input sample 𝜔∗(𝑡𝑟) against the theoretical values given by the normal distribution. The quantiles 𝑞𝑡𝑟 of the sample
are computed at midpoints of equally spaced intervals using cumulative probabilities from 0 to 1:

𝑝𝑡𝑟 =
𝑡𝑟 − 0.5
𝑁𝑡𝑟

, 𝑡𝑟 = 1, 2,… , 𝑁𝑡𝑟, 𝑡𝑟 ∈ 𝑇 𝑟 (13)

here 𝑁𝑡𝑟 is the number of train passages used in the tuning procedure. The quantile of the input sample corresponds to the sorted
alues of 𝜔∗(𝑡𝑟). The theoretical quantile 𝑞𝑡𝑟 of the normal distribution is computed from the inverse of the CDF as:

𝑞𝑡𝑟 = 𝜇 + 𝜎
√

2erf−1(2𝑝𝑡𝑟 − 1) (14)

where erf(𝑝) is the error function.
Then, the coefficient of determination 𝑅2 is obtained from the linear regression of quantiles of the input sample 𝜔∗(𝑡𝑟) using the

lower and upper theoretical quartiles of the normal distribution corresponding to 25% and 75% percentiles:

𝑅2 = 1 −
𝑆𝑆Res
𝑆𝑆Tot

= 1 −
∑𝑁𝑡𝑟

𝑡𝑟=1(𝑞𝑡𝑟 − 𝑞𝑡𝑟)2
∑𝑁𝑡𝑟

𝑡𝑟=1(𝑞𝑡𝑟 − 𝜇)2
(15)

where 𝑆𝑆Res and 𝑆𝑆Tot represent the residual and the total sum of squares, respectively.
Table 1 summarises the tuning procedure. The optimum tuning frequency is characteristic of each bridge, as it depends on the

dynamic properties of the structure and the operating conditions, as will be discussed below. The experimental assessment of the
bridge response due to railway traffic (task 𝐴 in Table 1) can be performed with a portable system (e.g. laser vibrometer) at a single
measurement point. Although a larger number of measurement points can lead to a better knowledge of the dynamic behaviour of
the bridge (mode shapes, natural frequencies and modal damping), a single point is sufficient to estimate the tuning frequency if the
location is appropriately chosen to assess the contribution of the first mode shapes. Simultaneous measurement at multiple points
would require at least one reference or a sufficient number of sensors for cross-correlation of the bridge response, which would
increase the cost of the test. The proposed method is intended to be cost-effective as it uses a single non-contact measurement and
is advantageous as it does not require modal identification of the structure and avoids the effort associated with an experimental
analysis test.

3. Verification

The proposed tuning procedure is verified from the experimental records of a bridge in the Spanish Madrid-Sevilla high-speed
line (Fig. 3). The proposed method is verified by comparing the natural frequency related to the fundamental mode shape with the
statistical characterisation 𝜔∗(𝑇 𝑟) ∼ 𝑁(𝜇, 𝜎) of the frequency peak energy 𝜔∗(𝑡𝑟) in 𝛥�̂�(�̂�), and the tuning frequency estimated as
𝜔𝑡 = 𝜇. The fundamental mode shape corresponded to the first longitudinal bending mode at the natural frequency 𝑓𝑏1 = 6.3Hz.
The modal parameters and the dynamic behaviour of the bridge under operational conditions can be found in Ref. [27].

In this paper, the bridge responses due to train passages are used to determine the optimum tuning frequency that is corroborated
by the identified natural frequency. This analysis allows for the verification of the assumptions stated in the previous section related
to the statistical characterisation of the mechanical energy and its application in determining the optimum tuning frequency. In the
5
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Table 1
Summary of tuning procedure.

A Experimental measurement of bridge response due to railway traffic.
B Assessment of mechanical energy.

B.1 Definition of the tuning frequency range of interest 𝜔 ∈ 𝛺.
B.2 Computation of mechanical energy for train passages 𝑡𝑟 ∈ 𝑇 𝑟.

C Stochastic analysis of mechanical energy.
C.1 Statistical characterisation of mechanical energy {𝐸(𝜔, 𝑡𝑟)} ∼ Ga(𝑎(𝜔), 𝑏(𝜔)).
C.2 Identification of confidence interval 𝐶𝐼 and maximum energy frequencies �̂�.

D Estimation of the tuning frequency.
D.1 Set frequency interval 𝛥�̂�(�̂�) around �̂�.
D.2 Find maximum energy peak frequency for each train passage 𝜔∗(𝑡𝑟) in 𝛥�̂�(�̂�).
D.3 Statistical characterisation of 𝜔∗(𝑇 𝑟) ∼ 𝑁(𝜇, 𝜎).
D.4 Check the one-sample Kolmogorov–Smirnov test of the sample 𝜔∗(𝑇 𝑟).
D.5 Check the determination coefficient 𝑅2 of the quantile–quantile representation of the input sample 𝜔∗(𝑇 𝑟).
D.6 If the above is fulfilled, then the tuning frequency is estimated as 𝜔𝑡 = 𝜇.

