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Abstract: Small defects on the rails develop fast under the continuous load of passing trains, and
this may lead to train derailment and other disasters. In recent years, many types of wireless
sensor systems have been developed for rail defect detection. However, there has been a lack of
comprehensive reviews on the working principles, functions, and trade-offs of these wireless sensor
systems. Therefore, we provide in this paper a systematic review of recent studies on wireless
sensor-based rail defect detection systems from three different perspectives: sensing principles,
wireless networks, and power supply. We analyzed and compared six sensing methods to discuss
their detection accuracy, detectable types of defects, and their detection efficiency. For wireless
networks, we analyzed and compared their application scenarios, the advantages and disadvantages
of different network topologies, and the capabilities of different transmission media. From the
perspective of power supply, we analyzed and compared different power supply modules in terms
of installation and energy harvesting methods, and the amount of energy they can supply. Finally,
we offered three suggestions that may inspire the future development of wireless sensor-based rail
defect detection systems.

Keywords: rail defects detection; wireless sensing system; railway sensors

1. Introduction

During rail service, defects are produced due to material degradation, wheel–rail stress,
thermal stress, residual stress [1], and other reasons. If small defects are not discovered
and repaired in time, they will be aggravated [2] and in turn cause rail breakage [3] and
even serious accidents such as train derailment [4]. Main railway track defects include
surface defects, inner defects [5], and component (fastener) defects [6]. With the continuous
increase in the railway transportation speed, density, and load [7] there has also been an
increase in accidents caused by rail defects. For example, in a mere 10 days in August 2017,
four train derailments occurred in India, causing very serious losses [8]. Therefore, the
detection of rail defects and the life cycle management [9] of rails has become extremely
important. There are also research works focusing on the other part of the railways. For
example, Kaewunruen et al. [10] carried out a related study and investigation on the
stress of railway sleepers. Setsobhonkul et al. [11] assessed the life cycle of railway bridge
transitions exposed to extreme climatic events. Melo et al. showed that the interaction of
defects between different parts of the rail can cause different severe consequences, and
investigated the related methods for predicting the deterioration of the rail [12].

In the early days, the detection of railway track defects mainly relied on manual
detection. Manual inspection is performed by well-trained inspectors who regularly walk
along the railway line to identify rail defects. However, manual inspection is inefficient
and costly and sometimes even threatens the safety of inspectors [13]. Since the world’s
first railway ultrasonic inspection vehicle was put into use in 1959, manual inspection
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methods have been gradually replaced by large inspection vehicles. For example, in 2004,
E. Deutschl et al. [14] designed a vision-based rail surface defect detection system which
can automatically detect rail defects. Large-scale rail defect detection vehicles mainly use
defects detection devices on the train bogies to detect rail defects [15]. The inspections are
conducted once every few months but are not for real-time rail status monitoring [16]. This
method occupies the rail, resulting in the inability to transport passengers or cargo during
the inspection. Furthermore, neither manual detection nor defect detection vehicles can
detect rail damage at the first time when an accident (e.g., derailment and rail breakage)
occurs. This means that it is not possible to promptly locate the injury and fix it before
damage is caused, and this cannot meet the daily inspection needs of modern railways,
especially for high-speed railways [17]. M. Vohra et al. [18] invented a robot-based infrared
sensor rail defects detection system. However, the robot-based detection systems are still
unable to achieve real-time detection since they usually have larger locomotion ranges
than detection ranges. The development of wireless communication and self-organizing
networks (GSM, ZigBee ad hoc networks, etc.) enables the information collected by sensing
devices to be transmitted to terminal in real time and with good realiabitly [19]. This makes
the wireless sensor network a perfect option for the real-time detection of rail defects. E.
Aboelela et al. [20] established a wireless sensor network model for railway safety, which
laid the foundation for the application of wireless networks in railway track detection.
After that, a lot of works [2,21–24] on the wireless sensor-based rail defect detection systems
(WSRDDS) emerged to research the availability of using different sensing methods, wireless
commnication, power supply, and data processing in this area. However, there is no
systmatic review covering all related aspects of the WSRDDS. From the perspective of data
acquisition of the WSRDDS, we focus on the key elements, inlcluding sensing methods,
wireless communication, and power supply, in this paper to give an overview.

For a WSRDDS, the sensor is the core and should be to be considered first. Different
defects require different types of sensors for detecting. To have a long lifetime, a regen-
erative power supply is required for the wireless sensor. Furthermore, a reliable sensor
network architecture should be designed for the data transmission of sensor readings. The
main components of the whole system are shown in Figure 1. With the rapid development
of high-speed railways, our requirements for the maintenance of rail infrastructure status
are increasingly demanded. How to detect rail defects comprehensively, reliably, and in
real-time has become extremely important.
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2. Sensing Method

Since the first rail ultrasonic inspection vehicle was put into use in 1953, various
inspection methods have gradually been proposed for rail defect detection [25]. These
detection technologies can be summarized as contact detection and non-contact detec-
tion based on whether there is physical contact between sensor and rail. Contact sensor
detection technology includes: vibration [26], ultrasonic [27,28], and acoustic emission
technology [29]. Non-contact sensor detection technology includes: ultrasonic [30], thermal
imaging [31], vision [32], electromagnetic wave diffusion [33], etc. In the contact detection
methods, the detection sensors are usually installed on the abdomen of the rail [34]. For
the non-contact detection methods, the detection sensors are often installed on a large rail
detection vehicle [35] or a smart car [36] to detect rail defects. The selection of sensors
is highly dependent on the defect types. For example, visual inspection is suitable for
detecting rail surface defects, ultrasonic and electromagnetic wave diffusion are suitable for
detecting internal rail defects, and thermal imaging is suitable for detecting rail subsurface
defects. This section selects a variety of typical sensing methods for the introduction of the
sensing mechanism and detectable defect types of these methods. At the end of this section,
summarizes the main differences between these methods are summarized.

2.1. Vibration

When the train passes the railroad track, it causes vibration of the railroad track [37,38].
There is a significant difference in vibration signals between healthy rails and defective rails.
Defective rails have flatter peaks and troughs in the vibration acceleration signal compared
to healthy rails [39]. Q. Wei et al. [16] showed that the instantaneous energy distribution is
an effective defect feature. For example, among three defects (rail corrugation, ail head sag,
and rail surface stripping) the intra-class cross-correlation coefficient of the instantaneous
energy distribution is greater than 0.7, while the inter-class ross-correlation coefficient is
below 0.45. Therefore, the vibration signal characteristics of different types of rail defects
can be extracted through multiple experiments. Finally, classification algorithms can be
used to identify and classify rail defects based on these features. M. Sun et al. [40] applied
the sequential backward selection (SBS) method to select important feature parameters,
and the support vector machine method to recognize and classify the rail defects. This
study compares the accuracy of classification before and after using the SBS method and
proves that optimizing the parameter set can improve the accuracy of the classification.

MEMS accelerometers are widely used in rail detection due to their small size, low
price, and high accuracy [41]. M. David et al. [42] compared MEMS sensors with geophones
in 2016. The results prove that MEMS sensors are suitable for track defect detection. Z. Zhan
et al. [5] developed a wireless sensor system for rail fastener detection, which can reliably
identify fasteners with a looseness coefficient greater than 60%. In addition, strain gauges
can also be used to detect missing or broken fasteners. J. J. Zhao et al. [43] demonstrated a
linear relationship between the strain voltage and tightness of fasteners, finding that the
tighter the fastener, the smaller the strain voltage. We summarized the existing techniques
in the literature shown in Table 1.
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Table 1. Comparison of vibration testing methods.

Methods Types of Detected Defects Algorithm Results Comments

MEMS
accelerometers

Rail fastener [5] Finite element method
Reliable identification of
fasteners with a looseness
factor greater than 60%

Small size,
low price,
high accuracy

/ [42] The high- and low-pass filter
This study proves that
MEMS sensors are suitable
for rail defect detection.

Rail head sag, rail surface
stripping, height joint [40]. Peak-finding algorithm

The accuracy rate of the
classification of rail defect
types can reach 93.8%.

Strain gauge

Rail fastener [43] Sequential backward selection

Demonstrated a linear
relationship between
strain voltage and
fastener tightness. Small size,

low price, low
accuracy

Rail fastener [44] Support vector machines

Demonstrated a linear
relationship between strain
voltage and fastener
tightness.

2.2. Acoustic Emission

Different from other detection methods, the acoustic emission (AE) method is suited
to investigate the dynamic behavior of materials and structures [7]. The dynamic expansion
process of rail defects releases transient elastic waves. The acoustic emission (AE) sensor
method works based on this phenomenon [45] (as shown in Figure 2). It is more sensitive
to the forming and expanding of defect but less influenced by the structural geometry.
Furthermore, this method can achieve a detection range as far as 30 m [46]. This method can
estimate the dynamic characteristics of defects and is an ideal choice for online continuous
monitoring [43]. This method can detect railhead defects, inner defects, welding defects,
and surface defects.
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Figure 2. AE sensor detection.

H. Jian et al. [47] demonstrated that the acoustic emission frequencies of defective rails
are mainly located in the 100–150 KHz and 150–200 KHz frequency bands, and a small part
is located in the 380–430 kHz frequency band. In 2013, A. G. Kostryzhev et al. [48] found
that the spectral characteristics of the acoustic emission signal depend on the extended
mode of the defect. That is, long duration and low-frequency signals come from ductile
fractures; short duration and high-frequency signals come from brittle fractures. In 2015,
the K.S.C. Kuang team of the Department of Civil and Environmental Engineering of the
National University of Singapore [46] found that the railhead side is the best location
for inspection. At the same time, the research team used the wavelet transform-based
modal analysis location (WTMAL) method to locate defects. The error is less than ±0.30 m
in a high-noise environment, and the average working range reaches 30.0 m. However,



Sensors 2022, 22, 6409 5 of 25

the defect acoustic emission signal is often interfered with by strong noise. To solve this
problem, X. Zhang et al. [29] presented a joint optimization method based on long short-
term memory (LSTM) network and k-means clustering to cluster noise signals, and the
results showed that most of the noise signals can be reduced. To suppress the influence of
noise and ensure proper time resolution, the research team further studied the characteristic
frequency of the time window for defect detection [43]. This research has greatly promoted
the application of AE sensors in the detection of rail defects. Based on the AE sensor, the
dynamic expansion process of the inner defects of the rail can be detected in real-time.
However, this method is susceptible to interference from external sound waves (trains and
nature). We summarized the existing techniques in the literature shown in Table 2.

Table 2. Comparison of acoustic emission methods.

Methods Types of Detected Defects Algorithm Results Comments

AE Rail-head defects [46] Hilbert transform
Wavelet transform

The error of the location of
rail defects is less than 0.3 m.
Detection distance can
reach 30 m.

Long detection
distance

AE /[49]
Signal adapted wavelet in
the frame of a two-band
analysis/synthesis system

The wavelet designed by the
proposed method has
superior performance in
expressing the defect AE
signal, and can outperform
the most suitable
existing wavelet.

The designed wavelet
shows good
robustness against
noise, which has
profound meaning
for rail defect
detection in practical
applications.

AE Rail fatigue defect [48] Single-hit waveform and
power spectrum analysis

High duration, low
frequency signals result from
ductile fractures.
Low duration, high
frequency signals result from
brittle fractures.

It is demonstrated
that the AE signal
associated with defect
propagation depends
on the fracture mode.

AE
Rail defect, small bearing
defect, and worse
bearing defect [47]

Cepstrum analysis
This study verifies that AE
signals can detect
bearing/rail defects.

2.3. Ultrasonic

The ultrasonic sensor detects the rail defect by analyzing the sound waves reflected
from the rail [50]. The prerequisite for the use of ultrasonic sensors for detection is that
sound waves must be excited inside the rail. The excitation can be realized by either
piezoelectric elements (as shown in Figure 3a) or by lasers (as shown in Figure 3b) and
so on. This method has a high detection rate for the inside of the rail (particularly in the
railhead and waist) [7]. In this subsection, we summarize the existing techniques in the
literature, shown in Table 3.

