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Abstract: The rail industry is constantly facing challenges related to safety with regard to the
detection of surface cracks and internal defects within rail tracks. Significant focus has been placed on
developing sensor technologies that would facilitate the detection of flaws that compromise rail safety.
In parallel, robot automation has demonstrated significant advancements in the integration of sensor
technologies within end effectors. This study investigates the novel integration of an ultrasonic sensor
within a robotic platform specifically for the application of detecting surface cracks and internal
defects within rail tracks. The performance of the robotic sensor system was assessed on a rail track
specimen containing sacrificial surface cracks and internal defects and then compared against a
manual detection system. The investigation concludes that the robotic sensor system successfully
identified internal defects in the web region of the rail track when utilising a 60◦ and 70◦ wedged
probe, with a frequency range between 4 MHz and 5 MHz. However, the surface crack investigation
proved that the transducer was insensitive to the detection of cracks, possibly due to the inadequate
angle of the wedged probe. The overall outcome of the study highlights the potential that robotic
sensor systems have in the detection of internal defects and characterises the limitations of surface
crack identification to assist in enhancing rail safety.

Keywords: flaw detection; rail inspection; robotic system; ultrasonic testing

1. Introduction

A statistical analysis presented by the European Union Agency for Railways (ERA)
for the years between 2014 and 2018 indicated that broken rail incidents account for almost
half of the yearly reported accident precursors [1]. Such incidents have significant impacts,
resulting in fatalities, injuries and delays [2]. Fracture mechanics studies have revealed that
rail track structural integrity is compromised by the intensive rolling pressure, bending
forces and shear stresses they are exposed to during operation [3]. Other factors that
contribute to accelerated progressive degradation include cyclic temperature differentials
induced by seasonal changes, contact with foreign bodies and undetected fabrication
defects [4,5]. Improvements in manufacturing technology have successfully reduced fatigue
crack initiation sites [6]. Also, signal-based diagnostic methods have been developed for
the purpose of detecting hunting instability incidents [7,8]. However, the ever-increasing
demand for additional rail travel has resulted in an increase in axle loads and speed, as
well as shorter rail track inspection windows [9,10].

2. State of the Art

Since the 1960s, ultrasound technology has been widely employed as a non-destructive
testing (NDT) technology to identify railway flaws [11]. Typically, sub-surface cracks are
identified by monitoring the signal strength change in reflected ultrasonic waves via
a pulser-receiver system [3]. The instruments employing such technology range from
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manual hand-held devices to automated rail cars [12]. The current industry standard
utilises fluid-filled ultrasonic wheel probe technology with piezoelectric transducers [13].
The phenomenon of propagation of ultrasonic energy in solid materials, in the form of
transverse (shear) waves and longitudinal (compression) waves, compounded with the
correlation of the wave’s confinement/transmission in the material with wavelength and its
exponential decay with depth, are the basis of all the studies related to NDT technology [14].
In 1953, the first Sperry test vehicles were introduced, supplied with ultrasonic transducers
for high-speed rail inspection systems [12]. Research dating back to the 1960s shows
extensive studies performed on wave-associated displacement profiles and wave scattering
in relation to variance in material integrity. Over the years, technology development led to
the two typical configurations of ultrasonic transducer inspection methods: the pitch-catch
and the pulse-echo. The pitch-catch configuration comprises a separate actuator and sensor,
whereas when using the pulse-echo method, the transducer acts as both the actuator and
sensor. Typically, pulse-echo transducers are applied for the detection of sub-surface flaws,
while pitch-catch transducers are used for the detection of cracks/discontinuities such as
vertical splits (parallel to the rail length) [15]. For both transducer configurations, to aid
wave transfer between the sensor and rail track, a liquid-based couplant is required.