Fig. 3. HSL bridge over Jabalón river (38◦53′51.3′′N 3◦57′53.0′′W).

following section, the proposed method is used to blindly (without knowledge of the modal parameters) tune harvesters at different
natural frequencies.

Twenty train passages were recorded, all of which were RENFE high-speed services travelling at velocities between 𝑉 = 236 km/h
and 𝑉 = 290 km/h. Fig. 4 shows the time history of bridge acceleration at measurement point 𝐴2 (see Ref. [27]) induced by three
different trains: a Renfe S102 travelling at 𝑉 = 290 km/h (passage #1), a Renfe S012 at 𝑉 = 240 km/h (passage #5), and a Renfe
S100 at 𝑉 = 290 km/h (passage #17). Additional information on the train configurations and axle distances can be found in [27].

The mechanical energy in Fig. 4 was calculated from Eq. (4) for harvesters tuned in the frequency range 1−10Hz, considering
a damping ratio 𝜁 = 1%. The damping coefficient is calculated as 𝑐 = 2𝜁

√

𝑘𝑚 = 0.09N s/m using a relation 𝑟 = 𝑘𝑚 = 20 kg N/m
to obtain a comparable analysis of energy harvested over the frequency range [21]. Then, the lumped mass and the stiffness were
calculated from the tuning frequency as 𝑚 = 𝑐∕(2𝜁𝜔) and 𝑘 = 𝜔𝑐∕(2𝜁 ). The distribution of peak energy for each train passage in
Fig. 4.(d–f) shows clear frequency dispersion at: 𝑓 ∗(1) = 5.6Hz, 𝑓 ∗(5) = 4.9Hz and 𝑓 ∗(17) = 5.9Hz; in each case (𝜔∗(𝑡𝑟) = 2𝜋𝑓 ∗(𝑡𝑟)).

The statistical characterisation of the energy distribution showed a maximum at the tuning frequency 𝑓 = 5.6Hz (�̂� = 2𝜋𝑓 ) as can
be seen in Fig. 5.(a). The 𝐶𝐼 corresponded to a confidence level of 97%. The one-sample Kolmogorov–Smirnov test satisfied the null
hypothesis in the interval 0.3(5.6) (shaded in grey) at the significance level of 1% with a 𝑝− value equal to 0.54. Thus, the sample
was normally distributed with 𝑁(5.7, 0.1) (expressed in Hz). The quantile–quantile plot (Fig. 5.(b)) shows a good correlation between
the peak energy frequency 𝑓 ∗(𝑡𝑟) for each train passage (input sample) and the theoretical quantiles of the normal distribution. The
determination coefficient was 𝑅2 ≥ 0.93.

Then, the tuning frequency can then be estimated as the mean value of the distribution 𝑓𝑡 = 5.7Hz. This shows the tuning
frequency is lower than the natural frequency 𝑓𝑏1 = 6.3Hz of the fundamental mode identified from the ambient vibration. Although
the natural frequency of the bridge was known in this analysis, it is not necessary to calculate the tuning frequency. The following
section shows the results of a case study on an HSL railway bridge.

4. Case study

This section reports the design, tuning, and in-field validation of two energy harvesters on a HSL railway bridge. An experimental
program is carried out to determine the optimal tuning frequency, the modal identification, and the energy assessment under
operational conditions. The design, manufacture, and performance of the energy harvesters are presented. Moreover, the energy
loss due to detuning is analysed to validate the tuning process.
6
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Fig. 4. (a,b,c) Time history of bridge acceleration and (d,e,f) mechanical energy harvested for train passages #1, #5 and #17.

Fig. 5. (a) Energy distribution and (b) quantile–quantile plot for 𝑓 = 5.6Hz.

4.1. Experimental program

A second experimental program was carried out on a HSL bridge crossing the Tirteafuera river in July and September 2022. It
was a single simply-supported span concrete bridge with three tracks (see Fig. 6). The deck was composed of a 18m × 20.6m (length

width) concrete slab resting on ten prestressed concrete girders. The slab carried two ballasted tracks with UIC gauge (1.435m)
or high-speed trains and one ballasted track with Iberian gauge (1.668m) for conventional traffic.

The tests were carried out in two stages. First, the bridge response due to railway traffic was measured with a laser vibrometer.
his allowed for the identification of the optimal tuning frequency according to Table 1 and thus the manufacturing requirements of
he harvesters. Next, the proposed procedure was validated experimentally using a comprehensive experimental campaign consisting
f the measurement of the bridge response from both ambient and forced vibrations. Fig. 7 shows the sensors layout on the deck.
he results of the second test include the identification of the bridge modal properties and the energy harvested under operating
onditions.