The focus angle and focus depth of ordinary ultrasound probes are fixed, so the
coverage rate of this method on the guide rail is relatively low [30,51]. To overcome the
shortcomings of ordinary ultrasonic probes, Zhang et al. [51] proposed a high-speed phased
array ultrasonic testing technology. This technology can generate multi-angle beams and
receive defect echo signals from all channels, which greatly improves the detection speed
and detection range. C. Ling et al. [52] combined traditional probes with phased array
probes to detect defects on 60 kg/m rails, and the detection accuracy can reach 6 mm.
Acoustic guided waves can cover the entire rail cross section and have a longer propagation
distance [53]. Therefore, the efficiency of ultrasonic guided wave detection of rail defects
is much greater than the ultrasonic waves. However, different guided wave modes have
different sensitivities to defects in different parts of the rail, which greatly increases the
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complexity of detection [54]. H. Shi et al. [55] studied the mode of the guided wave
propagating in the rail at a frequency of 35 KHZ. The study showed that there are a total
of 20 guided wave modes propagating in the rail at this frequency. After experimental
verification, it proves that modes 7, 3, and 1 are suitable for detecting defects at the rail
head, waist, and seat, respectively. Kaewunruen et al. [56] used ultrasonic measurement
technology to achieve accurate drawing of the three-dimensional profiles of the deep-
sinking defect of the rail. This has important implications for on-site inspections.
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Piezoelectric-based ultrasonic technology is applied in almost all the available studies,
but the application of this technology is greatly limited by a variety of shortcomings, such
as dependence on acoustic coupling agents and requirements for surface pretreatment of
the measured object [57]. The laser-based ultrasonic detection technology can excite various
modes of ultrasonic waves inside the rail [27,58]. The method has higher accuracy than
conventional ultrasonic in the non-destructive detection of small defects in railway tracks.

The ultrasonic sensor emits ultrasound waves that have strong penetration capability
and can detect defects in the head and waist of the rail. Under laser excitation, it can further
detect defects near the surface and on the foot of the rail. However, when the detection
frequency increases, it may easily lose a lot of defect information, and its accuracy is low
in detecting very small cracks. We summarized the existing techniques in the literature
shown in Table 3.
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Table 3. Comparison of ultrasonic testing methods.

Methods Algorithm or
Simulation

Types of
Detectable

Defects
Results Summarize

Detection
Method

Ordinary
ultrasound

Multi-angle
ultrasonic probe [59]

PCA and
LSSVM Different types of

defects in rail
head, rail waist
and rail foot

Classification
recognition
accuracy: 92%.
Identify seven
types of rail
defects.

Ordinary ultrasonic
waves are usually
single-modal at low
frequencies, and cannot
achieve high-sensitivity
omnidirectional
detection of all parts of
the rail (track surface,
underground,
and interior).

Combination of wheeled
ultrasonic probes [60]

LSTM-based
deep learning
model

Average f1-score:
95.5%. Maximum
detection speed:
22 m/s.

Phased array
ultrasonic

Combination of the
conventional probe and
phased array probe [51]

/

Defects around
bolt holes,
vertical defects
and transverse
imperfections in
the rail head,
waist and
foundation area

Ultrasonic beam
coverage rate up
to 80%

The rails can be
inspected more
comprehensively and
the inspection efficiency
is improved.
Multiple angles
monitoring the same
area.

Phased array with
transverse wedge
block(railhead), transverse
and longitudinal wave
probes (rail waist and rail
foot) [61]

/

Different types of
defects in rail
head, rail waist
and rail foot

Effectively covers
the railhead, rail
foot, and rail
waist

Combination of the
conventional probe and
phased array probe [52]

/

Different types of
defects in rail
head, rail waist
and rail foot

The detection
accuracy can
reach 6 mm.

Ultrasonic
guided wave

High voltage pulse
sequences [62] / / Coverage up to

1000 m

The efficiency of
ultrasonic guided wave
detection of rail defects
is much greater than the
ultrasonic waves.

Sine wave modulated by
the Hanning window
with a frequency of
35 kHz [55]

Phase control
and time
delay
technology.

Rail head, rail
waist and rail foot

Enhance expected
mode and
suppress
interference mode.
The optimal
excitation
direction and
excitation node of
the modes are
calculated.

Excitation
source

Laser
ultrasonic

High energy laser
pulses [58]

Finite
element
simulations

Rail foot

The best detection
position is
300 mm in front
of the defect
position.
The best detection
frequency is
20 KHZ.

Can cover the head,
web, and foot parts of
the rail

Non-ablative
laser source [63]

Analysis of
Variance.
Monte-Carlo
simulations.

Head surface
defects,
horizontal defects,
vertical
longitudinal split
defects, star
defects at colt
holes and
diagonal defect in
waist.

The position of
the sensor has a
greater impact on
detection
accuracy.
The research
results can find
the best detection
position of the
sensor.

Hybrid laser/air coupling
sensor system [35]

Wavelet
transform
and outlier
analysis.

Surface de-
fects(Transverse
defects and
alongitudinal
defects)

Inner defects and
surface defects of
the rail can be
distinguished.

Two staggered
beams of laser [27]

Finite
element
simulations.

Irregular
scratches on rail
surface

The error is about
0.014%.

Electromagnetic
ultrasonic /

Finite
element
analysis [57]

Rail base
Able to detect
common defects
in rail bases

No couplant required
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2.4. Electromagnetic

The motion-induced eddy current (MIEC) is generated on the surface of the rail
by the relative motion between the rail and the detection device under the high-speed
electromagnetic non-destructive testing [64]. Therefore, it is possible to determine whether
defects are present in the rail by analyzing the changes in the inner and surface magnetic
fields of the rail [50]. Electromagnetic wave diffusion detection methods are applied on the
rail defects detection based on the change, mainly include magnetic flux leakage (MFL) [65]
and eddy-current inspection (ECI) [66].

Magnetic flux leakage sensor consists of an excitation source and a detection sensor.
Based on the magnetized excitation source, it can be divided into alternating magnetic
field, DC magnetic field, and permanent magnet. The sensor first magnetizes the rail under
test to saturation through the excitation source [67]. When defects such as cracks or pits
appear on the surface of the rail, the evenly distributed lines of magnetic field inside the rail
bend to deform and spread outside of the rail (as shown in Figure 4b), forming a leakage
magnetic field on the surface of the defect area [68]. For traditional AC magnetic field
excitation technology, the excitation signal is usually a single-frequency sinusoidal signal,
which cannot accurately extract rail defect information. P. Wang [69] solved this problem
by introducing the periodic square wave pulse technology. For high-speed magnetic flux
leakage detection, the collected MFL signals often contain complex noise. The increase
of detection frequency has an approximately linear relationship with the decrease of the
magnetic flux leakage signal. K. Ji et al. [70] proposed an improved adaptive filtering
method that can effectively remove noise. L. Yang et al. [71] proposed a high-speed MFL
detection technique based on multi-level magnetization to effectively suppress the influence
of magnetic after-effects on rail defect detection.
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Figure 4. (a) Eddy-current detection. (b) Magnetic flux leakage detection.

The eddy-current inspection sensor consists of an excitation coil and an induction coil
(Figure 4a). Eddy currents cause secondary changes in the strength and distribution of
the magnetic field, which leads to changes in the impedance of the detection coil [50]. If
no defects are present in the inspection area, the impedance of the detection coil remains
constant. If there are defects on and near the surface of the rail, it causes the surface
magnetic field to fluctuate and the impedance of the detection coil to change. In this way,
rail defects can be detected by analyzing the changes in detection coil impedance. However,
many problems are also encountered in high-speed eddy-current testing. For example,
the detection signal varies depending on the location of the sensor and the depth of the
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detection depending on the detection speed. F. Yuan et al. [64] used the DC electromagnetic
detection method to study the optimal detection position of rail defects, and the study
showed that the optimal detection position is near the inner edge of the excitation coil
against the probe movement direction. The team [72] further demonstrated that the PEC
detection signal increases with the detection speed, and when the detection speed is
constant, the detection signal positively correlates with the defect width and defect depth.

For electromagnetic detection, the velocity effect can affect the amplitude of the
signal, and the signal is subject to greater external interference. Therefore, a well-designed
algorithm is needed to offset these effects. Compared with ultrasonic inspection, the
electromagnetic inspection can detect near-surface defects. We summarize the existing
techniques in the literature, as shown in Table 4.

Table 4. Comparison of electromagnetic testing methods.

Methods Algorithm or Simulation Types of Detectable
Defects Research Content and Results

Eddy
current

Pulsed eddy
current [72] 3D transient model

Different installation
positions can detect rail
defects in
different parts.

• The team studied the
relationship between the
pulsed eddy current
detection signal and the
velocity of different defect
depths and widths.

Direct
current [64] 2D Finite element method

Different installation
positions can detect rail
defects in
different parts.

• The optimal detection
position is determined.

AC bridge
techniques [73]

Digital lock-in
amplifier algorithm

Four typical types of
rail defects (transverse
defects, compound
fissure, crushed head,
detail fracture)

• The effect of solving the
lift-off effect is better.

Differential
eddy-current
(EC) sensor
system [33]

• Low-pass filter
• Rotation of EC signal

(To extract maximum
information and have
better visualization)

The degree of looseness
of fasteners

• Can detect fastener features
65 mm above the track

• The type of missing fixture
can be detected by analyzing
the characteristics of the
fastener.

Magnetic
flux leakage

Pulsed
magnetic flux
leakage [69]

2D transient analysis model
under

Vertical and oblique
defects

• With the sensor array, not
only the magnetic field
distribution of the defect can
be detected, but also the edge
effect caused by the magnetic
yoke can be eliminated.

• The introduction of periodic
square wave pulses solves
the problem that
single-frequency sinusoidal
signals cannot effectively
extract rail defect
information.

Multistage mag-
netization [71] Finite element method Rail inner defects

• Magnetic aftereffects are
effectively inhibited in
high-speed MFL detection.

Direct
current [68] 2D simulation model Oblique defect and

rectangle defect

• Analyzed the influence of
speed on magnetic flux
leakage signal (At high
speed, the magnitude of the
flux leakage signal is smaller,
but more stable.)



Sensors 2022, 22, 6409 10 of 25

Table 4. Cont.

Methods Algorithm or Simulation Types of Detectable
Defects Research Content and Results

Magnetic flux
leakage [70] Improved adaptive filtering Different types of

defects in rail surface

• The noise intensity of the
MFL signal is reduced by up
to about 80%.

• The generalization ability of
the algorithm is better, and
the filtering effect becomes
more significant as the speed
increases.

Combination of
permanent
magnets and
yoke [74]

3-D FEM simulations Different types of
defects in rail surface

• The MFL signals from the
subsurface defect will be
more affected by the weakly
magnetized regions
compared to the surface
defect.

• The increase in speed reduces
the magnetization of the rail.

2.5. Thermal Imaging

When an excitation source such as an eddy current is used to excite the rail, a local
heating effect is generated inside the rail [75]. The method for analyzing this effect is called
thermal imaging detection.

Pulse thermal imaging based on eddy currents involves two thermal processes in
the measurement: Joule heating caused by eddy currents and thermal diffusion inside
the material [76,77]. In the heating stage, the presence of surface defects affects the eddy
current density distribution and leads to changes in temperature. The geometry of angular
defects also affects the temperature difference between the groove edges, which leads to
changes in the thermal diffusion mode. Therefore, if the spatial and transient temperature
distribution can be obtained, they can be used to detect and characterize the inner defects
of the sample [31,78]. This method can accurately detect defects with a width larger than
100 µm [36]. A single-channel blind source separation method for eddy-current pulsed
thermography image sequence processing was proposed to extract abnormal patterns and
strengthen the comparison of defects [79]. To verify the influence of the sensor’s shape
on detection, Y. Wu et al. designed sensors of different shapes for comparison [75]. The
results showed that a sensor with a round core structure can only detect partial defects.
The arc-shaped and U-shaped sensors can detect almost all defects, and the arc-shaped
ones have a higher thermal contrast than the U-shaped ones. However, the excitation
of rails by ordinary coils cause angle and instability problems. To solve these problems,
J. Peng et al. [76] proposed a Helmholtz coil with a larger and more stable detection range
than a linear coil (as shown in Figure 5b) and achieved greatly improved detection efficiency.

There are some other methods for generating thermal effects (as shown in Figure 5a).
In 2018, R. Usamentiaga et al. [80] applied optical stimulation to thermally stimulate the
rail. The study has shown that when the camera is installed at 1 m from the track, defects
of 1 cm2 can be detected.

This technology can detect subsurface defects that cannot be directly discovered on
the surface of the rail, greatly improving the ability to detect rail defects. We summarize
the existing techniques in the literature, as shown in Table 5.
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Table 5. Comparison of thermal imaging testing methods.

Thermal Stimulation Algorithm
Types of

Detectable
Defects

Results Comments

Eddy
current

Eddy-current
pulsed
thermography [79]

Single-channel
blind source
separation

Thermal
fatigue defects

The method can
automatically detect rail
defects in both the time
and the spatial domains.

