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ABSTRACT Magnetic Field Leakage (MFL) is one of the prominent methods used to detect rail top surface
cracks. However, it has been shown that detecting narrow rail top cracks is a major challenge because of their
weakmagnetic leakage fields. This paper proposes a method to enhanceMFL signals by usingmagnetic field
concentration sheets. First, a simulation model of a cylindrical magnet is designed to analyze the stability
of magnetic concentration effects in a uniform magnetic field environment with sheets of different sizes and
types. Next, the simulation process is extended to investigate the effects of the magnetic concentration sheets
on the leakage fields resulting from rail cracks. Meanwhile, a magnetic circuit model is built to analyze the
magnetic field concentration mechanism. To validate the proposed method, a data acquisition system and
an inspection trolley equipped with a magnetic field concentrating sheet are designed to detect artificially
produced cracks on a rail top surface. Experimental results show that the proposed method can enhance the
magnetic leakage field strength resulting from the cracks and improve the signal-to-noise ratio of the MFL
signals. These results prove the benefits of the proposed method to rail top inspection efforts by reducing
the probability of missing minor cracks when using the magnetic field concentration method.

INDEX TERMS Rail top surface cracks, magnetic flux leakage detection, three-dimensional hall sensor,
magnetic concentration method.

I. INTRODUCTION
Rails bear high mechanical loads from the wheel during
the high-speed running process. Besides, rails are usually
exposed directly to various natural environments. Therefore,
there are many kinds of defects on the rail surface, includ-
ing stripping, contact fatigue damage, crushing, corrosion,
abrasion, cracks, and so on. The damage type is even more
complex on other special parts of the rail, such as the weld
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and the turnout. The running speed and the load capacity
increased because of the increased density of high-speed
railways [1]. Consequently, the probability of rail damage,
as well as the damage type, is prone to increase [2], [3].
Hence, big challenges are posed to traditional rail damage
detection and monitoring technology [4], [5]. Along with
the development of high-speed rail, rail flaw detection is
important to ensure railway safety [6], [7].

Cracks on the rail top surface are difficult to detect because
they are usually very narrow and irregular [8], [9]. From the
view of fracture mechanics, rail defects are usually generated
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by rail fatigue cracking, expansion to internal injury, and
eventually fracture, especially in welding parts [10]. There-
fore, the detection of early cracks on the rail top surface is of
great significance.

Different kinds of Nondestructive Testing (NDT) tech-
niques have been applied to rail inspection and evaluation
processes, each with its advantages and limitations. Such
techniques include visual inspection, ultrasonic inspection,
and electromagnetic inspection [11], [12], [13]. However,
the cracks on the rail surface are usually narrow and long.
Therefore, it is a big challenge to detect the cracks com-
prehensively and accurately. The ultrasonic NDT technique
is good at detecting the damage inside the rail, but it is
difficult to detect the rail surface. Moreover, it requires cou-
pling agents, which limits the detection speed. Thus, it is
difficult to meet the demand for rapid online detection of rail
surface damage on high-speed rail lines [14], [15]. Though
the machine vision NDT technique can quickly detect chunks
and corrosion pits on the rail surface, there are still limitations
when detecting tiny cracks on the surface [16], [17]. This is
because the detection result is significantly affected by the
environmental light and the dust on the rail surface. Magnetic
flux leakage (MFL) inspection is a typical electromagnetic
detection technique [18]. MFL testing is based on the fact that
when a magnetic field is applied to a ferromagnetic material,
the defect on the surface will cause a significant change in
magnetic permeability in the test material. Therefore, the
field leaks out of the material into the air beside the defects.
Besides, the flux leakage can bemeasured by amagnetic field
sensor and used to estimate the dimensions of the defect.
This technique is non-polluting, and no coupling agent is
required. Meanwhile, it is usually fast, highly reliable, and
cost-effective [19]. TheMFL detection method can also over-
come the influence of the external environment, and it has
high accuracy in high-speed detection. For these reasons,
it has great advantages in the evaluation and nondestructive
testing processes of rail top surface cracks.

