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Removal of Probe Liftoff Effects on Crack Detection and Sizing in Metals
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In the alternative current field measurement (ACFM) technique, the nonzero value of liftoff distance for the magnetic sensor acts as
a low-pass filter on surface crack signals, causing errors in crack detection and sizing. We present a blind deconvolution algorithm for
liftoff evaluation and surface crack signal restoration. The algorithm employs the available closed-form expressions for the distribution
of electromagnetic fields at the metal surface in the vicinity of a crack. To examine the accuracy of the algorithm, we use the original
and the restored signals for crack sizing by a wavelet network inversion method. We present simulated and experimental results to
demonstrate the role of the proposed algorithm in improving the inversion process.

Index Terms—AC field measurement, crack sizing, deconvolution, liftoff, nondestructive evaluation.

I. INTRODUCTION

THE alternative current field measurement (ACFM) is a
nondestructive evaluation (NDE) technique that offers

a simple and accurate means for detection and sizing sur-
face-breaking cracks in metals [1]–[6]. The technique uses a
group of current-carrying wires of sufficiently high frequency
to induce eddy currents in the workpiece while monitoring the
surface magnetic field variations with an appropriate magnetic
field sensor. The interpretation of sensor output signal in the
ACFM technique is based on the assumption that the sensor
is placed very close to the metal surface and is capable of
performing point measurements of the surface magnetic field
[7].

In practice, the surface of the work-piece may be covered with
such layers of insulating materials as paint so that the close prox-
imity of the sensor and the metal surface may not be possible.
The nonzero value of liftoff distance acts as a low-pass filter
and tends to smear out the variations in the ACFM crack signal,
leading to significant errors in crack detection and sizing [8].

In this paper, we aim to suppress the filtering effect of sensor
liftoff on ACFM crack signals by performing a deconvolution
algorithm. However, the liftoff filtering function is partially
known due to the uncertainty in true value of liftoff which, in
turn, makes the use of a conventional deconvolution algorithm
impractical. To overcome the problem, we propose a blind
deconvolution algorithm for evaluation of the sensor liftoff
from which the surface crack signal can be restored. As a priori
information, the algorithm employs the available expressions
for the distribution of electromagnetic fields at the metal surface
in the vicinity of cracks [4], [5]. An appropriate cost function
is constructed based on these expressions and is optimized to
give an estimation of liftoff distance as well as the restored
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surface crack signal. In order to investigate the efficiency of the
proposed algorithm on the accuracy of crack shape estimation,
we use a wavelet network (WN) approach [7] for inverting both
the original and the restored ACFM crack signals to the depth
profiles of arbitrary shape cracks.

The paper is organized as follows. In Section II, the theoret-
ical model used in the estimation of ACFM crack signal is out-
lined. Section III describes the proposed blind deconvolution
algorithm for reducing the filtering effect of liftoff distance on
the crack signal. In Section IV, the structure of the WN for esti-
mating the crack shape is described. The validity and efficiency
of the proposed algorithm are demonstrated in Section V where
the results of several case studies are discussed.

II. PREDICTION OF PROBE OUTPUT

Fig. 1 shows the schematic diagram of the ACFM method. In
this model, a semi-infinite metal with conductivity and per-
meability contains an arbitrary shape surface crack of length

along the -axis. Crack depth is along the -axis, which is
perpendicular to the metal surface. The crack opening, , is as-
sumed to be much smaller than the crack depth, , and length,
. The interrogated magnetic field is produced by a solenoid in-

ducer carrying a sufficiently high frequency alternating current
of frequency and magnitude , such that the current skin
depth is much smaller than the crack depth
and length. With reference to Fig. 1, the solenoid consists of
several turns of winding wire of rectangular cross section with
dimensions and , separated from each other by distance
. A tiny induction-coil sensor, monitors magnetic field varia-

tions around the crack at location ( ).
The solution of the problem is described elsewhere [4], [5].

Here, we briefly outline the solution procedure. Outside the
crack and above the metal surface in air, the divergence-free
magnetic field is also curl-free as the conductive current is
zero and the displacement current is assumed to be zero in fre-
quencies of interest. As a result, one may derive from a scalar
magnetic potential function (i.e., ) with Laplacian
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Fig. 1. Schematic diagram of the ACFM method. (a) Rectangular cross-section
solenoid inducer above the surface of a conducting slab containing an arbitrary-
shape surface crack. (b) Actual and discretized crack depth profiles.

distribution (i.e., ). It can be shown that the two-di-
mensional (2-D) Fourier transform (FT) of can be expressed
as follows [4]:

(1)

where is the 2-D FT of the potential functions representing

the incident field in the absence of the metal,
and and are, respectively, the Fourier variables associated
with and y, and is the sensor liftoff distance. In
(1), is a known quantity for a given inducer [4] and
is the one-dimensional (1-D) FT of the normal component of
the magnetic field at the crack opening just inside the crack,
i.e., . The solution of can
be sought by numerically treating a Laplacian boundary value
problem representing the field inside the crack [5].