In 1967, Viktorov proposed measuring the change in period of oscillation in the
frequency domain to determine the defect depth [16]. This approach was enhanced further
by Domarkas et al. and Hall et al., whose research facilitated the determination of defect
length via pulse time measurement [17,18]. In the research conducted by Papaelias et al., it
was concluded that defect detection is optimised when transmitting ultrasound waves at
incident angles of 0◦, 37◦, 45◦ and 70◦ [19]. This approach makes ultrasonic flaw detection
highly efficient, especially in recognising deep internal defects, particularly those located
in the rail head, web and foot regions. However, the configuration is less efficient for
identifying rolling contact fatigue defects typically located closer to the surface (<4 mm
deep) [19]. Researchers have investigated the effect of frequency during laser-generated
ultrasound. Frequency analysis studies have indicated that frequencies between 0.4 and
3 MHz used in combination with a high-order wave are suitable for the measurement
of the cold work layer and stress measurements [12,20,21]. Pecoraci et al. and Grewal
also analysed the resulting ageing process in steel and defect flaws through examining
changes in wave velocity and attenuation of high-frequency waves above 1 MHz [22,23]. In
a study by Rizzo et al., the limitation of high-frequency analysis for the application of deep
detection of flaws was identified and attributed to a lack of sensitivity at deeper defect
depths [24]. In a further study by Achenbach, it was found that frequencies of 2 MHz
are effective for defect detection to a depth of 0.75 mm. However, at lower frequencies of
150 kHz, defects can be identified at depths of 10 mm [22]. Low-frequency waves, however,
can experience a loss of resolution [25]. In particular, in a study by Bartoli et al., it was
observed that when analysing defects that measure 15% of the rail head section, reflections
are identified when using a 20–45 kHz frequency range [25].

The advancements in the data collection and subsequent data interpretation allow
for the rapid geometry detection and visualisation of wave propagation diffraction when
utilising ultrasound inspection methods [6]. Also, enhancements in sensor technology,
robotics and artificial intelligence have made the introduction of robots in the railway
industry more appealing [26].

Gowtham et al. developed an automated robotic inspection system for the application
of detecting and measuring cracks in rail tracks [26]. To date, there has only been limited
research into the novel concept of integrating sensors within robotic end effectors. One such
study that has been investigated evaluated the use of a 2D vision camera and 3D laser line
scanner to identify and locate areas requiring repair on a rail track specimen [27].

Within the context of automated sensing, this investigation integrates an ultrasonic
detection technology, Epoch™ 650, with an automated robotic system, KUKA KR 16,
specifically for the enhanced detection of railway track flaws. To provide an informed
assessment of the developed system, a comparison was experimentally performed via a
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direct manual-use system. This work is a starting point for the creation of a knowledge
repository for the enhancement of rail safety via automated railway track inspection. The
paper is organised as follows. Section 3 presents the experimental procedure. In Section 4,
the experimental results are presented. Section 5 presents a discussion on the suitability of
the system to detect flaws. Finally, in Section 6, the main conclusions from the conducted
study are presented.

3. Experimental Set-Up

In this research, an ultrasonic sensor, Epoch™ 650, was integrated within the end
effector of a KUKA KR 16 robotic system to compare its efficacy against a manual process.
To assess the performance of the novel system, sacrificial holes (internal defects) and slots
(surface cracks) were machined into a steel railway track specimen of grade R260 (Figure 1).
The sacrificial features were machined via wire electrical discharge machining, and the
flaws ran through the full height of the track (Figure 2). The details of these features are
presented in Table 1.

Figure 1. Railway track test piece.

Figure 2. Test piece scanning direction.

Table 1. Test piece features details.

Fault Type Position
(mm)

Surface
Length (mm)

Depth
(mm)

Fault Angle
(◦)

Scanning
Position

Crack 1 90 72 8 - 1

Crack 2 110 74 10 - 1

Crack 3 170 75 13 10 1

Crack 4 170 75 15 20 1

Crack 5 170 75 18 30 1
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Table 1. Cont.

