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A BS TR AC T

This paper presents an experimental prototype 
developed for rail flaw imaging. This capability 
can help obtain quantitative information on 
detected flaws during manual flaw verification. 
Ultrasonic synthetic aperture focus (SAF) imaging 
has advantages over phased-array imaging for both 
speed and accuracy. The prototype developed is 
hosted in a portable and battery-powered carry-on 
size case. The probe is a linear ultrasonic array 
mounted on a wedge and with a position encoder to 
build 3D point clouds from 2D beamformed images. 
The prototype includes several advances over the 
basic SAF technique, including sparse subarray 
firing that allows fast imaging speeds (e.g., 25 Hz) 
without sacrificing image accuracy. Validation results 
are presented from scans performed on rail sections 
from the FRA rail defect library, which contains 
natural transverse defects and artificial end-drilled 
hole defects. The tests showed good accuracy in 
defect size and shape, as compared to the available 
ground truth information, for defects located away 
from the railhead corners. Additional developments 
are required to properly cover the head corners, and 
especially in the case of heavily worn rails. 

KEYWORDS: nondestructive testing, ultrasonic imaging, 
synthetic aperture focus, SAF, phased arrays, rail flaws 

Introduction
Internal rail flaws are a significant cause of train accidents. 
According to FRA’s Safety Statistics data shown in Figure 1, in 
the past five years (2018–2022) detail fractures were responsi-
ble for as many as 222 derailments and damage cost of US$79 
million (the highest cost of any other cause within the category 
of Track, Roadbed, and Structures). Transverse/compound 
fissures (TF) were responsible for 77 derailments and US$21 
million in damage, and vertical split head (VSH) defects 
caused 83 derailments and ~US$20 million in damage. These 
three defects combined, therefore, caused as many as ~80 
derailments per year and ~US$25 million in damage per year. 
The detection and quantification of these flaws is clearly of 
importance to railroad safety and efficiency. 

The current manual verification of detected flaws consists 
of a simple ultrasonic pulse-echo test conducted using a 
handheld ultrasonic transducer with a wedge that is manually 
moved around the flaw in attempt to estimate the flaw size 
through a –6 dB threshold technique (Lanza di Scalea 2007). 
This process yields rail flaw sizing results that are highly sub-
jective to the operator’s judgement. An improved flaw verifi-
cation would allow the generation of 3D ultrasound images of 
the internal flaw for an objective determination of flaw size and 
orientation. Knowledge of the correct flaw size can inform the 
most appropriate remedial actions, which can largely reduce 
the cost of rail maintenance and improve safety. 

Current OEM portable systems exist for manual flaw 
imaging in structural components using ultrasonic techniques. 
These systems are based on phased array (PA) technology 
(Witte and Poudel 2016). As schematized in Figure 2, in PAs 
the transmission is sent to all channels that are appropri-
ately delayed for physical focusing and steering at various 
depths. This means that (a) the PA hardware is fairly compli-
cated because of the multiple digital-to-analog (D/A) output 
channels required; (b) the PA imaging speed is limited by the 
need to physically focus at different locations in the medium; 
and (c) the classical PA beamforming is only achieved in trans-
mission through focused beams, which limits the lateral reso-
lution. Conversely, synthetic aperture focus (SAF) techniques 
have been considered for defect imaging for various benefits 
over the PA methods (Drinkwater and Wilcox 2006). In a tradi-
tional SAF scheme, the transmission is sent to a single channel 
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at a time, and the focusing is done in post-processing both in 
transmissions and in receptions (two-way synthetic focusing) 
(Flaherty et al. 1967). This means that (a) the SAF hardware 
can be much simpler since only a few D/A output channels 
are required; (b) the SAF imaging speed can be increased 
by limiting the output channels; and (c) the SAF focusing is 
achieved in both transmission and reflection, leading to better 
resolution in a large inspection area. 