Having obtained [5], one can use its 1-D FT,

, in (1) to obtain the potential function above the
metal. A fast inverse 2-D FT algorithm is used to determine

from which the magnetic field (i.e., sensor output
signal) everywhere above the metal can be determined.

The third term on the right-hand side of (1), , is the 2-D FT
of the potential function corresponding to the field perturba-
tion, , caused by the crack at the sensor position, i.e.,

(2)

Note that

(3)

where is the 2-D FT of -component of at
the sensor position, . Assuming that the sensor is
aligned in the -direction, it is deduced from (2) and (3) that the
nonzero value of has a 2-D low-pass filtering effect on the
crack signal whose behavior is characterized by
the liftoff filter function expressed by in the
Fourier domain. As a result, this filtering effect tends to smear
out any sharp variations in the crack signal. This phenomenon
leads to significant errors when such blurred signals are inverted
to crack shape by the inversion techniques commonly used for
surface crack signals [7], [8].

To overcome the problem posed above, we propose a blind
deconvolution algorithm for suppressing the liftoff effects on
the crack signal. The algorithm estimates the liftoff distance and
restores the surface crack signal using a conventional deconvo-
lution procedure.

III. RESTORATION OF SURFACE CRACK SIGNAL

From (2) and (3), the -component of spatial magnetic field
distribution on the surface of the metal, , could be
restored by a deconvolution process from the corresponding
blurred sensor output signal, . This can be in-
terpreted as a division operation in the frequency domain as
follows:

(4)

Computation of (4) is not, however, straightforward as the
value of in liftoff filter function is not known. To overcome
the problem, we start by assigning an initial value to . The cor-
rection of is then followed, using an iterative algorithm based
on a blind deconvolution method. A comprehensive review of
the blind deconvolution method together with classification of
solutions has been presented in [9]. However, the solutions to
these problems are very specific depending on the application
and particularly the type of available a priori information. Here,
the restoration of surface crack signal is carried out iteratively
until becomes as close as possible to its true value. In other
words, as a priori information, the algorithm employs the avail-
able closed-form expressions for the distribution of electromag-
netic fields at the metal surface in the vicinity of cracks.
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Fig. 2. Flowchart of the proposed blind deconvolution algorithm for estimating
the unknown sensor liftoff distance and restoring surface crack signal.

The proposed algorithm is summarized in the flowchart
shown in Fig. 2 and is described in the following steps.

a) Measure by orienting the magnetic field
sensor along the -direction at an arbitrary distance, ,
above the metal surface. Although the movement of probe
may cause variations in the value of , the algorithm will
predict its average value.

b) Select the upper bound of the desired search region for
finding liftoff distance and take it as the initial liftoff
value.

c) For a given value of , follow the steps described below:
i) Using (4), restore the 2-D FT of the surface crack

signal, , from the the 2-D FT of the

measured signal, .
ii) Using (2) and (3), evaluate at the crack

opening (i.e., ) for a constant value
as follows:

(5)

Fig. 3. Schematic of the wavelet network.

where . Note that the value of is
selected arbitrarily and is retained unchanged during
the restoration procedure. is a function of
crack depth profile and will be used to estimate the
surface crack signal without knowing the real depth
profile. This is performed in the next step.

iii) Using in (2) and (3), recompute the 2-D
FT of surface crack signal for all values of and
as follows:

(6)

iv) Compute the square error, , between the re-
stored and computed values of 2-D FT of magnetic
fields obtained in stages (i) and (iii), respectively,
and take it as the cost function for estimating :

(7)

d) Check the termination condition where is a
predetermined small value. If the condition holds, go to
step f).

e) Update the value of using the Newton method [10] for
finding the global minimum of and return to step c) to
start a new iteration. The value of in the new th
iteration, , is determined as follows [10]:

(8)

where and are, respectively, the values of in
the present and last iterations.

f) The value of for which the cost function is minimized is
the estimated value of the sensor liftoff. Also, the inverse
FT of obtained at this liftoff value is the
restored surface crack signal.