• The research
innovatively
discovered the
changing process of
the mixing vector in
the heating and
cooling phases.

Helmholtz
coils [76]

Finite element
method

Rolling contact
fatigue (RCF)
defects

Solved the problem that
the excitation of
ordinary coils on the
rails would cause
unstable detection areas

• This method
provides a larger
detection area than
linear coils.

Various shapes of
sensors [75]

Inverse Fourier
transformation
(deblurring
method)

RCF defects
and
micro-defect

Verify the detection
effect of various shape
sensors

• The research is
helpful to design
sensors with better
detection
performance.

Easyheat
224 system
with induction
heater [81]

Normalized
difference
vegetation index
(NDVI)

RCF defects

The proposed method
can have a good
correction for the
emissivity.

• Good for correcting
ECPT emissivity

Laser Two halogen
lamps [80] / Rolled-in

material defect
Defects of 1 cm2 can be
detected.

• The study compared
multiple methods to
enhance the defect
signal-to-noise ratio.
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Table 5. Cont.

Thermal Stimulation Algorithm
Types of

Detectable
Defects

Results Comments

Pulsed air-flow
thermography [82]

Subtract the first
image in the
sequence from the
last image
acquired in the
heating sequence
when removing
the background.

Rail surface
defects

The study proved that
the pulsed air-flow
thermography method
used in the experiment
is effective for detecting
rail defects.

• The method needs
further improvement.

High-frequency continuous
sine-wave current [83]

Metric learning
modules Fatigue defects

The method proposed in
this study can not only
reduce the influence of
interference factors but
also expand the feature
space distance between
defective samples and
normal samples.

• Using an open set of
supervision
frameworks, it is
easy to add new
defect samples.

• Good
anti-interference
performance

Apply uniform heat flux
for a time [84]

pulse phase
thermography
(PPT)

Lateral surface
defects

After thermal
stimulation for the same
time, the cooling rate of
shallow defects is faster
than that of
deep defects.

• The study proved the
feasibility of active
infrared
thermography for
detecting rail defects.

2.6. Visual

Visual inspection technology is one of the most important methods in current rail
defect detection. An automatic visual inspection system usually consists of a light source,
a camera, or other image acquiring devices [85,86] (as shown in Figure 6). The visual
inspection system has been widely used in the defect detection of rail facilities along the
railway line [50]. According to the visual inspection algorithms, the existing methodologies
are categorized into two groups: traditional image processing and deep learning.
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The traditional image processing process includes two main steps: extracting effective
rail surface images and identifying defects. L. Guo et al. [85] applied Hough transform
to extract the image of the effective rail surface, and then applied the improved Sobel
algorithm and area filter algorithm to detect rail defects with a minimum area of 0.0068 cm2.
O. Yaman et al. [87] applied the Otsu segmentation method to extract the image of the rail
surface. Next, feature signals are obtained by calculating the variance value through the
rail surface image. By analyzing these signals, and combining fuzzy logic to determine



Sensors 2022, 22, 6409 13 of 25

the defect type, the success rate can reach 72.05%. Gan et al. [88] proposed a coarse-
to-fine extractor for rail defect detection. The method locates the abnormality of rail
defects by rough extraction, and then further extracts the defect information. However, the
computational complexity of this method is too high.

Due to the extremely complex characteristics of rail surface defects, the use of ordinary
image processing techniques cannot achieve good detection results. Z. Liang et al. [89]
compared the SegNet (a deep convolutional network architecture for semantic segmen-
tation) algorithm with artificial and automatic threshold segmentation algorithms. The
results showed that the accuracy of the deep learning algorithm is 100%, which is much
higher than that of ordinary image processing algorithms (77.8% for manual threshold seg-
mentation and 55.6% for automatic threshold segmentation). For the first time, Li et al. [90]
combined the U-Net graph segmentation network with the saliency cues method of damage
location and applied on the damage detection of high-speed railway rails, with an accuracy
rate of 99.76%. L. Zhuang et al. [91] proposed a cascading rail surface flaw identifier. The
method detects the presence of defect based on DenseNet-169, and then performs defect
classification for the defective rails with a feature joint learning module (FJLM) and a
feature reduction module (FRM).

Visual inspection can effectively detect the surface defects of the rail. However, it does
not provide any information about the inner defects of the rails. We summarize the existing
techniques in the literature, as shown in Table 6.

Table 6. Comparison of visual inspection methods.

Algorithm Results Comments Summarize

Traditional
algorithm

Hough transform and
improved Sobel
algorithm [85]

Minimum detection
area: 0.0068 cm2

• Fast processing speed
• Harder to apply to complex

situations

Weak
generalization
ability and
low accuracy

Otsu segmentation and
fuzzy logic [87]

The success rate of
identifying defect
types: 72.05%

• Types of defects can be identified.

Coarse-to-fine
model [88,92]

CTFM outperforms
state-of-the-art
methods in terms of
pixel-level indices and
defect-level indices.

• Effectively suppress the influence
of noise points

• The proposed computational
requires high computational
resources.

Deep learning

SegNet [89] Detection
accuracy: 100%

• outperform ordinary image
processing algorithms

Strong
generalization
ability and
high accuracy

SCueU-Net [90] Detection
accuracy: 99.76%

• Overcome the interference of
image noise and solve the current
problem of low detection efficiency

MOLO [93]

This algorithm
improves the accuracy
3–5% more than the
YOLOv3 algorithm.

• Image features are extracted using
MobileNetV2 as the backbone
network. At the same time, the
multi-scale prediction and the loss
calculation method of YOLOv3
are used.

• The network structure is relatively
simple, which balances detection
accuracy and detection speed.

Cascading rail surface
flaw identifier [91]

The detection accuracy
rate of defect type:
98.2%

• Better processing performance for
complex scenes

• Accurately identify multiple types
of defects
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2.7. Other Detection Methods

There are other rail defect detection methods such as structured light detection, fiber
grating detection, and infrared detection.

Q. Mao et al. [94] proposed a fastener detection method based on a structured light
sensor. They used a decision tree classifier to classify fastener defects and achieved an
overall accuracy no less than 99.8%, indicating that this method can offer a promising way
to detect fasteners. Compared with two-dimensional vision, the structured light sensor
can obtain a three-dimensional point cloud of fasteners, thereby obtaining more detailed
fastener information.

A laser-based non-contact sensor can be an effective tool for detecting rail defects.
Generally, the sensor consists of two infrared modules: a transmitter and a receiver. The
transmitter emits infrared rays, and the receiver receives the pulses reflected from the
rails. By analyzing the time when the pulses are reflected from the rails, the geometric
parameters of the rails can be tracked, and a high-resolution map with three-dimensional
objects can be generated. This method is effective in detecting surface and welding defects
on the rail [18,95].

2.8. Technology Comparison

The vibration sensors based on MEMS technology have been widely used. This
type of sensor features high accuracy, low price, small size, and convenient installation
while having the ability to detect various rail defects through data analysis. The detection
accuracy of visual inspection technology is high, but this method can only detect the
surface defects. The ultrasonic-based detection technology can detect the inner defects of
the rail, but the detection depth is not less than 5 mm [65], which cannot be used for defect
detection on the near-surface (≤5 mm) of the rail. Magnetic flux leakage and eddy-current
detection technology have high detection accuracy for near-surface defects of rails. The
above methods can only detect the static defects of the rails. The acoustic emission detection
method is suitable for studying the dynamic expansion process of rail defects. Therefore,
the combination of multiple methods can realize the simultaneous monitoring of multiple
different defects. In Table 7, a horizontal comparison is provided to distinguish between
the different methods.

Table 7. Comparison of rail defect detection methods.

Detection Method Types of Detectable
Defects Detection Performance

Influence of
Environment on

Detection
Performance

Vibration accelerometer

• The degree of
looseness of
fasteners [5,96]

• Inner [2] and
surface [47]
defects of the rail

• Can detect the degree of looseness of
fasteners [5]

• Small size, easy installation, wide
detection range [42]

Temperatures that are
too low will reduce
the sensitivity of the
sensor.

Ultrasonic

Ordinary
ultrasonic
[51,52,61]

Conventional
probe

• Railhead inner
defects

• Rail foot defects
• Rail waist defects

• Single angle and
low efficiency

In high-speed
inspection
systems, rail
defects with a
depth of less than
4 mm are often
undetectable [76].

When the
temperature changes,
it will affect the speed
of the sound wave in
the rail, so the
localization of the
defect will have an
impact.

Phased array
probe

• Multi-angle
detection

• Better ultrasonic
beam coverage

• Higher efficiency
than traditional
ultrasonic
testing

Electromagnetic ultrasonic • Rail inner defects
• surface defects

• High precision
• No complaint required [57,97]
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Table 7. Cont.

Detection Method Types of Detectable
Defects Detection Performance

Influence of
Environment on

Detection
Performance

Laser ultrasonic

• Rail inner
defects [35]

• Surface
defects [98] and
subsurface
defects [58]

• Good penetration ability
• Can cover the entire track for

testing [63]

AE • Subsurface
defects [48]

• Suitable for studying the dynamic
expansion process of rail defects [48]

• Acoustic emission signals are easily
submerged by high-frequency vehicle
speed signals [48].

Other noises will
affect the detection
results.

Electroma-
gnetic

MFL
• Surface and

shallow surface
defects [69,74]

• Highly susceptible to the
environment (white noise and power
frequency interference in the
environment) [71]

• Easily affected by lift-off [64,74]
• As the detection rate increases, the

depth of detection of rail defects
decreases [64]

The temperature will
drift the detection
results of the
eddy-current sensor,
and the two are
negatively
correlated.The increase
in temperature will
cause the magnetic
permeability to
decrease.ECI

• Rail inner
defects [99]

• surface and
subsurface
defects [64]

• Easily affected by lift-off [64].
• Can effectively detect subsurface

defects.

Thermal imaging
• Subsurface defects

[76] and surface
defects [82]

• It can characterize the shape and size
of rail defects [76,80].

Contamination
present on the Rail
surface will attenuate
the signal.

Vision
• Missing fastener

fixture [100]
• Surface

defects [93]

• Can only detect surface defects
• High detection accuracy
• Mature detection algorithm
• Affected by the surface condition (dirt

occlusion, others)

Contaminants such as
snowflakes and leaves
can block rail defects,
making visual
inspection methods
unable to detect rail
defects.

3. Wireless Transmission

In the rail defect detection system, especially in the contact detection technology, many
sensors need to be installed on the rail. If wired transmission is used, too many lines need
to be placed for data transmission. The rapid advance in wireless communication and
self-organizing networks (GSM, ZigBee, others) makes it more reliable and convenient to
wirelessly transmit information to terminals [19]. Therefore, reliable wireless transmission
is more suitable for rail defect detection than wired transmission [101]. E. Aboelela et al. [20]
established a wireless sensor network system for monitoring railway safety which has
laid the foundation for the application of wireless networks in railway detection. In the
last 10 years, wireless sensor networks have gradually replaced wired monitoring along
railway lines. This changes provide enormous convenience for real-time monitoring of
railway facilities [101]. Because wireless transmission networks are responsible for data
exchange between wireless sensors and terminals, they must be carefully designed to
prevent transmission errors, delays, network interruptions, and data loss or damage [19].

3.1. Transmission Node Settings

A good network topology can reduce communication interference, extend the net-
work’s service life, and improve communication efficiency [24]. In a wireless sensor system
for rail defect detection, the nodes are usually set up in the following three ways, as illus-
trated in Figure 7 and compared in Table 8. Each method contains three nodes: the terminal
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node, routing node, and coordinating node. The terminal node collects data, and the rout-
ing node can forward information and assist the coordinator in maintaining the network.
The coordinating node is the central hub of the entire network for transmission data.
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Table 8. Comparison of network topology.

Network Topology Advantages Disadvantages References

Star topology

• Short network
delay time

• Simple structure
• Easy to maintain

• Low line utilization
• The central node load is

too heavy.

[43,102]

Tree topology
• Simple structure
• Easy to maintain
• Easy to expand

• The dependence of each
node on the root is too
large.