It should be also mentioned that modern PA technology 
is utilizing elements of SAF in the ability to focus in reception 
through time backpropagation delay laws. 

The objective of this paper is to present an experimental 
prototype system for 3D imaging of internal rail flaws using 
ultrasonic SAF techniques. An improved SAF beamforming 
scheme is proposed based on sparse subarray firing to provide 

high-contrast images in quasi real time (Huang and Lanza di 
Scalea 2022). A sophisticated post-processing routine is devel-
oped to enable automatic rail flaw quantification without the 
user’s judgement. The prototype’s hardware is packaged in a 
battery-powered storage case for portability and ruggedness. 
Validation tests were performed on a number of flawed rail 
sections from the FRA rail defect library managed by MxV Rail 
(formerly TTCI). The flaw images generated by the imaging 
prototype showed a good match compared to the ground 
truth established from rail break tests, especially in the case of 
natural transverse-type defects. 

The SAF Imaging Prototype
A portable imaging prototype was designed, assembled, and 
tested to enable handheld ultrasound imaging of rail flaws 
based on an enhanced SAF technique. As shown in Figure 3a, 
the hardware components of the imaging prototype were 
a multiplexer, a 12 V battery, a host computer, and a probe 
comprised of a transducer array, a wedge, and an encoder 
wheel. All the hardware components were screw fixed inside a 
carry-on size storage case. The multiplexer (a high-speed data 
acquisition system) that allowed multichannel data acquisi-
tion controlled the pulsed emission and reception to/from the 
array. A 12 V battery was used to support the multiplexer for up 
to 8 h of autonomous operation. The probe was composed of 
a transducer array, a shear wedge, and an encoder, as shown 
in Figure 3b. The transducer was a 64-element longitudinal (L) 
wave linear array with a central frequency at 2.25 MHz. The 
array was attached to a 55-degree wedge to generate direc-
tional shear (S) waves in the rail steel. The encoder recorded 
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Figure 1. Examples: (a) FRA 
safety statistics data for all 
track, roadbed, and structures 
(2018–2022); (b) detail 
fracture (DF); (c) transverse 
fissure (TF); and (d) vertical 
split head (VSH). 

DF TF

VSH

All channels in transmission
with applied time delays

(physical focusing in transmission)

Complicated and expensive hardware
Slow imaging through focused scans

Selected channels in transmission
(synthetic focusing in both

transmission and reception)

Simpler hardware
Fast imaging possible through subarrays

PA SAF

Figure 2. Ultrasound imaging technology: (a) conventional phased arrays vs.  
(b) synthetic aperture focusing. 
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the transverse position of the probe when scanned on the 
rail surface, with a resolution of 16 counts/mm. The encoder 
allowed the system to create 3D images from the individual 
2D scans. The array was coupled to the wedge using conven-
tional ultrasonic gel couplant. The couplant was also applied 
at the wedge/rail interface to compensate for the impedance 
mismatch. A graphical user interface (GUI) platform was devel-
oped on a standard commercial laptop with a GPU available 
for parallel computation. All steps of the signal processing algo-
rithms were programmed and automated in the GUI platform, 
which enabled flexible configuration and result analysis for the 
user’s convenience. As shown in Figure 3c, during testing the 
user simply moves the probe on the surface of the rail section, 
and 3D images of the scanned area are displayed in quasi real 
time in the GUI. 

Specific features of the image reconstruction algorithms 
that were developed and implemented in the prototype are 
discussed in detail in the following subsections. 