Fault Type Position
(mm)

Surface
Length (mm)

Depth
(mm)

Fault Angle
(◦)

Scanning
Position

Hole 1 22 6 (Ø) Through - 2

Hole 2 62 3 (Ø) Through - 2

Hole 3 113 2.5 (Ø) Through - 2

Hole 4 156 3 (Ø) Through - 2

Hole 5 204 2.5 (Ø) Through - 2

Hole 6 246 3 (Ø) Through - 2

Hole 7 293 3 (Ø) Through - 2

The Epoch™ 650 used in this study utilises a piezoelectric transducer with an inte-
grated receiver to propagate ultrasonic energy into the specimen. The selected Angle Beam
Wedge Transducers are single-element transducers used for flaw detection and sizing. The
unit transmits a primary shear wave into a test piece and the design allows it to be easily
scanned back and forth over the inspected part. This is unlike straight-beam testing, where
the sound beam will travel at the generated angle down to the bottom of the test piece and
then be reflected upward at the same angle. In selected-angle beam testing, by moving
the probe back and forth, the sound beam will sweep across the full height of a detected
flaw. This scanning motion enables the inspection of the entire flaw either through direct
reflection from a second acoustic path (Figure 3a,b) or through a second acoustic path
(Figure 3c,d). These transducers are typically used for the inspection of welds and of cracks
on pipes, tubes, forgings, castings and machined components. They are Atlas European
Standard Transducers, designed to meet inspection criteria referenced throughout Europe,
and feature standard connectors and common frequencies. The two sensors use a 70- and
60-degree refracted shear wave (frequency range between 4 MHz and 5 MHz) and have
a near-field distance in steel of 30 mm. Before inspection, both sensors were tested using
NDT Calibration and Reference Test Blocks. The blocks used were a U8880016 2214M
5-STEP 1018 steel block and a U8880046 TB1065-1 ISO 7963 miniature steel block (ISO 7963
Ultrasonic testing).

For both the automated robotic and manual experiments, the rail specimen was studied
by running the probe along the centre of the head of the rail, specifically to investigate
the surface cracks (Figure 4a). Subsequently, the web region (Figure 4b) was scanned
for the internal defects created in the form of holes. Both scanning approaches were
carried out at a low speed in the direction observed in Figure 5. Glycerin was applied
as a couplant between the transducer and the test piece to facilitate more efficient sound
transmission and a stronger signal strength. The probe was held stationary when the
known flaws were located to allow the successive generation of data. The data collected
from the Epoch™ 650 are presented in a graphical A-Scan waveform display. The pulse
travel time is depicted in the horizontal direction, whilst the echo amplitude is depicted in
the vertical direction [28]. The system adopted allowed the amplification of the signals of
interest and manipulation of the time base to permit focusing on the area containing flaws.
Furthermore, the waveform-averaging software allowed the calculation of an average of
the successively acquired A-scans, which improved the sign-to-noise ratio on detection
of the static flaws [28]. For the automated robotic experiment, the ultrasonic probe was
located within a universal gripper housing that is compatible with the use of angled probes
(Figure 6a).
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Figure 3. Test piece scanning approach for rail track head (a,c) and web (b,d).

Figure 4. Test piece scanning approach for rail track head (a) and web (b).
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Figure 6. (a) Automated robotic testing system and (b) manual testing system.

3.1. Sensor Calibration

Calibration of the Epoch™ 650 ultrasonic flaw detector and of the angled probe was
required to identify defects within a specimen sample of the specific material. The main
test piece used for calibration was a steel test bar with machined slots across the face of the
material, perpendicular to the sample surface. The depths of the slots on the calibration
block varied from 2.5 mm to 12.5 mm. The sound velocity penetrating the material via
the transducer was set between 5850 and 5890 ms−1. In addition, the parameters of range,
frequency and damping were aligned to the R260-grade steel test piece [29].