[20,24]

Line topology
• Simple structure
• Low cost
• Easy to expand

• Low reliability
• Difficulty in fault

diagnosis and isolation
[103]

3.2. Transmission Media

In rail wireless sensor systems, the transmission from node to node and from node
to base station is usually a short distance, so the wireless communication can be achieved
by various technologies such as Bluetooth, Wi-Fi, and ZigBee. In 2007, Aw et al. [104] de-
veloped a method that uses Bluetooth to transmit rail detection information. This method,
however, has become obsolete due to its weak anti-interference ability and short trans-
mission distance [105]. Zigbee offers limited bandwidth when used for rail condition
monitoring [106]. To overcome this disadvantage, M. Tolani et al. [23] designed a two-layer
transmission network composed of power-efficient ZigBee nodes as the first layer and
bandwidth-efficient WLAN as the second layer. In recent years, Global System for Mobile
Communications (GSM) [107] has emerged as a powerful tool for mobile communica-
tions [108] and has been used in wireless sensor systems for rail defect detection. Its main
advantages are low costs and global availability. Jiaying et al. [102] applied GSM technology
to the detection of the environment surrounding the rail, and the results showed that it
offers good transmission performance.

3.3. Information Transmission

Sustainable running is an essential goal in the design of a wireless sensor network.
Therefore, it is important to minimize the energy consumption of the system [109], which
can be realized by two main methods: optimizing the transmission protocol and optimizing
the hardware design.

In the wireless transmission media access control (MAC) protocol, the energy con-
sumption mainly comes from collision, eavesdropping, and idle monitoring [110]. The
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schedule-based protocol is collision-free, thus reducing energy waste due to collisions.
However, they lack adaptability and scalability to adapt to changes in node density or
traffic load. Contention-based protocols have good scalability but cannot avoid wasting
energy due to collisions, overhearing, and idle listening [111]. Energy consumption can be
reduced by filtering useless data and reducing idle listening time. GM Shafiullah et al. [112]
proposed a new protocol named E-BMA. The protocol minimizes the idle time during
competition and can achieve improved energy efficiency at low and medium traffic. A.
Philipose et al. [113] proposed an improved media access control (MAC) protocol. In this
protocol, each node is awakened only when it needs to work, which reduces the energy
consumption of sensor nodes.

Another method is to reduce energy consumption by optimizing sensor hardware.
This method adopts a sleep strategy when the system is not working, so as to minimize
the energy consumption of the system. M. F. Islam et al. [2] proposed a lazy pole strategy,
in which data is sent only when the vibration sensed by the sensor node is different from
a pre-defined pattern. H. Zhang et al. [114] adopted a synchronous sleep and wake-up
strategy to make idle nodes to sleep and shut down most hardware to greatly reduce
energy consumption.

Therefore, for future designs of wireless sensor networks for rail defect detection
systems, these two methods can be combined to minimize energy consumption.

4. Power Supply

It is extremely important to make a wireless sensor self-powered to reduce the cost
of maintenance and have a long lifetime. The energy generated by the surrounding
environment such as rail vibration [115], solar energy [116], and other types can be stored
in a rechargeable battery [117] for powering the wireless sensing detection system. The
power generation methods of the rail wireless sensor detection system at present are shown
in Figure 8.
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4.1. Solar

Solar power generation methods include photovoltaic power generation (light energy
is converted into electrical energy) and thermal power generation (thermal energy is
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converted into electrical energy) [121]. Photovoltaic power generation can achieve a power
density as high as 10–15 mW/cm2 [116], which a enough to power wireless sensors. Solar
thermal power generation is a technology that uses solar concentrators to convert solar
radiant energy into thermal energy and then into electrical energy. However, solar thermal
power generators cannot be used on a large scale in wireless sensors as they are highly
susceptible to weather conditions and other environmental impacts, and it is difficult to
find a suitable location to install them.

4.2. Vibration

Vibration power generation converts the kinetic energy of rail vibration into electrical
energy. Typical vibration power generators include electromagnetic, piezoelectric, and elec-
trostatic generators [106]. An electromagnetic generator converts the orbital vibration into
the relative motion between the permanent magnet and the coil [119] and converts it further
into extremely low-frequency electrical energy [122]. For the first time, X. Zhang et al. [119]
applied supercapacitors to vibration energy harvesting systems. The system amplifies the
small vibrations of the track and store energy from rapidly changing transient currents.
For piezoelectric power generation, when pressure is applied to a piezoelectric material,
a potential difference is generated on the surface of the piezoelectric material [123,124]. J.
Wang et al. [125] studied a theoretical model of using the patch and stacked piezoelectric
transducers to collect piezoelectric energy from railway systems. The electrostatic generator
needs to be driven by an external voltage, so it features high output impedance and high
voltage and is not readily applicable for sensing devices. Table 9 summarizes the main
differences of the related studies. These technologies focus on converting environmental
energy into electrical energy [120].

A solar power generator is highly dependent on external conditions. It requires
stable light conditions, which make it difficult to find an appropriate location for sensor
installation. A vibration-based piezoelectric energy collector has the advantages of a simple
structure and a small size. However, this method requires a large vibration amplitude of
the rail. An electromagnetic energy harvester is much less demanding on the amplitude of
rail vibration, but it is susceptible to external electromagnetic interference.

Table 9. Comparison of energy harvesters based on vibration principle.

Energy
Harvesting

Device

Application
Conditions Installation Location Voltage Power Reference

Piezoelectric
energy harvester

2.5 mph (the speed of
the train)
The resistor connected
in the PZT0 (a single
piezoelectric energy
harvester) was 9.9 KΩ
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Table 9. Cont.

Energy
Harvesting

Device

Application
Conditions Installation Location Voltage Power Reference

A patch-type
piezoelectric
transducer

30 m/s (the speed of
the train)

Sensors 2022, 22, x FOR PEER REVIEW 19 of 25 
 

 

structure and a small size. However, this method requires a large vibration amplitude of 
the rail. An electromagnetic energy harvester is much less demanding on the amplitude 
of rail vibration, but it is susceptible to external electromagnetic interference. 

Table 9. Comparison of energy harvesters based on vibration principle. 

Energy Harvesting 
Device Application Conditions Installation Loca-

tion Voltage Power Refer-
ence 

Piezoelectric energy 
harvester 

2.5 mph (the speed of the 
train) 
The resistor connected in the 
PZT0 (a single piezoelectric 
energy harvester) was 9.9 KΩ  

40 V (the maximum voltage) 
0.18 mW(the maxi-
mum power) 

[120] 

Magnetic levitation 
oscillator 

105 km/h (the speed of the 
train) (one-car train) 

 

2.3 V (peak–peak output volt-
age) 

/ [106] 

Galfenol magne-
tostictive device 

60 km/h (the speed of the 
train) 
60 m (The train is far from 
the sensor of 60 m.)  

0.15 V (The voltage varies 
with the distance between the 
train and the sensor, when the 
distance is shorter, the voltage 
is larger, and the longer the 
distance, the smaller the volt-
age.) 

When the terminal 
voltage is about 
0.56 V, the power is 
maximum. 

[115] 

A patch-type piezoe-
lectric transducer 

30 m/s (the speed of the train) 

 

4.82 V (at the beginning of a 
valid signal) 

0.19 mW (at the be-
ginning of a valid 
signal) 

[125] 

Drum transducer 
0.15 m/s (running speed) 
120 kg (the weight of a fully-
loaded train) 

 

50–70 V (peak open-circuit 
voltage) 

100 mW [123] 

Electromagnetic en-
ergy harvesting sys-
tem 

6 mm (amplitude) 
1 Hz and 2 Hz (frequencies) 

 

6.45 V (the output peak–peak 
voltage) 

0.0912 J [119] 

Magnetic levitation 
harvester 

low-frequency (3–7 Hz) Rail 
displacement 

 

2.32 V (the output peak–peak 
voltage) 

119 mW [126] 

5. Summary and Future Work 
This paper reviews the existing conventional rail detection technologies such as vi-

bration, ultrasonic, electromagnetic detection, and visual detection and makes compari-
sons between them and briefly introduces the wireless transmission method and power 
generation methods for the WSRDDS. 

There is still some potential improvement for existing systems. We suggest the fol-
lowing optimizations to make these systems more reliable, intelligent, and powerful in 
detecting rail defects. 
(1) Rail defect feature signals can be extracted to build a complete database of rail defect 

and fastener defect features. This database can be used to automatically classify rail 
defects and determine the degree of damage to other track components. 

4.82 V (at the
beginning of a valid
signal)

0.19 mW (at the
beginning of a
valid signal)

[125]

Drum transducer

0.15 m/s (running
speed)
120 kg (the weight of a
fully-loaded train)

Sensors 2022, 22, x FOR PEER REVIEW 19 of 25 
 

 

structure and a small size. However, this method requires a large vibration amplitude of 
the rail. An electromagnetic energy harvester is much less demanding on the amplitude 
of rail vibration, but it is susceptible to external electromagnetic interference. 

Table 9. Comparison of energy harvesters based on vibration principle. 

Energy Harvesting 
Device Application Conditions Installation Loca-

tion Voltage Power Refer-
ence 

Piezoelectric energy 
harvester 

2.5 mph (the speed of the 
train) 
The resistor connected in the 
PZT0 (a single piezoelectric 
energy harvester) was 9.9 KΩ  

40 V (the maximum voltage) 
0.18 mW(the maxi-
mum power) 

[120] 

Magnetic levitation 
oscillator 

105 km/h (the speed of the 
train) (one-car train) 

 

2.3 V (peak–peak output volt-
age) 

/ [106] 

Galfenol magne-
tostictive device 

60 km/h (the speed of the 
train) 
60 m (The train is far from 
the sensor of 60 m.)  

0.15 V (The voltage varies 
with the distance between the 
train and the sensor, when the 
distance is shorter, the voltage 
is larger, and the longer the 
distance, the smaller the volt-
age.) 

When the terminal 
voltage is about 
0.56 V, the power is 
maximum. 

[115] 

A patch-type piezoe-
lectric transducer 

30 m/s (the speed of the train) 

 

4.82 V (at the beginning of a 
valid signal) 

0.19 mW (at the be-
ginning of a valid 
signal) 

[125] 

Drum transducer 
0.15 m/s (running speed) 
120 kg (the weight of a fully-
loaded train) 

 

50–70 V (peak open-circuit 
voltage) 

100 mW [123] 

Electromagnetic en-
ergy harvesting sys-
tem 

6 mm (amplitude) 
1 Hz and 2 Hz (frequencies) 

 

6.45 V (the output peak–peak 
voltage) 

0.0912 J [119] 

Magnetic levitation 
harvester 

low-frequency (3–7 Hz) Rail 
displacement 

 

2.32 V (the output peak–peak 
voltage) 

119 mW [126] 

5. Summary and Future Work 
This paper reviews the existing conventional rail detection technologies such as vi-

bration, ultrasonic, electromagnetic detection, and visual detection and makes compari-
sons between them and briefly introduces the wireless transmission method and power 
generation methods for the WSRDDS. 

There is still some potential improvement for existing systems. We suggest the fol-
lowing optimizations to make these systems more reliable, intelligent, and powerful in 
detecting rail defects. 
(1) Rail defect feature signals can be extracted to build a complete database of rail defect 

and fastener defect features. This database can be used to automatically classify rail 
defects and determine the degree of damage to other track components. 

50–70 V (peak
open-circuit voltage) 100 mW [123]

Electromagnetic
energy harvesting
system

6 mm (amplitude)
1 Hz and 2 Hz
(frequencies)

Sensors 2022, 22, x FOR PEER REVIEW 19 of 25 
 

 

structure and a small size. However, this method requires a large vibration amplitude of 
the rail. An electromagnetic energy harvester is much less demanding on the amplitude 
of rail vibration, but it is susceptible to external electromagnetic interference. 

Table 9. Comparison of energy harvesters based on vibration principle. 

Energy Harvesting 
Device Application Conditions Installation Loca-

tion Voltage Power Refer-
ence 

Piezoelectric energy 
harvester 

2.5 mph (the speed of the 
train) 
The resistor connected in the 
PZT0 (a single piezoelectric 
energy harvester) was 9.9 KΩ  

40 V (the maximum voltage) 
0.18 mW(the maxi-
mum power) 

[120] 

Magnetic levitation 
oscillator 

105 km/h (the speed of the 
train) (one-car train) 

 

2.3 V (peak–peak output volt-
age) 

/ [106] 

Galfenol magne-
tostictive device 

60 km/h (the speed of the 
train) 
60 m (The train is far from 
the sensor of 60 m.)  

0.15 V (The voltage varies 
with the distance between the 
train and the sensor, when the 
distance is shorter, the voltage 
is larger, and the longer the 
distance, the smaller the volt-
age.) 

When the terminal 
voltage is about 
0.56 V, the power is 
maximum. 