Time Backpropagation Beamforming with a Transducer 
Wedge
The time backpropagation algorithm (also known as 
delay-and-sum or DAS algorithm) is widely used in SAF 
imaging (Jensen et al. 2006). Dynamic focus is achieved both 
in transmission and in reception by considering the ray path 
connecting the transmitting transducer element, the focus 
point, and the receiving transducer element. An image is 
built by summing the backpropagated signals through all 
transmitter-receiver pairs of the transducer array. Considering 
transmitters i = 1, 2,…, M and receivers j = 1, 2,…, N, the DAS 
beamformed SAF image is constructed as: 

  (1)     I (y, z)  =  ∑ 
i=1

  
M

   ∑ 
j=1

  
N

   A  ij   ( τ  ij,yz  )    

where 
the time of flight (TOF)   τ  ij,yz    is the propagation time of the 

ray path from the transmitter Ti(yi, zi) to the focus pixel 
P(y, z) and back to the receiver Rj(yj, zj). 

Ultrasonic array
 (2.25 MHz, 64 elements)

Wedge
(55° shear wave)

Encoder
(16 counts/mm)

Case

Case

Battery
Multiplexer

Probe holder
(array+encoder)

Laptop computer
(MATLAB GUI)

Data

Data
Power

Laptop GUI

Handheld probe

Scan direction

Figure 3. Portable imaging 
prototype: (a) main 
components; (b) array-
wedge probe; (c) prototype 
during scanning of a rail 
section in the laboratory. 

 J A N U A R Y  2 0 2 4  • M A T E R I A L S  E V A L U A T I O N 53

2401 ME January.indd   532401 ME January.indd   53 12/20/23   8:01 AM12/20/23   8:01 AM



Notice that the transmitter i can be a virtual source instead 
of a physical element if a subarray emission is considered 
(Lockwood et al. 1998). When a wedge is interposed between 
the transducer array and the test piece (as in the present case 
of the rail flaw imaging prototype), the wave path in the wedge 
must be taken into account in the beamforming algorithm. 
Referring to Figure 4, following Snell’s law, the new backpropa-
gation TOF can be calculated by finding the point of refraction 
at the wedge-medium interface (Sternini et al. 2019a, 2019b). 
Considering the fact that, in general, both L-waves and S-waves 
can propagate in the test medium, where only L-waves can 
be considered in the wedge, there exist, in general, up to four 
wave mode combinations that can be theoretically utilized for 
imaging. Accordingly, the backpropagation time   τ  ij,yz    for each 
of the possible wave mode combinations can be calculated as:

  (2)       τ  ij,yz     LLLL,  LLSL, LSLL,LSSL  =   
 d  i,yz  L (1)  

 _ 
 c  w  L  

   +   
 d  i,yz  L,S (2)  

 _ 
 c  m  L,S 

   +   
 d  j,yz  L,S (3)  

 _ 
 c  m  L,S 

   +   
 d  j,yz  L (4)  

 _ 
 c  w  L  

   

where 
LLLL is <L-wave transmitted in wedge + L-wave refracted in 

medium + L-wave reflected in medium + L-wave received 
in wedge>, 

LLSL is <L-wave transmitted in wedge + L-wave refracted in 
medium + S-wave reflected in medium + L-wave received 
in wedge>, 

LSLL is <L-wave transmitted in wedge + S-wave refracted in 
medium + L-wave reflected in medium + L-wave received 
in wedge>, 

LSSL is <L-wave transmitted in wedge + S-wave refracted in 
medium + S-wave reflected in medium + L-wave received 
in wedge>, 

  c  m  L,S   is the L-wave or S-wave velocity in the medium, 
  c  w  L    is the L-wave velocity in the wedge, and 
  d  i,yz  L (1)   ,   d  i,yz  L,S (2)   ,   d  j,yz  L,S (3)   , and   d  j,yz  L (4)    are the corresponding propa-

gation distances of each ray path segment as identified in 
Figure 4. 

It was previously shown that the compounding of multiple 
wave modes can dramatically increase the array gain (Lanza 
di Scalea et al. 2017; Sternini et al. 2019a, 2019b). In this paper, 
only S-waves are considered in the rail steel because of the use 
of the shear wedge that maximizes S-wave refractions. 