The transducer angle of 60◦ or 70◦ was selected by measuring the thickness of the
web of the material (20 mm). Based on the literature, wedged angles less than 45◦ are
generally only used when the thickness of the metal exceeds 50 mm [29]. A calibration of
the distance gain size (DGS) function was also conducted. The calibration was conducted
by coupling the transducer to the calibration block and obtaining a reference reflection
based on known geometries and sizes within the calibration steel test bar. The EpochTM

650 then generated DGS curves based on the relevant reflection profile in the form of
level amplitude. A transfer correction value, referred to as Delta VT, was also set up to
compensate for amplitude differences from the surface variance between the calibration
block and the test sample. During the experiment, this was the basis on which the sizing
of the detected flaws was mathematically calculated. The amplitude of the echo from the
defects of the specimen sample were compared and related to the equivalent DGS curve,
obtained from the reference reflectors [28].

3.2. Experimental Procedure

For both the automated robotic and manual experiments, the rail track specimen was
positioned beneath the sensor as illustrated in Figure 6a,b. The probe scanning process
was performed at a speed of approximately 6 mm/sec. To assess the repeatability of the
experiment, each test was conducted three times.

4. Results
4.1. Surface Cracks

The experiments on the surface cracks were conducted by running the scanning probe
along the centre of the rail head, as depicted in Figure 4a. For both the automated robotic
and manual system configurations, none of the surface cracks listed in Table 1 were detected
by the 60◦ and 70◦ wedged probes at any frequency between 4 MHz and 5 MHz.
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4.2. Internal Defects

The experiments on internal defects were conducted by running the scanning probe
along the web region. For both the automated robotic and manual system configurations,
a clear distinction could be witnessed between clear regions and defect regions in the
resulting A-scan image amplitude, as evidenced in Figure 7. In Figure 7a, no signal is
present (no green spiked peak), meaning that in that specific region, there are no cracks.
Figure 7b,c both show a signal (a green distinct peak), and this is observed when using the
probe manually and when using the robotic configuration, therefore proving that cracks
can be detected both manually and automatically.

Figure 7. (a) A-Scan image, 60◦ probe, no flaw region. (b) A-Scan image, 60◦ probe, defect region,
manual configuration. (c) A-Scan image, 60◦ probe, defect region, robotic configuration.

Importantly, in both the manual and robotic configurations, all the defects were
identified by a clear change in signal; specifically, higher amplitudes were observed in
regions with defects. The Epoch™ 650 system compared the signal amplitude obtained via
the calibration data and identified the corresponding depth of the defect. This confirmed
the effectiveness of both systems in successfully detecting the hole defects by scanning
along the web region.

After running the full cycle of tests for both configurations, all DGS data were recorded.
Results generated for holes of the same size were clustered to assess repeatability and
statistical significance. Internal defects were clustered as holes with a diameter of 2.5 mm,
3 mm and 6 mm.

A One-Sample T-test was conducted to compare the mean sample defect size data
of each system configuration (manual 60◦ wedge, robotic 60◦ wedge, manual 70◦ wedge
and robotic 70◦ wedge) against the actual defect size. Also, the standard deviation, mean
and two-sided probability value (p-value) were also calculated. For the manual system
measurements, correlations to the actual defect sizes were obtained for all hole sizes when
using both angled wedged probes. For the robotic system measurements, correlation to the
actual defect size was only witnessed on the 3 mm hole cluster when using the 60◦ wedged
probe. However, when using the 70◦ wedged probe, all hole sizes were correctly identified.
The subsequent p-value (set at 0.05) statistical analysis of the mean values obtained from
the experiments concluded that all internal defect measurements corresponded well to
the actual values. This confirmed that the size characterisation of internal defects was
attainable by both the robotic and manual system, with the robotic system showing slightly
less consistency and accuracy when adopting the 60◦ wedged probe.