[115] 

A patch-type piezoe-
lectric transducer 

30 m/s (the speed of the train) 

 

4.82 V (at the beginning of a 
valid signal) 

0.19 mW (at the be-
ginning of a valid 
signal) 

[125] 

Drum transducer 
0.15 m/s (running speed) 
120 kg (the weight of a fully-
loaded train) 

 

50–70 V (peak open-circuit 
voltage) 

100 mW [123] 

Electromagnetic en-
ergy harvesting sys-
tem 

6 mm (amplitude) 
1 Hz and 2 Hz (frequencies) 

 

6.45 V (the output peak–peak 
voltage) 

0.0912 J [119] 

Magnetic levitation 
harvester 

low-frequency (3–7 Hz) Rail 
displacement 

 

2.32 V (the output peak–peak 
voltage) 

119 mW [126] 

5. Summary and Future Work 
This paper reviews the existing conventional rail detection technologies such as vi-

bration, ultrasonic, electromagnetic detection, and visual detection and makes compari-
sons between them and briefly introduces the wireless transmission method and power 
generation methods for the WSRDDS. 

There is still some potential improvement for existing systems. We suggest the fol-
lowing optimizations to make these systems more reliable, intelligent, and powerful in 
detecting rail defects. 
(1) Rail defect feature signals can be extracted to build a complete database of rail defect 

and fastener defect features. This database can be used to automatically classify rail 
defects and determine the degree of damage to other track components. 

6.45 V (the output
peak–peak voltage) 0.0912 J [119]

Magnetic levitation
harvester

low-frequency
(3–7 Hz) Rail
displacement

Sensors 2022, 22, x FOR PEER REVIEW 19 of 25 
 

 

structure and a small size. However, this method requires a large vibration amplitude of 
the rail. An electromagnetic energy harvester is much less demanding on the amplitude 
of rail vibration, but it is susceptible to external electromagnetic interference. 

Table 9. Comparison of energy harvesters based on vibration principle. 

Energy Harvesting 
Device Application Conditions Installation Loca-

tion Voltage Power Refer-
ence 

Piezoelectric energy 
harvester 

2.5 mph (the speed of the 
train) 
The resistor connected in the 
PZT0 (a single piezoelectric 
energy harvester) was 9.9 KΩ  

40 V (the maximum voltage) 
0.18 mW(the maxi-
mum power) 

[120] 

Magnetic levitation 
oscillator 

105 km/h (the speed of the 
train) (one-car train) 

 

2.3 V (peak–peak output volt-
age) 

/ [106] 

Galfenol magne-
tostictive device 

60 km/h (the speed of the 
train) 
60 m (The train is far from 
the sensor of 60 m.)  

0.15 V (The voltage varies 
with the distance between the 
train and the sensor, when the 
distance is shorter, the voltage 
is larger, and the longer the 
distance, the smaller the volt-
age.) 

When the terminal 
voltage is about 
0.56 V, the power is 
maximum. 

[115] 

A patch-type piezoe-
lectric transducer 

30 m/s (the speed of the train) 

 

4.82 V (at the beginning of a 
valid signal) 

0.19 mW (at the be-
ginning of a valid 
signal) 

[125] 

Drum transducer 
0.15 m/s (running speed) 
120 kg (the weight of a fully-
loaded train) 

 

50–70 V (peak open-circuit 
voltage) 

100 mW [123] 

Electromagnetic en-
ergy harvesting sys-
tem 

6 mm (amplitude) 
1 Hz and 2 Hz (frequencies) 

 

6.45 V (the output peak–peak 
voltage) 

0.0912 J [119] 

Magnetic levitation 
harvester 

low-frequency (3–7 Hz) Rail 
displacement 

 

2.32 V (the output peak–peak 
voltage) 

119 mW [126] 

5. Summary and Future Work 
This paper reviews the existing conventional rail detection technologies such as vi-

bration, ultrasonic, electromagnetic detection, and visual detection and makes compari-
sons between them and briefly introduces the wireless transmission method and power 
generation methods for the WSRDDS. 

There is still some potential improvement for existing systems. We suggest the fol-
lowing optimizations to make these systems more reliable, intelligent, and powerful in 
detecting rail defects. 
(1) Rail defect feature signals can be extracted to build a complete database of rail defect 

and fastener defect features. This database can be used to automatically classify rail 
defects and determine the degree of damage to other track components. 

2.32 V (the output
peak–peak voltage) 119 mW [126]

5. Summary and Future Work

This paper reviews the existing conventional rail detection technologies such as vibra-
tion, ultrasonic, electromagnetic detection, and visual detection and makes comparisons
between them and briefly introduces the wireless transmission method and power genera-
tion methods for the WSRDDS.

There is still some potential improvement for existing systems. We suggest the fol-
lowing optimizations to make these systems more reliable, intelligent, and powerful in
detecting rail defects.

(1) Rail defect feature signals can be extracted to build a complete database of rail defect
and fastener defect features. This database can be used to automatically classify rail
defects and determine the degree of damage to other track components.

(2) For a single detection technology, it is difficult to detect all the information from
the rails. Combining a variety of sensors can achieve all-round and high-precision
detection of rail defects.

(3) Building a comprehensive monitoring system for rail defects based on big data man-
agement and information mining technology is a good direction for achieving all-
round and high-precision detection of rail infrastructure.

Author Contributions: Conceptualization, Z.L., D.Y. and Y.Z.; methodology, Z.L. and X.Y.; investiga-
tion, Z.L., Z.Z. and W.J.L.; resources, Z.L., X.S. and L.L.; writing—original draft preparation, Z.L.;
writing—review and editing, Z.L. and H.S.; project administration, Y.Z.; funding acquisition, Y.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant No.
61873307), the Hebei Natural Science Foundation (Grant No. F2020501040, F2021203070, F2022501031), the
Fundamental Research Funds for the Central Universities under Grant N2123004, the Administration
of Central Funds Guiding the Local Science and Technology Development (Grant No. 206Z1702G),
the HMRF-Health and Medical Research Fund under Project 17181811, in part of the TBRS-RGC
Theme-based Research Scheme under Project T42-717/20-R, and CRF-Collaborative Research Fund
under Project C7174-20G.



Sensors 2022, 22, 6409 20 of 25

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: We declare that we do not have any commercial or associative interests that
represent any conflicts of interest in connection with the work submitted.

References
1. Ishida, M.; Akama, M.; Kashiwaya, K.; Kapoor, A. The Current Status of Theory and Practice on Rail Integrity in Japanese

Railways-Rolling Contact Fatigue and Corrugations. Fatigue Fract. Eng. Mater. Struct. 2003, 26, 909–919. [CrossRef]
2. Islam, M.F.; Maheshwari, S.; Kumar, Y. Energy Efficient Railway Track Security Using Vibration Sensing Network. In Proceedings

of the 2nd International Conference on Signal Processing and Integrated Networks, SPIN 2015, Noida, India, 19–20 February
2015; pp. 973–978. [CrossRef]

3. Wang, P. Longitudinal Force Measurement in Continuous Welded Rail with Bi-Directional FBG Strain Sensors. Smart Mater. Struct.
2015, 25, 15019. [CrossRef]

4. Sharma, K.; Maheshwari, S.; Solanki, R.; Khanna, V. Railway Track Breakage Detection Method Using Vibration Estimating Sensor
Network: A Novel Approach. In Proceedings of the 2014 International Conference on Advances in Computing, Communications
and Informatics, ICACCI 2014, Delhi, India, 24–27 September 2014; pp. 2355–2362. [CrossRef]

5. Zhan, Z.; Sun, H.; Yu, X.; Yu, J.; Zhao, Y.; Sha, X.; Chen, Y.; Huang, Q.; Li, W.J. Wireless Rail Fastener Looseness Detection Based
on MEMS Accelerometer and Vibration Entropy. IEEE Sens. J. 2020, 20, 3226–3234. [CrossRef]

6. Kaewunruen, S.; Osman, M.H.B.; Rungskunroch, P. The Total Track Inspection. Front. Built Environ. 2019, 4, 84. [CrossRef]
7. Zhang, X.; Feng, N.; Wang, Y.; Shen, Y. An Analysis of the Simulated Acoustic Emission Sources with Different Propagation

Distances, Types and Depths for Rail Defect Detection. Appl. Acoust. 2014, 86, 80–88. [CrossRef]
8. Yi, J. Four Times in 10 Days, Why Do Indian Trains Always Derail. Urban Mass Transit 2017, 20, 197–199.
9. Goto, K.; Matsumoto, A.; Ishida, M.; Chen, H.; Kaewunruen, S. Editorial: UK-Japan Symposium on Highspeed Rails. Front. Built

Environ. 2020, 6, 54. [CrossRef]
10. Kaewunruen, S.; Ngamkhanong, C.; Sengsri, P.; Ishida, M. On Hogging Bending Test Specifications of Railway Composite

Sleepers and Bearers. Front. Built Environ. 2020, 6, 592014. [CrossRef]
11. Setsobhonkul, S.; Kaewunruen, S.; Sussman, J.M. Lifecycle Assessments of Railway Bridge Transitions Exposed to Extreme

Climate Events. Front. Built Environ. 2017, 3, 35. [CrossRef]
12. De Melo, A.L.O.; Kaewunruen, S.; Papaelias, M.; Bernucci, L.L.B.; Motta, R. Methods to Monitor and Evaluate the Deterioration

of Track and Its Components in a Railway In-Service: A Systemic Review. Front. Built Environ. 2020, 6, 118. [CrossRef]
13. Feng, H.; Jiang, Z.; Xie, F.; Yang, P.; Shi, J.; Chen, L. Automatic Fastener Classification and Defect Detection in Vision-Based

Railway Inspection Systems. IEEE Trans. Instrum. Meas. 2014, 63, 877–888. [CrossRef]
14. Deutschl, E.; Gasser, C.; Niel, A.; Werschonig, J. Defect Detection on Rail Surfaces by a Vision Based System. In Proceedings of the

IEEE Intelligent Vehicles Symposium, Parma, Italy, 14–17 June 2004; pp. 507–511. [CrossRef]
15. Zhong, Y.; Ma, Y.; Li, P.; Xiong, L.; Yan, F. The Existing GTC-80 Rail Inspection Vehicle Automatic System Upgrade and

Transformation. Chin. Railw. 2018, 6, 98–102.
16. Wei, Q.; Zhang, X.; Wang, Y.; Feng, N.; Shen, Y. Rail Defect Detection Based on Vibration Acceleration Signals. In Proceedings of

the Conference Record—IEEE Instrumentation and Measurement Technology Conference, Minneapolis, MN, USA, 6–9 May 2013;
pp. 1194–1199. [CrossRef]

17. Min, Y.; Xiao, B.; Dang, J.; Yue, B.; Cheng, T. Real Time Detection System for Rail Surface Defects Based on Machine Vision.
Eurasip J. Image Video Processing 2018, 2018, 3. [CrossRef]

18. Vohra, M.; Gabhane, S.K. Efficient Monitoring System for Railways for Crack Detection. In Proceedings of the International
Conference on I-SMAC (IoT in Social, Mobile, I-SMAC 2018, Palladam, India, 30–31 August 2018, Analytics and Cloud); pp.
676–681. [CrossRef]

19. Hodge, V.J.; O’Keefe, S.; Weeks, M.; Moulds, A. Wireless Sensor Networks for Condition Monitoring in the Railway Industry: A
Survey. IEEE Trans. Intell. Transp. Syst. 2015, 16, 1088–1106. [CrossRef]

20. Aboelela, E.; Edberg, W.; Papakonstantinou, C.; Vokkarane, V. Wireless Sensor Network Based Model for Secure Railway
Operations. In Proceedings of the IEEE International Performance, Computing, and Communications Conference, Phoenix, AZ,
USA, 10–12 April 2006; pp. 623–628. [CrossRef]

21. Grudén, M.; Westman, A.; Platbardis, J.; Hallbjörner, P.; Rydberg, A. Reliability Experiments for Wireless Sensor Networks in
Train Environment. In Proceedings of the European Microwave Week 2009: Science, Progress and Quality at Radiofrequencies,
Conference Proceedings—2nd European Wireless Technology Conference, EuWIT 2009, Rome, Italy, 28–29 September 2009;
pp. 37–40.