The experimental setup (Fig. 8) consisted of an Ometron VH-1000-D laser vibrometer with sensitivity 8.0064V/m/s and
iezoelectric accelerometers with a nominal sensitivity of 10V/g. The laser vibrometer was used in the first test to record the
7
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Fig. 6. HSL bridge under study: (a) general view (38◦43′33.06′′N 4◦5′20.05′′W) and (b) cross section.

vibrations produced by railway traffic (Fig. 8.(c)), avoiding the installation of the complex scaffolding system in Fig. 8.(d). The laser
vibrometer was also used in the second test to measure the harvester response. The bridge response was recorded using piezoelectric
accelerometers. The Analog/Digital (A/D) conversion was performed with a LAN-XI portable acquisition system from Brüel & Kjaer.
A/D was performed at a sampling frequency of 512Hz, which avoided aliasing effects. The response was filtered by applying a 1Hz
high-pass third-order Chebyshev filter.

The test setup initially included 24 measurement points (𝐴1−𝐴24) evenly distributed on the bridge. However, the number of
points was reduced to 11 due to the difficulty in installing the scaffolding system due to the poor condition of the ground below
the bridge. The discarded points are represented in grey in Fig. 7.

4.2. Tuning frequency estimation and bridge modal identification

The dynamic response of railway bridges composed of simply supported spans is generally dominated by the contribution of
modes below 30Hz, corresponding to the first longitudinal bending, torsional and transverse bending modes. Maximum modal
amplitudes are found at the mid-span and at the deck edge [38–40]. The bridge considered in this article is approximately square in
plan and the contribution of mode shapes can be significant in these modes. The response of the bridge at measurement point 𝐴14
(Fig. 7) was used in the first stage to estimate the tuning frequency. This point was chosen in the middle of the span, but slightly
offset towards the deck edge in order to assess the contribution of the above mode shapes. A total of 19 train circulations were
recorded on July 5th 2022 between 10:00 and 13:00 h. Table 2 summarises the train passages, including train type, track number,
and speed.

Fig. 9 shows the bridge response and mechanical energy estimated for different train passages. The mechanical energy was
estimated for harvesters tuned in the frequency range 1−15Hz with a damping ratio of 𝜁 = 1%. The three train passages represented
in Fig. 9 were: Renfe S102 travelling at 𝑉 = 183.1 km/h (passage #1), Renfe S103 at 𝑉 = 231.8 km/h (passage #10) and Renfe
S102 at 𝑉 = 224.5 km/h (passage #16). The peak energy for each passage was obtained at the tuning frequencies 𝑓 ∗(1) = 7.9Hz,
𝑓 ∗(10) = 7.2Hz and 𝑓 ∗(16) = 9.3Hz. Similar dispersion in peak energy frequency was also observed all other train passages.

The statistical characterisation of the mechanical energy obtained from the total train circulations is represented in Fig. 10.(a).
The confidence interval of the energy distribution reached maximum levels at approximately 2.5Hz, 7.8Hz, and 9.3Hz. The first
frequency corresponds to the bogie passage frequency, which depends on the train configuration and the moving speed. The second
and third frequencies corresponded to the natural frequencies of the bridge with slight deviations, as was later verified from the
modal identification in the second stage. It should be noted that this correspondence was not known at this stage, but the energy
distribution around these values was indicative of resonant frequencies in the bridge response. Moreover, it was assumed that in
the first case, the mode shape could be the first longitudinal bending mode shape and, in the second case, the first torsional or
transverse bending mode shapes. These assumptions were based on the typical dynamic bridge behaviour identified in the past by
the authors on similar typologies [27] and were later verified using modal identification.
8
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Fig. 7. Sensor layout.

Table 2
Summary of train passages in the first experimental stage.

Passage Train Track 𝑉 [km/h]

1 S102 2 183.1
2 S102 3 200.6
3 S100 2 177.6
4 S114 2 221.0
5 S114 2 232.2
6 S103+S102-duplex 3-2 191.2
7 S114 3 197.7
8 S120 2 220.0
9 S120 3 220.0
10 S103 3 231.8
11 S100 2 168.6
12 R449 1 159.1
13 S114 3 198.0
14 S114 2 220.0
15 S100 3 176.8
16 S102 3 224.5
17 S102-duplex 2 176.4
18 S102 2 183.2
19 S100-duplex 2 184.4

The tuning frequency was estimated from the maximum peak for each circulation in the intervals 1(7.8) and 0.5(9.3) around
the maximum in the confidence intervals found at 𝑓1 = 7.8Hz and 𝑓2 = 9.3Hz (shaded in grey). The peak energy frequencies in the
9

selected intervals were characterised by a normal distribution given by 𝑁1(7.9, 0.4) and 𝑁2(9.3, 0.2) (in Hz). The Kolmogorov–Smirnov
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Fig. 8. Experimental setup: (a) transducer view, (b) energy harvester and accelerometer, (c) laser vibrometer, and (d) scaffolding system.