Researchers have analyzed the magnetic flux leakage
signal in time and frequency domains to investigate the distri-
bution pattern of the signal for the cracks on the rail surface.
The relationship between signal features and defect geometry
was analyzed by methods such as regression analysis, neural
networks, finite element simulation, and data fitting. In [20],
the authors simulated the effect of motion-induced eddy
currents on the MFL signals by a three-dimensional finite
element method (FEM). Results have shown that the motion
between the detection device and the rail generates two types
of motion-induced eddy currents, which reduce the peak
value of the leakage signal and spatially affect the leakage
signal, especially the fundamental values along the rail in the
transverse and vertical directions. In [21] and [22], the authors
investigated the use of MFL technology for non-contact local
fault detection and rapid inspection of rails. In [23], [24],
and [25], the authors proposed a new magnetization method,
simulated it with finite element software, and experimentally
studied the MFL detection method for the depth of defects

FIGURE 1. Finite element simulation model for testing the stability of the
concentration effect.

near the surface of rails in high-speed railways. In [26], [27],
[28], and [29], the authors carried out a lot of research in
recent years in the areas of DC magnetic leakage detec-
tion, AC magnetic leakage detection, and pulse magnetic
leakage detection for rapid rail movements. They have also
analyzed the distribution pattern of slanting cracks and MFL
signals and predicted the angle of the cracks by extracting the
eigenvalues of the three-dimensional MFL signals. Besides,
they analyzed the dynamic magnetization process of the rails
under fast MFL detection, and the effects on the MFL signal
were investigated when the material permeability and mag-
netoresistance changed. The magnetic leakage signal is weak
because the cracks are usually narrow. Moreover, during the
inspection process, the inspection device could be vibrated
for kinds of unexpected reasons. This would significantly
influence the magnetic leakage signal and result in imprecise
outcomes. However, there is little information available in the
literature about how to enhance the magnetic leakage field
from the cracks on the rail surface.

This paper proposes a method to enhance the magnetic
leakage field strength by using a magnetic field concen-
trating sheet. The stability of the magnetic leakage field
concentrating effect is analyzed via finite element simulation
and verified using experimental measurements. Meanwhile,
an MFL detection simulation model and a magnetic circuit
equation are established to analyze themagnetic field concen-
tration mechanism. Finally, the effects of the magnetic field
concentrating sheet are investigated in the MFL detection
experiments for rail surface cracks.

The remainder of this paper is organized as follows:
Section II establishes the finite element simulation model
to analyze the stability of the magnetic field concentration
effect in the uniform magnetic field environment using con-
centrating sheets of different sizes and materials, and builds
the magnetic circuit model to analyze the magnetic field
concentrating mechanism. Section III establishes the exper-
imental platform to verify the simulation result by using the
stability test platform and theMFL inspection of a rail sample

43246 VOLUME 12, 2024



W. Gong et al.: Magnetic Field Concentration Method for MFL Detection of Rail-Top Surface Cracks

FIGURE 2. Magnetic field distribution map of concentration area
(a)description of the mapping area(b)without concentrating sheet and
(c)with concentrating sheet.

with artificial cracks on its surface. Section IV presents the
conclusions of the simulation and experiment results.

II. SIMULATION OF MAGNETIC CONCENTRATING
EFFECTS
A. STABILITY SIMULATION OF MAGNETIC
CONCENTRATING EFFECTS
The finite element calculation is based on the vector partial
differential equation of the electromagnetic field, combined
with the material properties of the magnetization device

FIGURE 3. Magnetic field distribution map when the concentrating sheet
was 50 mm in length and 50 mm in width.

and the object to be detected. The numerical solution of
the leakage field is derived by meshing the cells and
solving the nonlinear equation. Different types of finite ele-
ment simulation software appeared with the development
of computer technology. In this paper, COMSOL Multi-
physics is chosen to perform the finite element simulation
simulations. The simulation model was established to gen-
erate a uniform magnetic field environment, as shown in
Figure 1.

In the model shown in Figure 1, a cylindrical hollow
magnet model was created to generate a surrounding uniform
magnetic field environment, and a yoke made of steel was
placed in the middle of the magnet to enhance the magnetic
field strength.

Magnetic field concentrationmeans collecting the spatially
distributed magnetic field and directing it into the detection
area. The magnetic field concentration method was carried
out by designing a thin sheet of ferromagnetic material of
suitable size and material, as shown in Figure 1. The fer-
romagnetic sheet can increase the magnetic induction in its
neighborhood since its magnetic permeability is much greater
than the surrounding air. This process is equivalent to gath-
ering the nearby magnetic fields together. Therefore, it can
enhance the sensitivity of the detection.