22. Grover, J. Anjali Wireless Sensor Network in Railway Signalling System. In Proceedings of the 2015 5th International Conference
on Communication Systems and Network Technologies, CSNT 2015, Gwalior, India, 4–6 April 2015; pp. 308–313. [CrossRef]

http://doi.org/10.1046/j.1460-2695.2003.00708.x
http://doi.org/10.1109/SPIN.2015.7095254
http://doi.org/10.1088/0964-1726/25/1/015019
http://doi.org/10.1109/ICACCI.2014.6968518
http://doi.org/10.1109/JSEN.2019.2955378
http://doi.org/10.3389/fbuil.2018.00084
http://doi.org/10.1016/j.apacoust.2014.06.004
http://doi.org/10.3389/fbuil.2020.00054
http://doi.org/10.3389/fbuil.2020.592014
http://doi.org/10.3389/fbuil.2017.00035
http://doi.org/10.3389/fbuil.2020.00118
http://doi.org/10.1109/TIM.2013.2283741
http://doi.org/10.1109/ivs.2004.1336435
http://doi.org/10.1109/I2MTC.2013.6555602
http://doi.org/10.1186/s13640-017-0241-y
http://doi.org/10.1109/I-SMAC.2018.8653667
http://doi.org/10.1109/TITS.2014.2366512
http://doi.org/10.1109/.2006.1629461
http://doi.org/10.1109/CSNT.2015.28


Sensors 2022, 22, 6409 21 of 25

23. Tolani, M.; Sunny; Singh, R. K.; Shubham, K.; Kumar, R. Two-Layer Optimized Railway Monitoring System Using Wi-Fi and
ZigBee Interfaced Wireless Sensor Network. IEEE Sens. J. 2017, 17, 2241–2248. [CrossRef]

24. Zhou, D.; Shi, T.; Lv, X.; Bai, W. A Research on Banded Topology Control of Wireless Sensor Networks along High-Speed Railways.
In Proceedings of the Chinese Control Conference, Hangzhou, China, 28–30 July 2015; pp. 7736–7740. [CrossRef]

25. Falamarzi, A.; Moridpour, S.; Nazem, M. A Review on Existing Sensors and Devices for Inspecting Railway Infrastructure. Jurnal
Kejuruteraan 2019, 31, 1–10.

26. Zhang, X.; Jia, L.; Wei, X.; Ru, N. Railway Track Condition Monitoring Based on Acceleration Measurements. In Proceedings of
the 2015 27th Chinese Control and Decision Conference, CCDC 2015, Qingdao, China, 23–25 May 2015; pp. 923–928. [CrossRef]

27. Zhong, Y.; Gao, X.; Luo, L.; Pan, Y.; Qiu, C. Simulation of Laser Ultrasonics for Detection of Surface-Connected Rail Defects.
J. Nondestruct. Eval. 2017, 36, 70. [CrossRef]

28. Suhas, B.N.; Bhagavat, S.; Vimalanand, V.; Suresh, P. Wireless Sensor Networks Based Monitoring of Railway Tracks. In Proceed-
ings of the 2018 International CET Conference on Control, Communication, and Computing, IC4 2018, Thiruvananthapuram,
India, Thiruvananthapuram, India ; pp. 187–192. [CrossRef]

29. Zhang, X.; Wang, K.; Wang, Y.; Shen, Y.; Hu, H. Rail Crack Detection Using Acoustic Emission Technique by Joint Optimization
Noise Clustering and Time Window Feature Detection. Appl. Acoust. 2020, 160, 107141. [CrossRef]

30. Yılmaz, H.; Öztürk, Z. Investigation of Rail Defects Using an Ultrasonic Inspection Method: A Case Study of Aksaray-Airport
Light Rail Transit Line in Istanbul. Urban Transp. XXI 2015, 1, 687–698. [CrossRef]

31. Zhu, J.; Tiany, G.; Min, Q.; Wu, J. Comparison Study of Different Features for Pocket Length Quantification of Angular Defects
Using Eddy Current Pulsed Thermography. IEEE Trans. Instrum. Meas. 2019, 68, 1373–1381. [CrossRef]

32. Ren, W.Z.; Min, Y.Z.; Tao, J.; Hu, J. Research on Embedded Rail Surface DefectDetection System Based on Multi Core DSP. In
Proceedings of the 2018 Chinese Automation Congress, CAC 2018, Xi’an, China, 30 November–2 December 2018; pp. 4107–4112.
[CrossRef]

33. Chandran, P.; Rantatalo, M.; Odelius, J.; Lind, H.; Famurewa, S.M. Train-Based Differential Eddy Current Sensor System for Rail
Fastener Detection. Meas. Sci. Technol. 2019, 30, 125105. [CrossRef]

34. Zhang, M.; Qi, S.; Zhang, X.; Zhao, Y.; Sha, X.; Liu, L. Multi-Modal Wireless Sensor Platform for Railway Monitoring. In
Proceedings of the 9th IEEE International Conference on Cyber Technology in Automation, Control and Intelligent Systems,
CYBER 2019, Suzhou, China, 29 July–2 August 2019; pp. 1658–1662. [CrossRef]

35. Rizzo, P.; Cammarata, M.; Bartoli, I.; di Scalea, F.L.; Salamone, S.; Coccia, S.; Phillips, R. Ultrasonic Guided Waves-Based
Monitoring of Rail Head: Laboratory and Field Tests. Adv. Civ. Eng. 2010, 2010, 291293. [CrossRef]

36. Netzelmann, U.; Walle, G.; Ehlen, A.; Lugin, S.; Finckbohner, M.; Bessert, S. NDT of Railway Components Using Induction
Thermography. AIP Conf. Proc. 2016, 1706, 150001. [CrossRef]

37. Jiang, B. Design of Railway Vibration Detection System Based on ARM and Acceleration Sensor. Master’s Thesis, Lanzhou
Jiaotong University, Lanzhou, China, 2015.

38. Ng, A.K.; Martua, L.; Sun, G. Dynamic Modelling and Acceleration Signal Analysis of Rail Surface Defects for Enhanced
Rail Condition Monitoring and Diagnosis. In Proceedings of the 4th International Conference on Intelligent Transportation
Engineering, ICITE 2019, Singapore, 5–7 September 2019; pp. 69–73. [CrossRef]

39. Li, B.; Chen, X.; Wang, Z.; Tan, S. Vibration Signal Analysis for Rail Flaw Detection. In Proceedings of the 2019 11th CAA
Symposium on Fault Detection, SAFEPROCESS 2019, Xiamen, China, 5–7 July 2019; pp. 830–835. [CrossRef]

40. Sun, M.; Wang, Y.; Zhang, X.; Liu, Y.; Wei, Q.; Shen, Y.; Feng, N. Feature Selection and Classification Algorithm for Non-Destructive
Detecting of High-Speed Rail Defects Based on Vibration Signals. In Proceedings of the Conference Record—IEEE Instrumentation
and Measurement Technology Conference 2014, Montevideo, Uruguay, 12–15 May 2014; pp. 819–823. [CrossRef]

41. Humbe, A.A.; Karmude, S.A. Analysis of Mechanical Vibration and Fault Detection of Railway Track Using Lab View System.
Ijireeice 2019, 7, 9–15. [CrossRef]

42. Milne, D.; Pen, L.L.; Watson, G.; Thompson, D.; Powrie, W.; Hayward, M.; Morley, S. Proving MEMS Technologies for Smarter
Railway Infrastructure. Procedia Eng. 2016, 143, 1077–1084. [CrossRef]

43. Zhao, J.; Wang, B.; Niu, W.; Li, X.; Zhang, B.; Wang, Y. Detection System of Fasteners State Based on ZigBee Networks. MATEC
Web Conf. 2015, 35, 3005. [CrossRef]

44. Wang, Y.; Li, X.; Zhao, J. The Design and Research of Rail Fastener State Detection System. Hardw. Circuits 2015, 39, 22–34.
45. Bruzelius, K.; Mba, D. An Initial Investigation on the Potential Applicability of Acoustic Emission to Rail Track Fault Detection.

NDT E Int. 2004, 37, 507–516. [CrossRef]
46. Kuang, K.S.C.; Li, D.; Koh, C.G. Acoustic Emission Source Location and Noise Cancellation for Crack Detection in Rail Head.

Smart Struct. Syst. 2016, 18, 1063–1085. [CrossRef]
47. Jian, H.; Lee, H.R.; Ahn, J.H. Detection of Bearing/Rail Defects for Linear Motion Stage Using Acoustic Emission. Int. J. Precis.

Eng. Manuf. 2013, 14, 2043–2046. [CrossRef]
48. Kostryzhev, A.G.; Davis, C.L.; Roberts, C. Detection of Crack Growth in Rail Steel Using Acoustic Emission. Ironmak. Steelmak.

2013, 40, 98–102. [CrossRef]
49. Hao, Q.; Zhang, X.; Wang, K.; Shen, Y.; Wang, Y. A Signal-Adapted Wavelet Design Method for Acoustic Emission Signals of Rail

Cracks. Appl. Acoust. 2018, 139, 251–258. [CrossRef]

http://doi.org/10.1109/JSEN.2017.2658730
http://doi.org/10.1109/ChiCC.2015.7260868
http://doi.org/10.1109/CCDC.2015.7162051
http://doi.org/10.1007/s10921-017-0451-3
http://doi.org/10.1109/CETIC4.2018.8531029
http://doi.org/10.1016/j.apacoust.2019.107141
http://doi.org/10.2495/ut150561
http://doi.org/10.1109/TIM.2018.2890053
http://doi.org/10.1109/CAC.2018.8623426
http://doi.org/10.1088/1361-6501/ab2b24
http://doi.org/10.1109/CYBER46603.2019.9066728
http://doi.org/10.1155/2010/291293
http://doi.org/10.1063/1.4940613
http://doi.org/10.1109/ICITE.2019.8880246
http://doi.org/10.1109/SAFEPROCESS45799.2019.9213353
http://doi.org/10.1109/I2MTC.2014.6860857
http://doi.org/10.17148/IJIREEICE.2019.7402
http://doi.org/10.1016/j.proeng.2016.06.222
http://doi.org/10.1051/matecconf/20153503005
http://doi.org/10.1016/j.ndteint.2004.02.001
http://doi.org/10.12989/sss.2016.18.5.1063
http://doi.org/10.1007/s12541-013-0256-y
http://doi.org/10.1179/1743281212Y.0000000051
http://doi.org/10.1016/j.apacoust.2018.04.038


Sensors 2022, 22, 6409 22 of 25

50. Li, Q.; Zhong, Z.; Liang, Z.; Liang, Y. Rail Inspection Meets Big Data: Methods and Trends. In Proceedings of the 2015 18th
International Conference on Network-Based Information Systems, NBiS 2015, Taipei, Taiwan, 2–4 September 2015; pp. 302–308.
[CrossRef]

51. Zhang, Y.; Gao, X.; Peng, C.; Wang, Z.; Li, X. Rail Inspection Research Based on High Speed Phased Array Ultrasonic Technology.
Proceedings of 2016 IEEE Far East NDT New Technology and Application Forum, FENDT 2016, Nanchang, China, 22–24 June
2016; pp. 181–184. [CrossRef]

52. Ling, C.; Chen, L.; Guo, J.; Gao, X.; Wang, Z.; Li, J. Research on Rail Defect Detection System Based on FPGA. In Proceedings
of the 2016 IEEE Far East NDT New Technology and Application Forum, FENDT 2016, Nanchang, China, 22–24 June 2016;
pp. 195–200. [CrossRef]

53. Rose, J.L.; Avioli, M.J.; Mudge, P.; Sanderson, R. Guided Wave Inspection Potential of Defects in Rail. NDT E Int. 2004, 37, 153–161.
[CrossRef]

54. Xu, X.; Zhuang, L.; Xing, B.; Yu, Z.; Zhu, L. An Ultrasonic Guided Wave Mode Excitation Method in Rails. IEEE Access 2018, 6,
60414–60428. [CrossRef]

55. Shi, H.; Zhuang, L.; Xu, X.; Yu, Z.; Zhu, L. An Ultrasonic Guided Wave Mode Selection and Excitation Method in Rail Defect
Detection. Appl. Sci. 2019, 9, 1170. [CrossRef]

56. Kaewunruen, S.; Ishida, M. In Situ Monitoring of Rail Squats in Three Dimensions Using Ultrasonic Technique. Exp. Tech. 2015,
40, 1179–1185. [CrossRef]

57. Wang, S.J.; Chen, X.Y.; Jiang, T.; Kang, L. Electromagnetic Ultrasonic Guided Waves Inspection of Rail Base. In Proceedings of the
FENDT 2014—Proceedings, 2014 IEEE Far East Forum on Nondestructive Evaluation/Testing: New Technology and Application,
Increasingly Perfect NDT/E, Chengdu, China, 20–23 June 2014; pp. 135–139. [CrossRef]

58. Pathak, M.; Alahakoon, S.; Spiryagin, M.; Cole, C. Rail Foot Flaw Detection Based on a Laser Induced Ultrasonic Guided Wave
Method. Meas. J. Int. Meas. Confed. 2019, 148, 106922. [CrossRef]

59. Li, Y.; Yao, F.; Jiao, S.; Huang, W.; Zhang, Q. Identification and Classification of Rail Damage Based on Ultrasonic Echo Signals. In
Proceedings of the Chinese Control Conference, CCC 2020, Shenyang, China, 27–29 July 2020; pp. 3077–3082. [CrossRef]

60. Luo, X.; Hu, Y.Q.; Liu, Y.; Huang, M.; Chu, W.; Lin, J. A Novel Text-Style Sequential Modeling Method for Ultrasonic Rail Flaw
Detection. In Proceedings of the 2020 IEEE Vehicle Power and Propulsion Conference, VPPC 2020—Proceedings 2020, Gijon,
Spain, 18 November–16 December 2020; pp. 1–4. [CrossRef]

61. Su, X.; Zhang, X. High—Speed Railway Monitoring System Based on Wireless Sensor Network. J. Terahertz Sci. Electron. Inf.
Technol. 2019, 17, 239–242.