Fig. 9. (a,b,c) Time history of bridge acceleration and (d,e,f) mechanical energy harvested for different train passages (see Table 2).
10
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Fig. 10. (a) Energy distribution and quantile–quantile plots for (b) 𝑓 = 7.8Hz and (c) 𝑓 = 9.3Hz in the HSL bridge under study.

Fig. 11. Singular value decomposition.

test satisfied the null hypothesis in both cases with 𝑝− values equal to 0.89 and 0.60, respectively. The quantile–quantile plots show
the peak energy frequencies were found to be in good agreement with the normal distributions. The coefficients were 𝑅2

1 = 0.96 and
𝑅2
2 = 0.94, respectively. Therefore, the tuning frequencies were obtained from the mean value of the normal distribution in each

case as 𝑓𝑡1 = 7.9Hz and 𝑓𝑡2 = 9.3Hz. The bogie passing frequency was not considered in the tuning procedure due to uncertainties
related to the train in service configuration and speed.

Later, from the measurements performed during the second stage of the experimental campaign, the modal parameters of the
bridge were identified from ambient vibration through an operational modal analysis (OMA) using the Enhanced Frequency Domain
Decomposition (EFDD) [41,42]. Fig. 11 shows the power spectral density of the measured acceleration using the singular value
decomposition (SVD). The identified mode shapes, the natural frequencies, and the modal damping were: (𝑖) the first longitudinal
bending mode shape of the bridge deck with the high-speed track (𝑓𝑏1 = 8.1Hz, 𝜁𝑏1 = 1.7%); (𝑖𝑖) the first longitudinal bending
mode shape of the bridge deck with the conventional track (𝑓𝑏2 = 8.7Hz, 𝜁𝑏2 = 1.4%); (𝑖𝑖𝑖) the first transverse bending mode shape
𝑓𝑏3 = 9.5Hz, 𝜁𝑏3 = 0.5%); and (𝑖𝑣) the first torsional mode shape (𝑓𝑏4 = 11.5Hz, 𝜁𝑏4 = 0.8%) (see Fig. 12). The weak coupling
etween high-speed and conventional sections of the deck was noticeable, as can be seen in Fig. 12(a,b). The tuning frequencies
ere related to the first longitudinal and first transverse bending mode shapes of the bridge. The tuning frequency 𝑓𝑡1 = 7.9Hz was

lightly lower than the first natural frequency 𝑓𝑏1 = 8.1Hz. The second tuning frequency 𝑓𝑡2 = 9.3Hz corresponded to the transverse
bending mode shape with natural frequency 𝑓𝑏3 = 9.5Hz. Therefore, the above assumptions related to the correspondence of the
tuning frequencies with the mode shapes were verified.

4.3. Design, manufacture and performance verification of energy harvesters

After the tuning frequencies were estimated, two energy harvesters were designed and manufactured following the optimal design
procedure proposed in Ref. [25]. The piezoelectric patch selected was the commercial DuraAct patch transducer P-876.A12 [43],
composed of a piezoelectric layer covered with copper electrodes. The patch was embedded in a structure mechanically pre-
stressed by a polymer surface, providing certain flexibility. The patch dimensions were: length 𝐿𝑝 = 50mm, width 𝑏𝑝 = 30mm,
and thickness ℎ𝑝 = 0.2mm. The properties of the PZT material were: Young’s modulus 𝑐𝐸11 = 123GPa, piezoelectric constant
𝑒31 = −7.15N/Vm, relative permittivity at constant strain 𝜖𝑆33 = 857𝜖0, where 𝜖0 = 8.854 × 10−12 F/m is the vacuum permittivity
and density 𝜌 = 7800 kg/m3. The P-876.A12 patch worked in the 31 mode and was polarised along the thickness.
11
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Fig. 12. Identified mode shapes of the bridge under study.

Table 3
Optimal design parameters.

Tuning frequency 𝐿𝑠 [mm] ℎ𝑠 [mm] 𝑀𝑡 [kg] 𝑅𝑙 [kΩ]

𝑓𝑡1 = 7.9Hz 106.4 0.94 0.09 664
𝑓𝑡2 = 9.3Hz 90.7 0.75 0.08 552

Additive manufacturing using 3D FDM printing was selected for the substructure. A high-temperature resistance polyamide
carbon fibre reinforced material (PAHT CF15) [44] was used as an alternative to metal due to its high strength. The material
properties were experimentally determined to assess the influence of the printing configuration. Five printed specimens using a
special alloy steel hotend with a nozzle of 0.6mm were tested according to ASTM D638-14 [45]. The infill was set at 100%,
the printing temperature to 280 ◦C with a build plate temperature of 95 ◦C, and the print and travel speeds to 40mm/s and
200mm/s, respectively. The estimated material properties were: mean Young’s modulus 𝐸𝑠 = 7.40GPa with a standard deviation
of 𝑠𝐸 = 0.33GPa, and tensile strength 𝜎𝑦 = 94MPa with a standard deviation of 𝑠𝜎𝑦 = 9.9MPa. The experimentally determined
properties were used for the rest of the study.