Figure 8 displays the T-test analysis comparing the mean DGS values from the man-
ual and automated configurations when utilising the 60◦ and 70◦ probes independently.
Marginally lower variance was witnessed between the manual and robotic configurations
when analysing the 2.5 mm and 3 mm defects with the 70◦ probe. In particular, the resultant
p-value exceeded the 0.05 level of significance, as displayed in Table 2. However, for the
6 mm defect, the difference between the two probes was indicated as being significant in
both systems, as shown in Table 2. Overall, the accuracy for both the robotic and manual
configurations was higher when using the 60◦ and 70◦ wedged probes to analyse the
2.5 mm and 3 mm defect sizes.
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Figure 8. Comparison of the mean DGS reading from all experiments (blue—Manual 60◦; green—Robotic
60◦; orange—Manual 70◦; purple—Robotic 70◦; dots—2.5 mm; vertical lines—3 mm; horizontal
lines—6 mm).

Table 2. Independent T-test data for 2.5 mm, 3 mm and 6 mm.

Study Mean Defect Size STD. Deviation p-Value

For the 2.5 mm defect

Manual 60◦ 2.613 0.118 0.124

Manual 70◦ 2.515 0.082 0.124

Robotic 60◦ 2.257 0.176 0.101

Robotic 70◦ 2.423 0.141 0.101

For the 3 mm defect

Manual 60◦ 3.028 0.046 0.066

Manual 70◦ 2.995 0.035 0.066

Robotic 60◦ 2.893 0.175 0.952

Robotic 70◦ 2.884 0.494 0.952

For the 6 mm defect

Manual 60◦ 6.323 0.147 0.008

Manual 70◦ 5.847 0.081 0.008

Robotic 60◦ 4.740 0.316 0.001

Robotic 70◦ 6.557 0.235 0.001

The second dependent variable that was compared was the recorded sound path,
which indicates the depth and location of the internal defect. An Independent Samples
T-test analysis comparing the manual and robotic configurations for the 60◦ and 70◦ probes
separately indicated that there was no significant difference for this parameter in the
2.5 mm and 3 mm defect categories, as well as for the readings obtained by the 60◦ probe
for the 6 mm hole (Figure 9). The only significant difference observed was for the 70◦ probe
in the 6 mm defect category. These results further confirm the comparability between the
manual and the robotic system. In conclusion, the overall results of the study show the
high potential of the robotic system coupled with the ultrasonic flaw detector system for
rail defect detection and localisation.
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Figure 9. Comparison of the mean sound path DGS from all experiments (blue—Manual 60◦;
green—Robotic 60◦; orange—Manual 70◦; purple—Robotic 70◦; dots—2.5 mm; vertical lines—3 mm;
horizontal lines—6 mm).

5. Discussion

This study presents additional insight into the potential of railway track flaw detection
through the use of robotics for the application of enhanced rail safety. Initial results
generated for the surface crack study demonstrated that the transducer was insensitive
to the detection of surface cracks. This observation can be supported by the investigation
by Kurokawa and Inoue, who concluded that when using conventional probes, high
frequencies in the range of 5 MHz result in a higher resolution. Shorter wavelengths
increase the sensitivity of the system to any small inhomogeneity, such as the rough
surface of the cracks or crystal grains in the material [30]. Therefore, as the tests within
this investigation were performed using a frequency between 4 MHz and 5 MHz, this
could have been a plausible explanation for increased wave scattering, thereby resulting
in poor data-capture performance. However, previous studies have demonstrated that
using a wedged probe compensates for increased scattering by providing a delay line
and an angled incident wave [31]. Although wedged probes were used within this study,
the results demonstrate that the both the automated robotic and manual systems are not
appropriate for surface crack detection.