62. Wei, X.; Yang, Y.; Yu, N. Research on Broken Rail Real-Time Detection System for Ultrasonic Guided Wave. In Proceedings of the
2017 19th International Conference on Electromagnetics in Advanced Applications, ICEAA 2017, Verona, Italy, 11–15 September
2017; pp. 906–909. [CrossRef]

63. Benzeroual, H.; Khamlichi, A.; Zakriti, A. Reliability of Rail Transverse Flaw Detection by Means of an Embedded Ultrasonic
Based Device. MATEC Web Conf. 2018, 191, 5. [CrossRef]

64. Yuan, F.; Yu, Y.; Liu, B.; Li, L. Investigation on Optimal Detection Position of DC Electromagnetic NDT in Crack Characterization
for High-Speed Rail Track. In Proceedings of the I2MTC 2019—2019 IEEE International Instrumentation and Measurement
Technology Conference, Proceedings 2019, Auckland, New Zealand, 20–23 May 2019. [CrossRef]

65. Wang, P.; Gao, Y.; Tian, G.; Wang, H. Velocity Effect Analysis of Dynamic Magnetization in High Speed Magnetic Flux Leakage
Inspection. NDT E Int. 2014, 64, 7–12. [CrossRef]

66. Rajamäki, J.; Vippola, M.; Nurmikolu, A.; Viitala, T. Limitations of Eddy Current Inspection in Railway Rail Evaluation. Proc. Inst.
Mech. Eng. Part F J. Rail Rapid Transit 2018, 232, 121–129. [CrossRef]

67. Gao, J.; Du, G.; Wei, H. The Research of Defect Detection Test System Based on Magnetic Flux Leakage. In Proceedings of the 6th
International Forum on Strategic Technology, IFOST 2011, Harbin, China, 22–24 August 2011; pp. 1225–1229. [CrossRef]

68. Chen, Z.; Xuan, J.; Wang, P.; Wang, H.; Tian, G. Simulation on High Speed Rail Magnetic Flux Leakage Inspection. In Proceedings
of the Conference Record—IEEE Instrumentation and Measurement Technology Conference 2011, Hangzhou, China, 10–12 May
2011; pp. 760–764. [CrossRef]

69. Wang, P.; Xiong, L.; Sun, Y.; Wang, H.; Tian, G. Features Extraction of Sensor Array Based PMFL Technology for Detection of Rail
Cracks. Meas. J. Int. Meas. Confed. 2014, 47, 613–626. [CrossRef]

70. Ji, K.; Wang, P.; Jia, Y.; Ye, Y.; Ding, S. Adaptive Filtering Method of MFL Signal on Rail Top Surface Defect Detection. IEEE Access
2021, 9, 87351–87359. [CrossRef]

71. Yang, L.; Geng, H.; Gao, S. Study on High-Speed Magnetic Flux Leakage Testing Technology Based on Multistage Magnetization.
Yi Qi Yi Biao Xue Bao/Chin. J. Sci. Instrum. 2018, 39, 148–156. [CrossRef]

72. Yuan, F.; Yu, Y.; Liu, B.; Tian, G. Investigation on Velocity Effect in Pulsed Eddy Current Technique for Detection Cracks in
Ferromagnetic Material. IEEE Trans. Magn. 2020, 56, 6201008. [CrossRef]

73. Liu, Z.; Koffman, A.D.; Waltrip, B.C.; Wang, Y. Eddy Current Rail Inspection Using AC Bridge Techniques. J. Res. Natl. Inst. Stand.
Technol. 2013, 118, 140–149. [CrossRef]

74. Piao, G.; Li, J.; Udpa, L.; Udpa, S.; Deng, Y. The Effect of Motion-Induced Eddy Currents on Three-Axis MFL Signals for
High-Speed Rail Inspection. IEEE Trans. Magn. 2021, 57, 6200211. [CrossRef]

http://doi.org/10.1109/NBiS.2015.47
http://doi.org/10.1109/FENDT.2016.7992020
http://doi.org/10.1109/FENDT.2016.7992023
http://doi.org/10.1016/j.ndteint.2003.04.001
http://doi.org/10.1109/ACCESS.2018.2875123
http://doi.org/10.3390/app9061170
http://doi.org/10.1007/s40799-016-0124-7
http://doi.org/10.1109/FENDT.2014.6928248
http://doi.org/10.1016/j.measurement.2019.106922
http://doi.org/10.23919/CCC50068.2020.9189607
http://doi.org/10.1109/VPPC49601.2020.9330976
http://doi.org/10.1109/ICEAA.2017.8065401
http://doi.org/10.1051/matecconf/201819100005
http://doi.org/10.1109/I2MTC.2019.8827153
http://doi.org/10.1016/j.ndteint.2014.02.001
http://doi.org/10.1177/0954409716657848
http://doi.org/10.1109/IFOST.2011.6021241
http://doi.org/10.1109/IMTC.2011.5944294
http://doi.org/10.1016/j.measurement.2013.09.047
http://doi.org/10.1109/ACCESS.2021.3065044
http://doi.org/10.19650/j.cnki.cjsi.J1803182
http://doi.org/10.1109/TMAG.2020.3012341
http://doi.org/10.6028/jres.118.007
http://doi.org/10.1109/TMAG.2021.3060390


Sensors 2022, 22, 6409 23 of 25

75. Wu, Y.; Gao, B.; Zhao, J.; Liu, Z.; Luo, Q.; Shi, Y.; Xiong, L.; Tian, G.Y. Induction Thermography for Rail Nondestructive Testing
under Speed Effect. In Proceedings of the 2018 IEEE Far East NDT New Technology and Application Forum, FENDT 2018,
Xiamen, China, 6–8 July 2018; pp. 185–189. [CrossRef]

76. Peng, J.; Tian, G.Y.; Wang, L.; Zhang, Y.; Li, K.; Gao, X. Investigation into Eddy Current Pulsed Thermography for Rolling Contact
Fatigue Detection and Characterization. NDT E Int. 2015, 74, 72–80. [CrossRef]

77. Gao, Y. Research on Nondestructive Detection of Rail Cracks in Multiphysical Electromagnetic and Thermal Imaging. Ph.D.
Thesis, Nanjing University of Aeronautics and Astronautics, Nanjing, China, 2018.

78. Gibert, X.; Patel, V.M.; Chellappa, R. Robust Fastener Detection for Autonomous Visual Railway Track Inspection. In Proceedings
of the 2015 IEEE Winter Conference on Applications of Computer Vision, WACV 2015, Waikoloa, HI, USA, 5–9 January 2015;
pp. 694–701. [CrossRef]

79. Gao, B.; Bai, L.; Woo, W.L.; Tian, G.Y.; Cheng, Y. Automatic Defect Identification of Eddy Current Pulsed Thermography Using
Single Channel Blind Source Separation. IEEE Trans. Instrum. Meas. 2014, 63, 913–922. [CrossRef]

80. Usamentiaga, R.; Sfarra, S.; Fleuret, J.; Yousefi, B.; Garcia, D. Rail Inspection Using Active Thermography to Detect Rolled-in
Material. In Proceedings of the 14th Quantitative InfraRed Thermography Conference, Berlin, Germany, 25–29 June 2018; pp.
845–852. [CrossRef]

81. Gao, Y.; Tian, G.Y.; Wang, P.; Wang, H. Emissivity Correction of Eddy Current Pulsed Thermography for Rail Inspection. In
Proceedings of the 2016 IEEE Far East NDT New Technology and Application Forum, FENDT 2016, Nanchang, China, 22–24 June
2016; pp. 108–112. [CrossRef]

82. Lu, X.; Tian, G.; Wu, J.; Gao, B.; Tian, P. Pulsed Air-Flow Thermography for Natural Crack Detection and Evaluation. IEEE Sens. J.
2020, 20, 8091–8097. [CrossRef]

83. Zhang, X.; Gao, B.; Shi, Y.; Woo, W.L.; Li, H. Memory Linked Anomaly Metric Learning of Thermography Rail Defects Detection
System. IEEE Sens. J. 2021, 21, 24720–24730. [CrossRef]

84. Ramzan, B.; Malik, S.; Ahmad, S.M.; Martarelli, M. Railroads Surface Crack Detection Using Active Thermography. In Proceedings
of the 18th International Bhurban Conference on Applied Sciences and Technologies, IBCAST 2021, Islamabad, Pakistan,
12–16 January 2021; pp. 183–197. [CrossRef]

85. Guo, L.; Zhang, J.; Chen, Z.; Sun, L.; Ge, J.; Lü, K.; Dai, G. Automatic Detection for Defects of Railroad Track Surface. Appl. Mech.
Mater. 2013, 278–280, 856–860. [CrossRef]

86. Fu, S.; Jiang, Z. Research on Image-Based Detection and Recognition Technologies for Cracks on Rail Surface. In Proceedings of
the 2019 International Conference on Robots and Intelligent System, ICRIS 2019, Haikou, China, 15–16 June 2019; pp. 98–101.
[CrossRef]

87. Yaman, O.; Karakose, M.; Akin, E. A Vision Based Diagnosis Approach for Multi Rail Surface Faults Using Fuzzy Classificiation
in Railways. In Proceedings of the 2nd International Conference on Computer Science and Engineering, UBMK 2017, Antalya,
Turkey, 5–8 October 2017; pp. 713–718. [CrossRef]

88. Gan, J.; Li, Q.; Wang, J.; Yu, H. A Hierarchical Extractor-Based Visual Rail Surface Inspection System. IEEE Sens. J. 2017, 17,
7935–7944. [CrossRef]

89. Liang, Z.; Zhang, H.; Liu, L.; He, Z.; Zheng, K. Defect Detection of Rail Surface with Deep Convolutional Neural Networks.
In Proceedings of the World Congress on Intelligent Control and Automation (WCICA), Changsha, China, 4–8 July 2018;
pp. 1317–1322. [CrossRef]

90. Lu, J.; Liang, B.; Lei, Q.; Li, X.; Liu, J.; Liu, J.; Xu, J.; Wang, W. SCueU-Net: Efficient Damage Detection Method for Railway Rail.
IEEE Access 2020, 8, 125109–125120. [CrossRef]

91. Zhuang, L.; Qi, H.; Zhang, Z. The Automatic Rail Surface Multi-Flaw Identification Based on a Deep Learning Powered
Framework. IEEE Trans. Intell. Transp. Syst. 2021, 23, 12133–12143. [CrossRef]

92. Yu, H.; Li, Q.; Tan, Y.; Gan, J.; Wang, J.; Geng, Y.A.; Jia, L. A Coarse-to-Fine Model for Rail Surface Defect Detection. IEEE Trans.
Instrum. Meas. 2019, 68, 656–666. [CrossRef]

93. Yuan, H.; Chen, H.; Liu, S.; Lin, J.; Luo, X. A Deep Convolutional Neural Network for Detection of Rail Surface Defect. In
Proceedings of the 2019 IEEE Vehicle Power and Propulsion Conference, VPPC 2019—Proceedings 2019, Hanoi, Vietnam, 14–17
October 2019; pp. 2019–2022. [CrossRef]

94. Mao, Q.; Cui, H.; Hu, Q.; Ren, X. A Rigorous Fastener Inspection Approach for High-Speed Railway from Structured Light
Sensors. ISPRS J. Photogramm. Remote Sens. 2018, 143, 249–267. [CrossRef]

95. Divya, V. Crack Detection for Railway Tracks and Accident Prevention. Int. J. Res. Appl. Sci. Eng. Technol. 2017, V, 448–450.
[CrossRef]