The devices were designed using an optimal design method [25]. The substructure geometry, tip mass and load resistance that
maximised output power were obtained using a genetic algorithm with constraints on geometry and structural integrity. The design
parameters were the length and thickness of the substructure, 𝐿𝑠 and ℎ𝑠, and the tip mass 𝑀𝑡. The width of the substructure was
considered fixed and equal to the width of the PZT patch. The genetic algorithm started by tuning random individuals to the tuning
frequency. The design parameters ℎ𝑠, 𝐿𝑠 and 𝑀𝑡 were calculated from the individuals in each generation and the output power was
evaluated if the constraints were satisfied. This process was repeated in subsequent generations to find the optimal harvester design.

The results of the optimisation design are summarised in Table 3. The geometry consisted of the substructure, the piezoelectric
patches, a clamp to attach the harvester to the bridge, and a hollow cylinder for the tip mass. Fig. 13 shows the printed prototype
with the piezoelectric patches glued to the substructure.

The performance of the prototypes was verified in the laboratory by comparing the experimental and analytical frequency
response functions for the tip response and the output voltage [25]. The experimental test consisted of measuring the response of the
12
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Fig. 13. Energy harvester prototypes tuned to (a) 𝑓𝑡1 = 7.9Hz and (b) 𝑓𝑡2 = 9.3Hz.

Table 4
Damping ratio and electromechanical coupling coefficient.

Tuning frequency 𝜁𝐴𝑛𝑎 [%] 𝜁𝐸𝑥𝑝 [%] 𝛼𝐴𝑛𝑎 [×10−4 N/V] 𝛼𝐸𝑥𝑝 [×10−4 N/V]

𝑓𝑡1 = 7.9Hz 1.00 1.00 2.20 2.19
𝑓𝑡2 = 9.3Hz 1.00 0.96 2.58 2.60

device due to the base excitation induced by an APS 400 ELECTRO-SEIS electrodynamic shaker. The tip velocity was measured using
a laser vibrometer, and the output voltage was recorded directly with the acquisition system. Furthermore, the base acceleration
was measured with an accelerometer with nominal sensitivity 100mV/g. The device was subjected to a burst of random acceleration
in a 50Hz bandwidth lasting 128 s. The burst percentage was established at 50% of the total test time.

Fig. 14 shows the experimental Frequency Response Functions (FRF) and the analytical solution [25] for tip acceleration
and voltage. The agreement between both sets is strong. The damping coefficient 𝜁 and the electromechanical coupling factor
𝛼 were investigated by fitting the analytical solution of the FRF to the experimental response. The Levenberg–Marquardt non-
linear least squares algorithm [46] was used to fit the frequency response function for tip acceleration and voltage. Table 4 shows
the experimental values (𝜁𝐸𝑥𝑝 and 𝛼𝐸𝑥𝑝) and the analytical estimations (𝜁𝐴𝑛𝑎 and 𝛼𝐴𝑛𝑎). The agreement in the results verified the
performance of the energy harvesters under laboratory conditions.

4.4. Energy assessment under operational conditions

This section presents the results obtained from the harvesters installed on the in-situ bridge. On September 7th 2022, 18 passenger
train circulations were recorded between 15:57 and 18:11 h. All trains were RENFE High-Speed services and one diesel convoy
circulating on the conventional line. The energy harvesters tuned to 𝑓𝑡1 and 𝑓𝑡2 were located at the measurement points 𝐴14 and
𝐴23, respectively (see Fig. 7), where the maximum modal amplitude is reached in each case. Once again, it should be noted that
the mode shapes were unknown at this stage.

The selected location for the energy harvesters was chosen on the basis that the dynamic response of railway bridges composed
of simply supported spans is generally dominated by the contribution of the first longitudinal, first torsional and first transverse
bending modes. The frequency 𝑓𝑡1 was then assumed to be associated with the first longitudinal bending mode shape, while 𝑓𝑡2 was
associated with the first torsional or transverse bending mode shapes. Maximum amplitudes are found at the mid-span and deck
edge for these mode shapes [27], which become the preferred locations for energy harvesting. These hypotheses were confirmed
by the identified mode shapes in Fig. 12. Therefore, for slab bridges, the contribution of the first torsional and transverse bending
modes, in addition to the first longitudinal bending mode, must be considered in the design of energy harvesting systems.