The magnetic field concentration sheet was designed to be
10 mm long, 10 mm wide, and 3 mm thick. The initial length
and width of the magnetic field concentration sheet is 5% of
the cylinder length to reduce interference at the edge of the
magnet. It was placed 100 mm from the outer surface of the
magnet. Similarly, the initial thickness is 5% of the magnet
diameter. The initial material was set to be Q235 carbon
steel.

As shown in Figure 1, the origin of the coordinate system
is the center of the cylindrical permanent magnet bottom,
the X-axis direction is the direction of its length, the Y-axis
direction is the direction of its thickness, and the Z-axis
direction is the direction of the centerline of the cylinder.
The magnetic field density distribution map was plotted in
a region of 20 mm in length and 20 mm in width, located
1mm in front of the magnetic field concentrating sheet in
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TABLE 1. Concentration effects in different size.

FIGURE 4. Magnetic field distribution map when the concentrating sheet
was in 4mm thickness.

each situation. The initial magnetic induction components
of Bx, By, and Bz at the center of the region are 25.4 mT,
192.1 mT, and 54.1 mT, respectively. The results are shown
in Figure 2.

As can be seen from Figure 2(a), the plotted magnetic
field density distribution map was larger than the magnetic
concentrating sheet. The vertical distance is along the Z-axis,
and the horizontal distance is along the X-axis. It can be
seen from Figure 2(b) and Figure 2(c) that the concentrating
sheet can enhance the magnetic field. The average length of
the magnetic field enhancement region was nearly 12.5 mm
long and 11.2 mm wide. This shows that the concentration
along the direction of themagnetic field ismore effective. The
average magnetic field strength in the region before enhance-
ment is 201.2 mT, while after enhancement is 258.6 mT.
The magnetic field enhancement region is not regular due to
the nonlinear transition of the boundary at the edge. It was
changed to 50 mm long and 50 mm wide while keeping the
thickness at 3 mm to analyze the influence of the size of the
concentration sheet. The magnetic field density distribution
map was plotted in a region of 60 mm in length and 60 mm
in width, located 1mm in front of the magnetic field concen-
trating sheet, as shown in Figure 3.
It can be seen from Figure 3 that the enhancement area

is enlarged when the area of the concentrating sheet is
increased. Meanwhile, length has a greater increase than
width. The length of the enhanced area is about 55.9 mm,
while the width is about 35.8 mm. It shows that the effect

TABLE 2. Concentration effects in different thickness.

FIGURE 5. Magnetic field distribution map when the concentrating sheet
was made of permalloy.

TABLE 3. Concentration effects in different material.

of field concentration grows faster along the direction of
the magnetic field. Meanwhile, the enhancement effect was
higher. The average magnetic field strength in the region after
enhancement is 265.7 mT.

Furthermore, the concentrating effects when the magnetic
field concentrating sheet is 3 mm thick and of different
lengths and widths are shown in Table 1 below.

Table 1 shows that as the length and width of the concen-
tration sheet increase, so do the length, width, and magnetic
density of the enhanced region. However, the effect of the
length is more significant than the width. It is because Bz is
stronger than Bx.

To analyze the influence of the thickness of the concen-
tration sheet, it was increased to 4 mm, while keeping the
other dimensions to be 30 mm in length and 30 mm in width.
The magnetic field density distribution map was plotted in a
region of 20 mm in length and 20 mm in width, located 1 mm
in front of the magnetic field concentrating sheet. The result
is shown in Figure 4.
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FIGURE 6. The structure and circuit of MFL detection device (a) structure,
(b) circuit.

It can be seen from Figure 4 that the enhancement effects
are strengthened when the thickness increases. The average
length, width, and magnetic density of the enhanced-field
region are 15.7 mm, 14.1 mm, and 269.3 mT, respectively.

The concentration effects when the magnetic field concen-
trating sheet is 10 mm long, 10 mm wide, and of different
thicknesses are shown in Table 2 below.