In order to generate the final image, the raw waveforms 
are analyzed via their Hilbert transform (analytical repre-
sentation) as customary in SAF (Frazier and O’Brien 1998). 
Specifically, each waveform is decomposed into its in-phase 
and phase-quadrature components, and the final image is built 
by computing the modulus of these two contributions at each 
pixel P(y, z). 

Sparse SAF and Emission Using Subarrays
The general SAF scheme in full matrix capture (FMC) mode 
requires emitting from each individual element of the trans-
ducer array sequentially (one channel at a time) with the full 
aperture acting in reception for each transmission. However, 
utilizing all possible transmissions slows down the imaging 
process and increases the computational burden. That is why, 
particularly so in the medical imaging field, “sparse” trans-
mission schemes are being considered to increase imaging 
speed without sacrificing image quality (Karaman et al. 1995). 
Since imaging speed is inversely proportional to the number 
of transmissions, the sparse SAF technique utilized in the rail 
flaw imaging prototype employs only a subset of all possible 
transmission events. In order to compensate for the limited 
energy transmissible by a single element at high frame rates, 
multiple elements (a subarray) are fired at once (Lockwood 
et al. 1998). As shown in Figure 5a, for example, an 8-element 
array only transmits three defocused circular waves using 
3-element subapertures to replace eight consecutive firings 
of each element. In each transmit event i, the acoustic field 
of the phased subaperture elements superimposes a circular 
wavefront such that the transmission of the 3-element sub-
aperture can be modeled as a virtual element (point source) 
placed behind the physical array. In the transmit beamform-
ing, a virtual element array substitutes the physical transmit 
subapertures in the consideration of the DAS ray paths. As 
shown in Figure 5b, each transmit beam can be properly time 
delayed by calculating the ray path connecting the virtual array 
element and the focus point P, so that the three transmitted 
wave fronts are compounded coherently at an on-axis focus. By 
adjusting the time delays, the synthetic focus can be achieved 
at any point in the region of interest (ROI), such as an off-axis 
location in Figure 5c. The ability to dynamically focus the 
defocused beams at various locations ensures an acceptable 
resolution of the SAF images throughout the ROI. This is par-
ticularly important for the imaging of rail flaws since the size of 
the transverse-type defects can be fairly large compared to the 
physical aperture of the array, thus occupying the full height 
of the ROI. For the 64-element array in the imaging prototype, 
the authors have found that using eight, 17-element subarrays 
with a 9-element-wide pitch between virtual elements (the first 
and last firings have to discard part of the subaperture that is 
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Defect

Transducer array

Medium

Wedge

Rj (yj, zj)
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Figure 4. Ray tracing scheme connecting one virtual transmit element 
Ti, the focal point P, and one receiver element Rj. 
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beyond the physical array element numbers) is a reasonable 
compromise between imaging speed and image quality (reso-
lution and signal-to-noise ratio [SNR]).

Quasi Real-Time Rail Flaw Image Display in 3D
The prototype includes a GUI that has been specifically 
designed for the rail flaw imaging application. After the setup 
configuration of the multiplexer, the user starts the scanning 
process by moving the probe along the transverse direction 
of the rail (perpendicularly to the imaging Y-Z plane). The 
parallel computation capability of GPU in the host computer 
achieves quasi real-time beamforming of the SAF images with 
a frame rate of ~25 Hz using an eight-transmission modality 
(Martin-Arguedas et al. 2012). The frame rate limit in the 
system comes from the data transmission and conversion 
hardware. The theoretical frame rate limit is much higher. As 
shown in Figure 6, the quasi real-time 3D point cloud display 
is created by compounding the beamformed 2D images at 
each transverse position tracked by the encoder. The raw 2D 
SAF image slices are displayed using a –30 dB threshold while 
the 3D display highlights only the pixels with intensity above 
the –15 dB threshold. To distinguish image slices of different 
signal strengths in the volumetric compounding, each 2D 
image is normalized by the maximum intensity value in the 
total collection of 3D pixels. Such a normalization process 
calibrates the decibel levels of “noised” image slices to those 
images with a strong reflection, suppressing any noise-only 
pixels between different image slices. In the 3D display, the 
algorithm performs this normalization adaptively by retain-
ing the maximum intensity value from the previous 2D image 
and updating it if a larger maximum value is obtained. Notice 
that the temporary display of the 3D point cloud is only for an 
initial visualization of any strong reflections, including artifacts 
that could affect the final size estimation. A post-processing 
algorithm is needed to extract accurate quantitative informa-
tion regarding a possible internal flaw. 