Table 5 summarises the train passages, speed, and energy generated by the harvesters. The energy levels varied in a wide range
depending on the train type and speed. An overall analysis showed that the total energy 𝐸𝑡1 = 1.363mJ produced by the harvester
tuned to 𝑓𝑡1 = 7.9Hz was lower than 𝐸𝑡2 = 6.279mJ for the device tuned to 𝑓𝑡2 = 9.3Hz. The energy harvested from railway traffic
in a time window of three hours (18 train passages) was 7.65mJ. The energy harvested by each device is distributed according to
the shape and rate parameters 𝑎(𝑓𝑡1) = 0.62mJ and 𝑏(𝑓𝑡1) = 8.16 trains, and 𝑎(𝑓𝑡2) = 0.26mJ and 𝑏(𝑓𝑡2) = 0.75 trains, respectively. In
addition, a comparative analysis to assess the performance of energy harvesting from ambient vibrations resulted in an increase of
0.0025mJ, which can be considered as residual, approximately 0.03% of the energy harvested during train passages.

The analysis of the energy harvested showed there were train passages of maximum energy such as passage #7 with 𝐸𝑡2 =
1.813mJ and near zero energy train passages such as passage #9 with 𝐸𝑡2 = 0.066mJ. The influence of the train configuration and
speed on the bridge response is analysed in the following to better understand the differences in the energy levels. It is well known
that successive passage of equally spaced loads can cause a resonant behaviour of the bridge when the train speed is close to the
resonant velocity 𝑉 𝑟 = 𝑓 𝑑∕𝑛, where 𝑗 makes reference to the excited natural frequency, 𝑛 is the number of cycles between loads
13
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Fig. 14. Analytical and experimental frequency response function of (a,c) tip acceleration and (b,d) voltage of energy harvesters tuned to (a,b) 𝑓𝑡1 = 7.9Hz and
(c,d) 𝑓𝑡2 = 9.3Hz.

Table 5
Energy harvesting in train passages [mJ] at the bridge under study: in situ test 𝐸𝑡1 and 𝐸𝑡2, analytical estimation for optimal tuning 𝐸𝑡1 and 𝐸𝑡2, and estimation
for devices tuned to related bridge resonant frequencies 𝐸𝑏1 and 𝐸𝑏3.

Passage Train Track 𝑉 [km/h] 𝐸𝑡1 [mJ] 𝐸𝑡2 [mJ] 𝐸𝑡1 [mJ] 𝐸𝑡2 [mJ] 𝐸𝑏1 [mJ] 𝐸𝑏3 [mJ]

1 S100 2 178.2 0.046 0.013 0.027 0.006 0.037 0.007
2 S100 3 202.5 0.012 0.009 0.004 0.007 0.009 0.007
3 252 2 149.2 0.030 0.151 0.267 0.116 0.282 0.122
4 S114 3 220.0 0.009 0.005 0.003 0.011 0.008 0.006
5 S102 3 213.8 0.034 1.903 0.025 1.810 0.032 1.462
6 S102 2 177.8 0.544 0.038 0.992 0.063 0.335 0.031
7 S102-duplex 3 210.8 0.071 1.813 0.050 4.329 0.068 1.369
8 S114 2 186.4 0.012 0.005 0.062 0.002 0.014 0.003
9 S103 2 116.0 0.020 0.066 0.021 0.117 0.018 0.057
10 S130 2 180.6 0.178 0.030 0.555 0.016 0.138 0.020
11 S100 3 179.9 0.081 0.005 0.020 0.003 0.057 0.003
12 R598 1 135.8 0.003 0.018 ∼ 0.0 0.025 ∼ 0.0 0.021
13 S114 3 213.0 0.011 0.005 0.003 0.006 0.008 0.005
14 S100 2 187.4 0.030 0.008 0.018 0.006 0.020 0.006
15 S100 3 193.6 0.020 0.005 0.008 0.004 0.017 0.003
16 S102 2 176.4 0.180 0.034 0.582 0.035 0.164 0.030
17 S100 2 175.4 0.018 0.022 0.068 0.009 0.016 0.017
18 S102-duplex 3 211.4 0.068 2.147 0.056 5.804 0.070 1.936

Total 1.363 6.279 2.760 12.369 1.293 5.105
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Fig. 15. (a) Bogie passing frequency and its related higher-order harmonics for different train passages. Natural frequencies 𝑓𝑏1 = 8.1Hz and 𝑓𝑏3 = 9.5Hz are
epresented by horizontal solid and dashed lines, respectively. (b) Energy harvested and peak acceleration of the bridge response in 1(7.8) and 0.5(9.3) at
easurement points 𝐴14 and 𝐴23.

assing in free vibration and 𝑑 the load space. The dynamic response of the bridge at or near the resonant speed is mainly governed
y the excited mode and at this the energy harvested is at a maximum [21]. The characteristic load space 𝑑 is generally taken as
he distance between bogies and can be found in [27].