From Table 2, it can be seen that as the thickness of the
concentration sheet increases, so does the length, width, and
magnetic density of the enhanced-field region. However, the
effect is most significant. It is because Bz is stronger than Bx
and By.
To analyze the influence of the material, the size of the

concentrating sheet was set to 10 mm in length, 10 mm in
width, and 3mm in thickness, while the material was changed
to be a permalloy with model number 1J85, which has high
initial permeability and small coercivity. Therefore, it can,
in principle, respond quickly to changes in the magnetic
field under a weak magnetic environment. The magnetic field
density distribution map was plotted in a region of 20 mm
in length and 20 mm in width, located 1 mm in front of the
magnetic field concentrating sheet. The result is shown in
Figure 5.

As can be seen from Figure 5, the concentration sheet
made of permalloy has a more significant effect on enhancing
the magnetic density. The average magnetic density of the
enhanced religion is nearly 262.8 mT. However, the size
of enhanced religion is nearly consistent with the previous
results.

Industrial pure iron was also used to form the concentration
sheet. The simulation results are shown in Table 3 below.
From Table 3, it can be seen that the better the magnetic

conductivity, the more significant the effect of magnetic
concentration.

B. MFL SIMULATION FOR RAIL CRACKS WITH MAGNETIC
CONCENTRATION SHEET
Permanent magnets have been widely used in the MFL detec-
tion technique due to their simple structure, lightweight, and
strong residual magnetic flux density [30]. Furthermore, it is
difficult to continuously provide power for electrical magnets
in the field inspection environment of steel rails. Therefore,
two square NdFeB N52 permanent magnets were selected as
the excitation source, and a U-shaped yoke made of Q235
steel was installed in the middle. The magnetic leakage field
concentration sheet was chosen to be 1J85 permalloy mate-
rial, and it was fixed on a pedestal made of plastic. The MFL
detection structure and equivalent circuit model are shown in
Figure 6.
As can be seen from Figure 6(a), steel brushes were fixed

to the permanent magnet, and they were in close contact
with the measured rail during the testing process to reduce
the magnetic resistance from the air gap between the per-
manent magnet and the measured rail. The crack has four
main parameters, including length, width, depth, and orien-
tation. The length L is the distance along the direction in
which the crack extends. The distance perpendicular to the
length direction is defined as the width W . The depth D
is defined as the distance down along the perpendicular to
the rail surface. The orientation θ is defined as s the angle
formed with the length direction and the Y-axis direction. The
two permanent magnets with opposite excitation directions
were finally connected with the yoke to form the excitation
circuit. The hall sensor for acquiring MFL signals was fixed
above the magnetic field concentrating device. Therefore, the
magnetic field signal starts from the N pole of the left magnet,
passing through the air gap area between the magnet and the
rail. Then, it will go into the rail, and after encountering the
crack defect, it will generate a magnetic leakage field signal.
After that, the magnetic leakage field signal will pass through
another air gap area between the crack and the concentrating
sheet. Then, it will go into the concentrating sheet and in
parallel with the air gap. After returning to the rail and passing
through the other side, it encounters another air gap before
reaching the S pole of the right magnet. The other side of
the magnetic circuit is the magnetic field signal from the N
pole of the right-hand magnet and returns to the S pole of the
left-hand magnet after passing through the magnetic yoke.
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FIGURE 7. The meshing MFL simulation model.

According to the principle of magnetic circuit balance, the
magnetic circuit should meet the following equation:

F = φ
(
Rg + Rm0 + Rm1 + Rm2 + Rm3 ∥ Rm4

)
(1)

Here, F is the total magnetic potential, Rg is the magnetic
resistance of the magnets, Rm0 is the magnetic resistance
of the yoke, Rm1 is the magnetic resistance of the air gap
between steel brushes and the detected rail, Rm2 is the mag-
netic resistance of the detected rail, Rm3 is the magnetic
resistance of the air gap between the crack and the sensor,
and Rm4 is the magnetic resistance of the concentration sheet.
Rm3 and Rm4 are in parallel. It can be seen from (1) that the
magnetic flux φ in the magnetic circuit is directly propor-
tional to the magnetic potential F of the circuit and inversely
proportional to the total magnetic resistance Rm of the circuit.
Both the yoke and the rail are made of ferromagnetic

permeable materials. The air permeability is close to the
vacuum permeability, which is much smaller than the per-
meability of ferromagnetic permeable materials. Therefore,
Rm3 is much larger than Rm4. The concentrating sheet can
effectively reduce Rm3 because it is in parallel with the air
gap. Therefore, the total magnetoresistance will be reduced,
and the magnetic flux φ can be effectively increased.