The underlying cause of these adverse results is substantiated by studies indicating
that conventional ultrasonic testing is very challenging when used as a tool to inspect cracks
close to the surface. This is due to the existence of an area referred to as the ‘dead zone’.
Defect-deflected echoes located a few millimetres in front of the transducer were found to
be overshadowed by disturbing signals caused by the piezoelectric element ringing inside
the transducer [32]. Anandika mitigated this issue by adopting a wedged phased-array
technique [31]. Unlike a conventional ultrasound’s single fixed-angle element (determined
by the wedge), the advantage associated with the array phase system is that it utilises
beam steering to create beams at multiple angles, allowing multi-angular defect testing
via a single probe [33]. In this way, the location of the noise signals with respect to the
surface defect position shifts, thereby increasing the probability of detection of the surface
anomalies. Furthermore, it offers the advantage of a far more effective spatial sampling
frequency, thereby increasing the scanning efficiency [31]. Considering these findings,
repeating the investigation with a 90◦ wedged probe might result in a different outcome.
The angle of inclination of the wave would generate a surface wave, producing a stronger
reflected echo from the surface defects, which suppresses the unwanted modes in the ‘dead
zone’ [34].

The investigation of the web region of the railway track confirmed that both the auto-
mated robotic and manual systems could successfully detect internal defects in the form of
holes ranging from 2.5 to 3 and 6 mm. Furthermore, low variance was observed between
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the sacrificial defect size and the mean DGS measured by both configurations. The findings
related to the manual system suggest that the flaw detector with set parameters provided a
reliable means for measuring the defect size. The proposed robotic configuration, specifi-
cally with the 70◦ wedged probe, was also found to be effective at accurately measuring
the defect size. Furthermore, the mean DGS readings were also similar to those generated
by the manual system. Extending the study to measure a range of defect sizes in different
orientations, and scanning in different directions, would provide further insight into the
effectiveness of the proposed robotic system for use in scanning actual rails.

Characterisation data obtained via the 60◦ and 70◦ wedged probes for the manual and
robotic configurations demonstrated consistency (Table 2). Any variances observed could
be attributed to human error, primarily skill-based errors, which further demonstrates
the enhanced consistency that can be obtained from automated robotic systems. During
the manual experiment, it was observed that the highest peak values fluctuated easily
with the slightest shift in movement. The difference in screening speed over the rail was
another variable which could have caused measurement discrepancies. However, this was
mitigated by adopting a programmed path in the robotic system which moved at a constant
slow speed. The robotic system offered this advantage over the manual system.

Another successful parameter for which the robotic system was found to be equivalent
to the manual configuration was the measurement of internal defect depth/surface distance.
Sound path data generated for the localisation of the defects were mostly comparable for
both configurations. This similar performance of both experimental set-ups offers signifi-
cant potential for future testing and the development of detection systems. The literature
suggests that the key challenge when using the ultrasound measuring system is the con-
stant need to maintain contact with the couplant and with the rail specimen [27]. However,
with the introduction of automation and robotics, the possibility of improper contact was
negligible, since the motion system was calibrated and the trajectory was programmed,
offering a marginal possibility of error (<0.9 mm). Furthermore, the possibility of human
error was also reduced.

6. Conclusions

Within the context of automated sensing, this investigation integrates the novel in-
tegration of an ultrasonic detection technology, Epoch™ 650, within the end effector of
a KUKA KR 16 robotic system specifically for the application of the enhanced detection
of railway track flaws. To provide an informed assessment of the developed system, a
comparison was performed via a manual system. The main conclusions derived from the
study are the following:

• Both the manual and robotic configurations were proven to be ineffective at detecting
surface crack defects when employing the 60◦ and 70◦ wedged probe.

• Both configurations were effective at detecting internal rail defects, perpendicular to
the direction of the propagated incident ultrasonic wave, located in the web region of
the rail.

• The characterization of internal defects by the robotic system with a speed of 6 mm/s was
comparable to the actual defect size and to the values attained by the manual approach.

• Depth and location measurements of the internal flaws were shown to be comparable
for both systems.

This research was focused on the hypothesis that automation is viable for detecting
flaws on rail tracks. Future research should now focus on the design of end effectors that
can accommodate multi-transducers for increased ultrasonic testing. In addition, an end
effector design that can accommodate a phased-array (PA) transducer should be studied.
Compared with single-element systems, the PA uses a total focusing method (TFM) that
provides full matrix capture (FMC). This would make the mapping of tracks much easier
and more accurate than with traditional ultrasonic equipment.
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