96. Wei, J.; Liu, C.; Ren, T.; Liu, H.; Zhou, W. Online Condition Monitoring of a Rail Fastening System on High-Speed Railways Based
on Wavelet Packet Analysis. Sensors 2017, 17, 318. [CrossRef]

97. Tian, G.Y.; Gao, B. Review of Railway Rail Defect Non-Destructive Testing and Monitoring. J. Instrum. 2016, 37, 1763–1780.
[CrossRef]

98. Jiang, Y.; Wang, H.; Tian, G.; Chen, S.; Zhao, J.; Liu, Q.; Hu, P. Non-Contact Ultrasonic Detection of Rail Surface Defects in
Different Depths. Proceedings of 2018 IEEE Far East NDT New Technology and Application Forum, FENDT 2018, Xiamen, China,
6–8 July 2018; pp. 46–49. [CrossRef]

http://doi.org/10.1109/FENDT.2018.8681985
http://doi.org/10.1016/j.ndteint.2015.05.006
http://doi.org/10.1109/WACV.2015.98
http://doi.org/10.1109/TIM.2013.2285789
http://doi.org/10.21611/qirt.2018.107
http://doi.org/10.1109/FENDT.2016.7992006
http://doi.org/10.1109/JSEN.2020.2982556
http://doi.org/10.1109/JSEN.2021.3112698
http://doi.org/10.1109/IBCAST51254.2021.9393210
http://doi.org/10.4028/www.scientific.net/AMM.278-280.856
http://doi.org/10.1109/ICRIS.2019.00033
http://doi.org/10.1109/UBMK.2017.8093511
http://doi.org/10.1109/JSEN.2017.2761858
http://doi.org/10.1109/WCICA.2018.8630525
http://doi.org/10.1109/ACCESS.2020.3007603
http://doi.org/10.1109/TITS.2021.3109949
http://doi.org/10.1109/TIM.2018.2853958
http://doi.org/10.1109/VPPC46532.2019.8952236
http://doi.org/10.1016/j.isprsjprs.2017.11.007
http://doi.org/10.22214/ijraset.2017.2063
http://doi.org/10.3390/s17020318
http://doi.org/10.19650/j.cnki.cjsi.2016.08.007
http://doi.org/10.1109/FENDT.2018.8681948


Sensors 2022, 22, 6409 24 of 25

99. Song, Z.; Yamada, T.; Shitara, H.; Takemura, Y. Detection of Damage and Crack in Railhead by Using Eddy Current Testing.
J. Electromagn. Anal. Appl. 2011, 3, 546–550. [CrossRef]

100. Wei, X.; Yang, Z.; Liu, Y.; Wei, D.; Jia, L.; Li, Y. Railway Track Fastener Defect Detection Based on Image Processing and Deep
Learning Techniques: A Comparative Study. Eng. Appl. Artif. Intell. 2019, 80, 66–81. [CrossRef]

101. Chen, R.; Shi, T.; Lv, X. Transmission Performance Analysis of Wireless Sensor Networks under Complex Railway Environ-
ment. In Proceedings of the 29th Chinese Control and Decision Conference, CCDC 2017, Chongqing, China, 28–30 May 2017;
pp. 2970–2974. [CrossRef]

102. Duan, J.; Shi, T.; Lv, X.; Li, Z. Optimal Node Deployment Scheme for WSN-Based Railway Environment Monitoring System. In
Proceedings of the 28th Chinese Control and Decision Conference, CCDC 2016, Yinchuan, China, 28–30 May 2016; pp. 6529–6534.
[CrossRef]

103. Lv, X.; Li, J.; Shi, T.; Jia, X. Topology Analysis Based on Linear Wireless Sensor Networks in Monitoring of High-Speed Railways. In
Proceedings of the 28th Chinese Control and Decision Conference, CCDC 2016, Yinchuan, China, 28–30 May 2016; pp. 1797–1802.
[CrossRef]

104. Germaine, J.T.; Whittle, A.J. Low Cost Monitoring System to Diagnose Problematic Rail Bed: Case Study at a Mud Pumping Site.
Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA, USA, 2007; p. 203.

105. Hernandez, A.; Valdovinos, A.; Perez-Diaz-De-Cerio, D.; Valenzuela, J.L. Bluetooth Low Energy Sensor Networks for Railway
Applications. In Proceedings of the IEEE Sensors, Glasgow, UK, 29 October–1 November 2017; pp. 1–3. [CrossRef]

106. Gao, M.; Wang, P.; Wang, Y.; Yao, L. Self-Powered ZigBee Wireless Sensor Nodes for Railway Condition Monitoring. IEEE Trans.
Intell. Transp. Syst. 2018, 19, 900–909. [CrossRef]

107. Nallathambi, M.M. Remote Sensor Networks for Condition Monitoring: An Application on Railway Industry. In Proceedings of
the 2017 IEEE International Conference on Electrical, Instrumentation and Communication Engineering (ICEICE), Karur, India,
27–28 April 2017. [CrossRef]

108. Kljaic, Z.; Cipek, M.; Mlinaric, T.J.; Pavkovic, D.; Zorc, D. Utilization of Track Condition Information from Remote Wireless Sensor
Network in Railways-A Mountainous Rail Track Case Study. In Proceedings of the 27th Telecommunications Forum, TELFOR
2019, Belgrade, Serbia, 26–27 November 2019. [CrossRef]

109. Punetha, D.; Tripathi, D.M.; Kumar, A. A Wireless Approach with Sensor Network for Real Time Railway Track Surveillance
System. Int. J. Eng. Trends Technol. 2014, 9, 426–429. [CrossRef]

110. Philipose, A.; Rajesh, A. Investigation on Energy Efficient Sensor Node Placement in Railway Systems. Eng. Sci. Technol. Int. J.
2016, 19, 754–768. [CrossRef]

111. Munadi, R.; Sulistyorini, A.E.; Fauzi, F.U.S.; Adiprabowo, T. Simulation and Analysis of Energy Consumption for S-MAC and
T-MAC Protocols on Wireless Sensor Network. In Proceedings of the APWiMob 2015—IEEE Asia Pacific Conference on Wireless
and Mobile, Bandung, Indonesia, 27–29 August 2015; pp. 142–146. [CrossRef]

112. Shafiullah, G.M.; Azad, S.A.; Ali, A.B.M.S. Energy-Efficient Wireless Mac Protocols for Railway Monitoring Applications. IEEE
Trans. Intell. Transp. Syst. 2013, 14, 649–659. [CrossRef]

113. Philipose, A.; Rajesh, A. Performance Analysis of an Improved Energy Aware MAC Protocol for Railway Systems. In Proceedings
of the 2nd International Conference on Electronics and Communication Systems, ICECS 2015, Coimbatore, India, 26–27 February
2015; pp. 233–236. [CrossRef]

114. Zhang, H.; Jiang, H. Research and Application on WSNs of Monitoring High-Speed Rail Infrastructure Based on ZigBee. Railw.
Comput. Appl. 2013, 22, 44–47.

115. Chomsuwan, K.; Srisuthep, N.; Pichitronnachai, C.; Toshiyuki, U. Energy Free Railway Monitoring with Vibrating Magnetostric-
tive Sensor for Wireless Network Sensor. In Proceedings of the International Conference on Sensing Technology, ICST 2018,
Sydney, NSW, Australia, 4–6 December 2017; pp. 1–5. [CrossRef]

116. Sharma, H.; Haque, A.; Jaffery, Z.A. Solar Energy Harvesting Wireless Sensor Network Nodes: A Survey. J. Renew. Sustain. Energy
2018, 10, 023704. [CrossRef]

117. Shang, Q.; Guo, H.; Liu, X.; Zhou, M. A Wireless Energy and Thermoelectric Energy Harvesting System for Low Power Passive
Sensor Network. In Proceedings of the 2020 IEEE MTT-S International Wireless Symposium, IWS 2020—Proceedings 2020,
Shanghai, China, 20–23 September 2020; pp. 2020–2022. [CrossRef]

118. Kim, S.; Bang, S.; Chun, K. Temperature Effect on the Vibration-Based Electrostatic Energy Harvester. In Proceedings of the
IEEE Region 10 Annual International Conference, Proceedings/TENCON 2011, Sanur, Bali, Indonesia, 21–24 November 2011;
pp. 1317–1320. [CrossRef]

119. Zhang, X.; Zhang, Z.; Pan, H.; Salman, W.; Yuan, Y.; Liu, Y. A Portable High-Efficiency Electromagnetic Energy Harvesting System
Using Supercapacitors for Renewable Energy Applications in Railroads. Energy Convers. Manag. 2016, 118, 287–294. [CrossRef]

120. Li, J.; Jang, S.; Tang, J. Implementation of a Piezoelectric Energy Harvester in Railway Health Monitoring. In Proceedings of the
Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace Systems 2014, San Diego, CA, USA, 9–13 March
2014; Volume 9061, p. 90612. [CrossRef]

121. Alva, G.; Liu, L.; Huang, X.; Fang, G. Thermal Energy Storage Materials and Systems for Solar Energy Applications. Renew.
Sustain. Energy Rev. 2017, 68, 693–706. [CrossRef]

http://doi.org/10.4236/jemaa.2011.312082
http://doi.org/10.1016/j.engappai.2019.01.008
http://doi.org/10.1109/CCDC.2017.7979018
http://doi.org/10.1109/CCDC.2016.7532173
http://doi.org/10.1109/CCDC.2016.7531273
http://doi.org/10.1109/ICSENS.2017.8234163
http://doi.org/10.1109/TITS.2017.2709346
http://doi.org/10.1109/ICEICE.2017.8191894
http://doi.org/10.1109/TELFOR48224.2019.8971066
http://doi.org/10.14445/22315381/IJETT-V9P281
http://doi.org/10.1016/j.jestch.2015.10.009
http://doi.org/10.1109/APWiMob.2015.7374976
http://doi.org/10.1109/TITS.2012.2227315
http://doi.org/10.1109/ECS.2015.7124899
http://doi.org/10.1109/ICSensT.2017.8304448
http://doi.org/10.1063/1.5006619
http://doi.org/10.1109/IWS49314.2020.9360000
http://doi.org/10.1109/TENCON.2011.6129021
http://doi.org/10.1016/j.enconman.2016.04.012
http://doi.org/10.1117/12.2045224
http://doi.org/10.1016/j.rser.2016.10.021


Sensors 2022, 22, 6409 25 of 25

122. Kalaagi, M.; Seetharamdoo, D. Electromagnetic Energy Harvesting Systems in the Railway Environment: State of the Art
and Proposal of a Novel Metamaterial Energy Harvester. In Proceedings of the 13th European Conference on Antennas and
Propagation, EuCAP 2019, Krakow, Poland, 31 March–5 April 2019; pp. 7–11.

123. Tianchen, Y.; Jian, Y.; Ruigang, S.; Xiaowei, L. Vibration Energy Harvesting System for Railroad Safety Based on Running Vehicles.
Smart Mater. Struct. 2014, 23, 125046. [CrossRef]

124. Zhao, X.; Wei, G.; Li, X.; Qin, Y.; Xu, D.; Tang, W.; Yin, H.; Wei, X.; Jia, L. Self-Powered Triboelectric Nano Vibration Accelerometer
Based Wireless Sensor System for Railway State Health Monitoring. Nano Energy 2017, 34, 549–555. [CrossRef]

125. Wang, J.; Shi, Z.; Xiang, H.; Song, G. Modeling on Energy Harvesting from a Railway System Using Piezoelectric Transducers.
Smart Mater. Struct. 2015, 24, 105017. [CrossRef]

126. Gao, M.; Wang, P.; Cao, Y.; Chen, R.; Cai, D. Design and Verification of a Rail-Borne Energy Harvester for Powering Wireless
Sensor Networks in the Railway Industry. IEEE Trans. Intell. Transp. Syst. 2017, 18, 1596–1609. [CrossRef]

http://doi.org/10.1088/0964-1726/23/12/125046
http://doi.org/10.1016/j.nanoen.2017.02.036
http://doi.org/10.1088/0964-1726/24/10/105017
http://doi.org/10.1109/TITS.2016.2611647

	Introduction 
	Sensing Method 
	Vibration 
	Acoustic Emission 
	Ultrasonic 
	Electromagnetic 
	Thermal Imaging 
	Visual 
	Other Detection Methods 
	Technology Comparison 

	Wireless Transmission 
	Transmission Node Settings 
	Transmission Media 
	Information Transmission 

	Power Supply 
	Solar 
	Vibration 

	Summary and Future Work 
	References