The three-dimensional (3D) model was established firstly
in COMSOL multiphysics software for the finite element
simulation, including the permanent magnets, the yoke, the
steel brushes, the rail, and the cracks. This is followed by
configuring the material properties of each component. Sub-
sequently, the model meshed for calculation. The boundary
of the crack was meshed in the triangular subdivision. Mean-
while, the cell size of the meshing model was fine to ensure
the accuracy of the calculation. The meshing simulation
model is shown in Figure 7.

Employing a sufficiently finemesh can yieldmore accurate
results, but excessively fine mesh division may lead to exces-
sive computation time. The air region and the concentration
sheet above the crack were set to be an extremely refined
adaptive mesh method. Other parts of the model, including
the yoke, magnet, steel brush, concentration sheet, and rail,
were also meshed to be the free tetrahedral form, but set to be
ultrafine refined adaptive mesh method. Since the magnetic
leakage field is mainly concentrated at the junction of the

FIGURE 8. Magnetic field distribution map of crack (a)without
concentrating sheet, and (b)with concentrating sheet.

TABLE 4. Concentration effects in different locations.

crack and air, the boundary surfaces between the crack and the
air were meshed in the form of free triangles. When the mesh
grid cell size is smaller, the MFL simulation result will be
more significant. However, when the grid is too small, it will
lead to the very low speed of the finite element simulation.
According to the comparative calculations, the limit mesh
size of the crack and the air boundary surface was set to be
0.5 mm, and the boundary surfaces were divided into a total
of 18918 boundary cells and 734 edge cells. The origin of
the cartesian coordinate system was defined as the center of
the crack on the rail surface, the X-axis direction was defined
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FIGURE 9. Structure of the magnetic field data acquisition system.

FIGURE 10. Stability test experimental platform.

as the direction perpendicular to the rail extension, the Y-axis
direction was defined as the direction along the rail extension,
and the Z-axis direction was defined as the direction perpen-
dicular to the top surface of the rail. The spatial magnetic flux
leakage field can be decomposed into Bx(along the X-axis
direction), By(along the Y-axis direction), and Bz(along the
Z-axis direction).

To analyze the effect of the magnetic field concentration
sheet, the simulation results were compared with and without
the concentration sheet, when the defect was 2 mm in width,
20 mm in length, 4 mm in depth, and 30◦ in angle. The
magnetic concentration sheet was designed to be 10 mm in
length, 10 mm in width, and 1 mm in depth. The distribution
of total magnetic field B is shown in Figure 8.

It can be seen from Figure 8 that the concentration sheet
can enhance the magnetic field, especially in the vicinity of
the sheet. Five locations along the center of the crack were
selected for comparison, and the data comparison results are
shown in Table 4 below.

It can be seen from Table 4 that the simulation with con-
centration can enhance the magnetic leakage field. It can also
be concluded that the concentration effect at the center is
stronger than at the edges of the crack.

III. EXPERIMENTAL TEST
A. EXPERIMENTAL VERIFICATION OF STABILITY
A magnetic field data acquisition system was designed
with a 16-bit precision MLX90393 three-dimensional hall
sensor manufactured by Melexis with an output resolution

FIGURE 11. The magnetic field strength of the 16 sensors at a distance of
4 mm from the magnet,(a) Bx, (b) By, and (c) Bz.

of down to 0.16 µT/LSB(Least Significant Bit). The
three-dimensional magnetic sensor communicated with an
ARM microcontroller using the I2C protocol. The detected
data were displayed in real-time on a touch screen and saved
to a memory card. A block diagram of the magnetic field data
acquisition system is shown in Figure 9.

A circular array of 16 three-dimensional magnetic sensors
was evenly arranged around the hollow cylindrical magnet,
and a nearly square yoke was placed in the middle of the hol-
low cylindrical magnet to enhance the magnetic field signal.
The yoke is adjusted with the hole of the magnet, and it has
the same effect as in the simulation model. To avoid inter-
ference, the bolts and other devices used to fix the sensors
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FIGURE 12. Inspection trolley, (a) Structure of inspection trolley,
(b) Inspection trolley on the rail, and (c) Magnetic field concentrating
sheet.

were made of copper, which is a non-ferromagnetic material.
The concentrating sheet was fixed on the back of the PCB
boards of the sensors. The experimental platform is shown in
Figure 10.