The definition of the resonant speed can be expressed in terms of the bogie passing frequency 𝑉 ∕𝑑 and its higher-order harmonics
given by 𝑛. Thus, the bridge would exhibit a resonant behaviour when the bogie passing frequency, or its related higher-order
harmonics, excites the natural frequencies. Fig. 15.(a) shows the bogie passing frequency and its related higher-order harmonics. The
natural frequencies of the first and third modes are represented by horizontal lines to facilitate the interpretation of the results, and
the load harmonics are represented by markers (diamond 𝑛 = 1, circle 𝑛 = 2, triangle 𝑛 = 3, and square 𝑛 = 4). Moreover, Fig. 15.(b)
hows the peak value in the frequency content of the acceleration in the intervals 1(7.8) and 0.5(9.3) defined in Section 4.2 for each
rain passage (see Table 5). Also, the energy harvested is represented in this figure. High levels of vibration were observed for train
assages with bogie passing frequency (or its related high-order harmonics) coinciding or close to the natural frequencies of the
ridge. Overall the analysis showed the train passages excited the third mode shape more than the first one. The highest vibration
evels occurred during passages #5, #7 and #18 when the related second harmonic of the load frequency was close to the third
atural frequency of the bridge (circle markers matched the dashed line). These passages corresponded to the S102 configurations
ith speeds close to the resonant speed 𝑉 𝑟

2,2 = 219.49 km/h. Similarly, the train passages #6, #10 and #16 mainly excited the
irst mode shape and corresponded to the resonant speed 𝑉 𝑟

1,2 = 184.49 km/h for the S102 and S130 configurations (circle markers
atched the solid line). Therefore, high levels of energy were obtained by harvesters tuned to 𝑓𝑡1 and 𝑓𝑡2 during these circulations.

In the following, the bridge response at point 𝐴23 and the output voltage generated by the harvester tuned to 𝑓𝑡2 are analysed in
etail for two train circulations. Fig. 16 shows the time history and frequency content of the bridge acceleration and output voltage
nduced by a Renfe S102-Duplex travelling at 𝑉 = 210.8 km/h (passage #7). The second harmonic of the load was 8.91Hz which is
lose to the tuning frequency 𝑓𝑡2 = 9.3Hz. The system response was then highly amplified, exhibiting a resonant behaviour as was
bserved in the voltage time history. The supplementary material in this article includes a recorded video of the harvester response
uring the train passage (passage7.MOV). The tip displacement is clearly observed. On the other hand, Fig. 17 shows that the
esponse due to a Renfe S103 at 𝑉 = 116.0 km/h (passage #9) was much lower than in the previous case. The train speed led to a
ow excitation frequency 𝑉 ∕𝑑 = 1.3Hz which is far from the natural frequencies of the bridge. The video recorded during the train

passage shows low-amplitude tip displacement (see passage9.MOV video in the supplementary material). The energy harvested
in passages #7 and #9 was 1.813mJ and 0.066mJ, respectively.

In addition, Figs. 16 and 17 also include a comparison of the output voltage estimated from the bridge acceleration and the
experimental and analytical FRF’s shown in Fig. 14. The time history shows higher amplification in the response estimated from
the analytical FRF compared to those obtained from the experimental FRF, due to the slight differences in the damping ratio. The
agreement of this estimation was acceptable close to the tuning frequency, although there were noticeable differences for higher
frequencies as a result of the experimental estimation of the FRF. The energy harvested in passage #7 calculated from the analytical
and experimental FRF’s was 4.329mJ and 2.586mJ, respectively. Similarly, the energy harvested in passage #9 was 0.117mJ and
0.089mJ. Despite the inherent differences related to the experimental laboratory and in situ tests and the analytical model, the
estimated results were acceptable for validating the proposed designs and the performance test in Section 4.3.

Next, the energy loss produced in systems tuned to the natural frequencies of the bridge is analysed using the analytical FRF’s
of the harvesters.
15
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Fig. 16. Bridge acceleration and voltage at point 𝐴23 induced by Renfe S102-Duplex train circulating on track 3 at 𝑉 = 210.8 km/h (passage #7). Estimated
voltages from experimental and analytical FRF are also represented.

4.5. Energy loss due to tuning at natural frequencies

The energy loss due to detuning is assessed in this section comparing the performance of devices tuned at the optimal frequencies
with the system tuned at the natural frequencies of the bridge. The harvested energy was estimated from the analytical FRF for
voltage [25] and experimental acceleration on the bridge at the measurement points 𝐴14 and 𝐴23 (see Fig. 7).

Figs. 18 and 19 show the estimated time histories and frequency contents of the voltage produced by the harvesters tuned to the
optimal frequencies 𝑓𝑡1 = 7.9Hz and 𝑓𝑡2 = 9.3Hz, and the corresponding to the devices tuned to the natural frequencies 𝑓𝑏1 = 8.1Hz
and 𝑓𝑏3 = 9.5Hz, respectively. The train passages adequately excited the mode shapes to which the harvesters were tuned. In
both cases, the voltage obtained from the harvesters tuned to the natural frequencies of the bridge was lower, with peak values
21.15V/Hz for the tuning resonant frequency 𝑓𝑏1 and 41.05V/Hz for the optimal frequency 𝑓𝑡1, and 53.01V/Hz and 112.36V/Hz
for 𝑓𝑏3 and 𝑓𝑡2, respectively. The differences between the voltage levels were because the load frequency was closer to the optimal
tuning frequencies.