Post-Processing of Volumetric SAF Images
Post-processing algorithms have been developed to further 
analyze the volumetric SAF images in order to extract the final 
size and shape of the flaw. The flowchart illustrating the steps 
taken in post-processing is shown in Figure 7. Referring to the 
schematic on the upper right, the SAF image slices are beam-
formed in the vertical plane, while the final plane of interest 
is the transverse plane. To prepare for image processing, the 
point cloud is first resized to high resolution through bilinear 
interpolation and converted from the decibel level (–40 to 
0 dB) to an 8-bit grayscale, as shown in Figure 7a with two 
sample slices both in the vertical plane and the transverse 
plane. The volumetric image first goes through a coupled 
dilation-erosion operation, where the intensity of each pixel 
is first increased and then decreased based on the inten-
sity distribution of the neighboring pixels in 3D. As shown 
in Figure 7b, the coupled morphology process blurs the void 
between the grating lobes that are caused by Rayleigh diffrac-
tion limit of the beamformed ultrasonic waves. Following the 
dilation and erosion operation, the volumetric image is flat-
tened to an identified noise level through filtering techniques, 
as shown in Figure 7c. Each transverse plane slice is low-pass 
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Figure 5. Subarray SAF technique for faster and more accurate images: (a) three defocused waves defined by the virtual elements are emitted 
independently by subarrays. Beamforming in transmission is performed by applying time delays corresponding to a synthetic focus on point P 
either at (b) on-axis positions or (c) off-axis positions. 
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filtered and then subtracted from the original slice to flatten 
the noise “phantoms.” From the sample slice in the vertical 
plane, the smoothing process does not change the intensity 
of the main lobe response. Since the noise floor is identi-
fied in each transverse plane, the volumetric intensity map 
can finally be projected onto the transverse plane such that 
the high intensity pixels are coherently added up, while the 
lower intensity pixels remain at their intensity levels. Shown 
in Figure 7d, after converting the grayscale image to decibel 
levels, the example transverse defect is finally identified with a 
high contrast. 

At this point of the processing, it is necessary to isolate the 
flaw from the background image. The critical step to highlight 
the edge of the flaw is to apply a decibel level threshold and 
convert the intensity map into a binary map. Typically, the 
threshold is chosen as –15 dB for a ~30 dB dynamic range SAF 

image, but the value should be adaptive to various circum-
stances such as defect orientation, reflectivity, SNR, and so 
forth. In this paper a dynamic threshold level is determined 
through the following empirical equation:

  (3)     Threshold = a + b * cos ( θ  defect  )  + c * noise 

where 
{a, b, c} are empirical constants calibrated from ground truth 

results from known flaws, 
θdefect is the incident angle of the acoustic beams on the flaw, 

and 
noise is the decibel level of the background phantom deter-

mined in the flattening process. 