In the experimental platform, the center point of the sensor
array was defined as the origin of the coordinate system, the
Y-axis direction as the direction along the axis of the cylindri-
cal permanent magnet, and the X-axis and Z-axis directions
were defined similarly to the magnetic field directions of
sensor No. 1.

To conduct a comparative analysis of magnetic field data,
it is necessary to unify the X, Y, and Z direction data detected
by each sensor. Each sensor was evenly arranged around the
magnet. The angle formed by either sensor with respect to
sensor No. 1 is defined as θ . Since the Y-axis is always
the same for all the sensors, the conversion equation for the
X-axis and Z-axis is set below:{

z = z ∗ cos θ + x ∗ sin θ

x = x ∗ cos θ − z ∗ sin θ
(2)

FIGURE 13. The MFL signals with and without the concentration sheet
(a) Bx, (b) By, and (c) Bz.

Consequently, the X, Y, and Z directional magnetic field
strengths of the 16 sensors at a distance of 4 mm from the
magnet are shown in Figure 11.

It can be seen from the results that the magnetic field
distribution was not completely uniform and symmetrical
around the central magnets, with X-axis variations of [−1.9,
1.3], Y-axis variations of [−5.0, 3.8], and Z-axis variations
of [−105.9, −98.1] without the magnetic field concentrat-
ing sheet. Meanwhile, with the magnetic field concentration
sheet, the X-axis variation interval was [−2.7, 1.8], the Y-axis
variation interval was [−11.2, 8.4], and the Z-axis variation
interval was [−121.0, −114.3]. This proves that the effect of
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TABLE 5. Concentration effects of defects in different size.

the concentrating sheet on the magnetic field enhancement
was significant and stable.

B. EXPERIMENTAL VERIFICATION OF MFL DETECTION
The inspection trolly was designed and fabricated to contain
all the components used for the MFL inspection process. The
trolly moves along a 75 mm-wide rail using double-sided
wheels. An encoder was mounted on the trolly to record the
relationship between the MFL data and the trolly’s position
on the rail, as shown in Figure 12.
A crack of 2 mm in width, 20 mm in length, 4 mm in depth,

and 30◦ in angle was artificiallymachined by CNC(Computer
Numerical Control) machine technology on the rail surface.
The detected signals when inspecting this crack with and
without the concentration sheet are shown in Figure 13.

It can be seen from Figure 13 that the backgroundmagnetic
field and the amplitude of MFL signals were both shifted.
To quantify the variation of MFL signal peak amplitude of
the 3 components of the defect, the relative amplitude Ar was
introduced, as follows:

Ar =
∣∣Ap −M

∣∣ (3)

In equation(1), Ap is the amplitude of the MFL signal, and
M is the background magnetic field. It can be seen from
the results that the magnetic leakage field is enhanced when
using the concentration sheet, especially for Bx and Bz. The
concentration effect for By is weak because the excitation
direction is along theX-axis, and themagnetic leakage field is
mainly along the X-axis and Z-axis. Therefore, By is negative
and close to zero. The 30◦ crack angle is one of the most
typical types. Thus, we focus on the 30◦ oblique crack in
this paper. Moreover, the concentration effects of defects
in different lengths (L), widths (W ), and depths (D) were
evaluated by the proposedmethod, as shown in Table 5 below.
It can be seen from Table 5 that MFL signal peak ampli-

tudes of the 3 components of the defect increased. It shows
that the concentration sheet can enhance both the background
magnetic field and the peak amplitudes. Meanwhile, the
relative amplitude Ar also be enhanced. Furthermore, the
concentrating sheet did not change the trend of the magnetic

leakage signal. However, the concentrating effect made the
waveform of the magnetic leakage signal smoother.

IV. CONCLUSION
This paper demonstrates the effects of a magnetic field con-
centration sheet on the detected signals in theMFL inspection
method. It is shown that the area and thickness of the sheet,
in addition to its magnetic conductivity, can achieve better
concentration effects and enhance the magnetic field in a
uniform magnetic field environment. Furthermore, simula-
tion and measurements show that the concentration sheet can
enhance the magnetic leakage signal in each dimension while
increasing its smoothness. This provides the possibility of
further processing of the signals to reveal more information
about the scanned surfaces.
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