The comparison for the 18 train passages showed the estimated energy harvested 𝐸𝑡1 = 2.760mJ by the device tuned to 𝑓𝑡1 was
igher than the energy 𝐸𝑏1 = 1.293mJ obtained from the harvester tuned to 𝑓𝑏1. Similarly, the results for the other device were

𝐸𝑡2 = 12.369mJ and 𝐸𝑏3 = 5.105mJ. The analysis of all train passages showed the systems tuned to the optimal tuning frequency
and those tuned to the natural frequencies of the bridge produced similar energy levels when the mode shapes were not properly
excited. These results highlight the influence of the tuning frequency on the harvested energy and validate the proposed procedure.
Table 5 shows the energy harvested for all train passages. An overall analysis of the results showed the energy levels depend on the
train passage, train configuration, and the travelling speed as was analysed in the previous section.

4.6. Discussion

The research presented in this article focuses on energy harvesting on high-speed train bridges, which are prone to high levels of
transverse acceleration. A key issue in the proposed method is the number of train passages 𝑇𝑟 used to estimate the optimal tuning
frequency. A reliable estimate may require a sufficient sample size to adequately represent the operating conditions of a railway line.
High-speed lines operate under very stable conditions of speed and train type [27,47]. Therefore, the measurement time window
for estimating the tuning frequency could be considerably shorter than on conventional or freight lines where the variability of
operating conditions is greater.
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Fig. 17. Bridge acceleration and voltage at point 𝐴23 induced by Renfe S103 train circulating on track 2 at 𝑉 = 116.0 km/h (passage #9). Estimated voltages
from experimental and analytical FRF are also represented.

Fig. 18. (a) Time history and (b) frequency content of the voltage generated by a harvester located at point 𝐴14 induced by a Renfe S102 train circulating on
track 2 at 𝑉 = 177.8 km/h (passage #6).

Following, the results of a convergence analysis in the estimation of optimal tuning frequencies are presented. Fig. 20 shows
the convergence of the tuning frequency. The train passages of both stages were analysed together to increase the sample size. The
tuning frequency was subsequently estimated at each train passage, increasing the sample size with the previous one. Fig. 20.(a)
shows the relative error in the estimation of the tuning frequency compared to the optimal values 𝑓𝑡1 = 7.9Hz and 𝑓𝑡2 = 9.3Hz.
The maximum error is below 5% and is almost constant around 2% after passage #15. The shaded area corresponds to the passages
measured in the first stage, while the unshaded area corresponds to those recorded in the second stage. Furthermore, the coefficient
2

17

𝑅 was analysed to evaluate the fitness of the peak energy frequencies to the normal distribution 𝑁(𝜇, 𝜎) defined in Section 2.1.
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Fig. 19. (a) Time history and (b) frequency content of the voltage generated by a harvester located at point 𝐴23 induced by a Renfe S102 train in duplex
configuration circulating on track 3 at 𝑉 = 211.4 km/h (passage #18).

Fig. 20. (a) Relative error in tuning frequency estimation and (b) determination coefficient 𝑅2 for different train passages measured in first stage (shaded area)
and second stage (unshaded area).

The results of this analysis concluded that the number of train passages during the first stage was sufficient to provide a reliable
estimate of the tuning frequency.

5. Conclusions

This research proposed and validated a new tuning strategy for energy harvesters on railway bridges. The procedure is based
on the statistical distribution of the mechanical energy generated by a lumped-mass model subjected to bridge vibrations under
operating conditions. It was found the mechanical energy produced by a harvester tuned over a frequency range presented peak
values close to the natural frequencies of the bridge that depend on the train configuration and speed. The energy levels followed
a Gamma distribution and the peak energy frequencies a Gaussian distribution. The mean value of the peak energy frequencies
corresponded to the tuning frequency that maximised the harvester performance. The estimated tuning frequencies were slightly
lower than the natural frequency of the bridge in all cases studied.

The proposed procedure has been experimentally validated on a railway bridge on a high-speed line in service. The experimental
tests consisted, in the first stage, of the measurement of vibrations produced by railway traffic to identify the tuning frequency,
the manufacturing, and the laboratory test of energy harvesters. Later, the performance of the devices were evaluated under real
operating conditions. The tuning frequencies were approximately 4−7% lower than the natural frequencies of the bridge to which
the devices were tuned, and the energy harvested increased up to 300% using the proposed method. Furthermore, the energy level
depended on the train configuration and speed. The maximum energy occurred when the train speed was close to a resonant speed.
18

The total energy harvested in a time window of three hours (18 train passages) was 7.65mJ.
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The proposed approach is well suited to high-speed lines because the railway traffic is more homogeneous in terms of train types
nd travelling speed. The identification of tuning frequencies in bridges of conventional lines could be more uncertain due to the
ide range of trains (e.g. freight) and operational conditions.
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