To find the incident angle θdefect, the algorithm first 
approximates the tilted angle φ of the flaw using the initial 3D 
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visualization by projecting the 3D cluster on arbitrary inclined 
transverse planes and finding the angle of the tentative plane 
that results in the maximum area of the defect. The incident 
angle is then computed by considering the geometric rela-
tionship between the broadside of the refracted acoustic 
beams and the defect inclination φ. As an example, consider 
a 30 dB dynamic range tomography of a sample transverse 
defect with an estimated inclination φ = 20°. The resulting 
incident angle θdefect using the 55° shear wedge is 15°. A rea-
sonable set of empirical constants is therefore a = 1.5, b = 
–2, and c = 0.5 to obtain a threshold of –15.4 dB. When the 
incident angle is small, it is appropriate to increase the search 
range in the decibel levels since the defect gives a good 
reflection to the array (higher contrast image), which results 
in a negative value of b. The additional consideration of 
noise level gives a second chance of energy level adjustment 
according to the image SNR. 

The final binary defect image is shown in Figure 7e. 
Typically, for a single flaw present in the scanner area, a 
good SNR in SAF imaging results in only one cluster of pixels. 
However, as in the case of Figure 7e, a less than ideal SNR 
may result in artifacts that still need to be segmented out 
before the final estimation of the flaw size. For this purpose, 
the algorithm further segments the 3D point cloud using 
the k-means clustering algorithm by calculating a minimum 
Euclidean distance between pixels to form identified clusters. 
The minimum Euclidean distance is set to 1.4 mm (S-wave 
resolution in steel) to differentiate between different clusters 
of pixels, and the clusters are arranged in descending order 
per area. To account for cases of multiple separate flaws 
within the same scanned area, the GUI includes the possi-
bility to investigate each individual cluster if the secondary 
clusters are worthy of attention. 

Experimental Results
Validation of the rail flaw SAF imaging prototype was per-
formed on flawed rail sections from the FRA defect library 
managed by MxV Rail. Some of the test sections con-
tained natural rail defects, while others contained artificial 
defects. Following the scanning by the prototype at UCSD 
Experimental Mechanics & NDE Laboratory, each test rail 
section with natural defects was broken by MxV Rail person-
nel to establish the “ground truth” from visual observation of 
the flaws. Following the initial validation, some parameters in 
the SAF post-processing algorithms were optimized to better 
match the ground truth. 

Figure 8 shows the final images obtained by the SAF 
imaging prototype for three natural defects from three FRA 
rail sections compared to the corresponding ground truth 
pictures after the rail breaks. Figure 8a shows the case of a 
natural transverse defect (TD) in a weld. In this case, the 
size and shape of the defect are perfectly imaged by the SAF 
system, with a size error as low as –2.3%. This example, there-
fore, shows an ideal case of a strong reflector (large SNR of 
the ultrasonic reflections) and located in a region that allowed 
good contact between the wedge and the rail surface during 
manual scanning. Figure 8b shows the case of a void defect 
in the welded region of another rail section. The ground truth 
picture shows a clear indication of the void with the oxidized 
boundary. However, compared to the first case of the TD, 
the void defect is a slightly weaker reflector of ultrasound. In 
the raw SAF images for this case, the noise level is as high as 
–25 dB, and some areas of the reflection from the weld may be 
mistaken for the defect in the initial 3D point cloud display. 
However, as shown in Figure 8b, the post-processing routine 
described in the previous section successfully isolates the 
void reflector with a final defect area estimation only differing 
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from the ground truth by 3%, with a similarly good match in 
defect shape. Figure 8c shows the case of a natural TD located 
in the upper right corner of the railhead. This case highlights 
the difficulty in scanning defects located under highly curved 
surfaces such as the head corners. In this case, it is impos-
sible to maintain good wedge-rail contact throughout the 
entire scan. As a consequence, the SNR of the SAF reflections 
degrades close to the head corners, making these regions effec-
tively “blind” to the scanning. Due to the contact limitation, 
the final image of Figure 8c only shows about half of the defect, 
resulting in a severe underestimation of the defect size.

Figure 9 shows the validation results for four cases of arti-
ficial defects (end-drilled holes or EDHs) in the FRA defect 
library. In these cases, the ground truth is obtained from CAD 
drawings of the holes. Figure 9a shows an EDH in the railhead 
corner. Due to the aforementioned difficulty to maintain a 
good wedge-rail contact, the ROI cannot fully cover the corner 
defect, resulting in the expected size underestimation. When 
the EDH is in the middle of the railhead, as in Figure 9b, the 
SAF imaging results in a good match to the ground truth. In 
the absence of other explanations, the “leakage” of the SAF 
image at the bottom of the EDH is likely to be a secondary 
crack growing from the corner of the drill bit. Figure 9c shows 
an EDH in a heavily worn rail section. In this case, the wedge-
rail contact is further compromised by the highly curved 
surface, resulting in a severe underestimation of the defect 
size. Finally, Figure 9d shows an EDH in a worn section with a 
sharp corner on the head surface. This is an extremely unideal 
case, since the scanning process has to stop before the probe 
reaches the corner to avoid complete loss of signal. It is com-
forting to see that even in cases of reduced ROI due to the rail 
corner curvature, the portion of the defect that is successfully 
scanned shows a good match with the corresponding portion 
of the ground truth holes. 

Discussion and Conclusion
SAF techniques are the new front in ultrasonic imaging of 
internal discontinuities because of their potential for accurate 
and fast imaging. This paper has presented a portable proto-
type based on SAF techniques applied to the 3D imaging of rail 
flaws. This tool can improve the outcome of the manual verifi-
cation of rail flaws by resulting in objective flaw size and shape 
that can then inform the most appropriate remedial actions. 
The prototype is hosted in a ruggedized carry-on size case and 
is battery powered for autonomous operation. The sensing 
probe consists of a linear ultrasonic array that is mounted on 
a wedge and includes a position encoder to build 3D images 
from 2D SAF slices. The beamforming algorithm tracks the ray 
paths of the ultrasonic waves through the wedge and utilizes 
sophisticated subarray sparse firing to increase imaging speed. 
Currently, high-contrast images can be obtained at a frame rate 
of 25 Hz, although higher speeds can be obtained (if necessary) 
by further reducing the number of firings at the expense of 
image quality. Special post-processing algorithms are utilized 
to reduce the 3D point cloud into a result that can lead to the 
final size and shape of one (or multiple) flaws present in the 
scanned ROI. 

The imaging prototype was tested on rail sections contain-
ing both natural and artificial flaws from the FRA rail defect 
library managed by MxV Rail (formerly TTCI). The testing 
allowed the authors to refine some control parameters of the 
imaging system to find the best match to the ground truth. 
Good results, in terms of both flaw size and flaw shape, were 
obtained in the presence of natural TDs and EDHs if the 
defects were located some distance from the railhead corners. 
When instead the defects were located underneath the head 
corners (and particularly so in the presence of heavy head 
wear), the curvature of the surface adversely affected the 
wedge-rail contact, effectively reducing the scanned ROI. In 
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Figure 9. Validation tests. 
SAF images of artificial 
rail flaws (end-drilled 
holes [EDHs]) and their 
corresponding ground truth 
circles: (a) EDH in railhead 
corner; (b) EDH in middle 
of railhead; (c) and (d) EDH 
in heavily worn railhead 
corner.
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these cases, therefore, only a portion of the flaw could be suc-
cessfully scanned, resulting in an underestimation of flaw size. 

Further work should be devoted to adapting the sensing 
probe to enable scanning on curved surfaces, which could 
be accomplished using either conformable wedges or fully 
stretchable and flexible transducer arrays, as recently demon-
strated by one of the authors and collaborators (Hu et al. 2018). 
This is an area of open research.

While the primary goal of the present research is to 
improve current hand verification techniques for rail flaws, 
the fast SAF technique introduced here could also be imple-
mented in motion. Possibilities for in-motion imaging could be 
a walking-stick wheel or even an inspecting hi-railer vehicle, 
although important issues such as fast image data interpreta-
tion and full rail coverage (probably requiring multiple arrays 
simultaneously) would have to be addressed. 
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