The convergence of the iterative procedure described above
is proved in the Appendix.

IV. WAVELET NETWORK INVERSION MODEL

The surface crack signals restored by the proposed algorithm
will be used to estimate crack depth profile in an inversion
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Fig. 4. Actual and WN-reconstructed crack depth profiles using nonzero-liftoff and restored surface (zero-liftoff) crack signals. (a) Asymmetrical double-hump
depth profile. (b) Symmetrical triple-hump depth profile.

process. We use a wavelet network to solve the inverse problem
of crack depth profile identification [7].

To simplify the inversion process, without losing any gener-
ality, it is assumed that the crack opening is known and its length
and depth lie between two limiting cases, i.e.,

(9a)

(9b)

where and are, respectively, the minimum and max-
imum values of expected crack length, and and de-
note, respectively, the minimum and maximum values of the
deepest point in crack depth profile.

An appropriate database involving random generation of the
crack depth profile is formed for network learning. The crack
shape is approximated with equidistance
points such that the th point has depth of
as shown in Fig. 1(b). After selection of suitable different
crack shapes, new crack shapes are generated by assigning
number of length values within the acceptable range to each
crack depth profile [7]. It is worth noting that the crack length
and direction in the ACFM technique can be obtained by per-
forming a two-dimensional scan of the crack [3]. Thus, is con-
sidered as a priori information and will be an input entry to the
network.

After establishing the database, output signal of the magnetic
field sensor at the surface of the metal is predicted for each crack
entry in the database. To attain a good correlation between the
crack depth profile and sensor output, the magnetic sensor axis
is chosen to be parallel to the crack opening in order to measure
the -component of the magnetic field along the crack opening
at a given distance [7].

Also, the real part of the surface perturbed field caused by
the crack, , is used as the network input data. To
attain this signal, the sensor output signal has been subtracted
from its value in the absence of the crack. Since the presence of
the noise in a practical measurement system is inevitable, white
Gaussian noise is added to crack signals in database to improve
the robustness of the network against noise.

The network structure is shown in Fig. 3. The proposed
network has the following layers: an input layer consisting

of units, which receives discretized crack signal (i.e.,
) and crack length, , a hidden layer of

neurons (wavelets), and an output layer consisting of
neurons, giving information about the discretized crack depth
profile .

V. RESULTS

Results of various simulation and experimental tests are pre-
sented here to assess the effect of liftoff removal procedure on
the accuracy of crack sizing by the wavelet network method.
For the training of the network, we assume mm,

mm, mm, mm,
, and . Also, white Gaussian

noise with signal-to-noise ratio of 25, 20 and 15 dB is
added to crack signals in database. Due to the uncertainty in the
value of sensor liftoff, the network is trained for surface crack
signals.

A. Simulation Results

In order to demonstrate the accuracy of the proposed algo-
rithm, two simulated results are presented. In these simulations,
the ACFM probe scans two arbitrary shape cracks with two-
[Fig. 4(a)] and three- [Fig. 4(b)] hump depth profiles and
opening mm. The specifications of the ACFM probe
(Fig. 1) are: mm, mm, mm, mm,
and mm, A and kHz. We assume that
the inducer is placed stationary above the metal surface while
the sensor samples the magnetic field above an aluminum test
block ( and S/m).

To show the effect of sensor liftoff on the network response,
surface crack signal is convolved with an appropriate liftoff filter
function computed for the given value of liftoff. Fig. 5 shows
the 2-D blurred and restored surface crack signals for the two
cracks of Fig. 4(a) and (b) when mm. In these fig-
ures, the deleterious effect of liftoff distance on crack signals
clearly is observed. For the purpose of crack sizing, the results
associated with scanning along the crack opening at the dis-
tance of mm are selected, Fig. 6(a) and (b). These re-
sults are used as input entries to the developed wavelet network,
producing respective reconstructions of crack depth profiles. A
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Fig. 5. 2-D variations of the real part of crack signals, � , when the sensor scans the metal surface at liftoff distance �� � ���mm, together with their respective
restored surface counterparts. (a) and (c) For asymmetrical double-hump depth profile. (b) and (d) For symmetrical triple-hump depth profile.

Fig. 6. 1-D variations of the real part of � , when scanning the cracks along � � ��� mm, together with their respective restored surface counterparts. (a) For
asymmetrical double-hump depth profile. (b) For symmetrical triple-hump depth profile.

comparison of the actual and reconstructed results shown in
Fig. 4(a) and (b) demonstrates the importance of the proposed
algorithm. The results indicate that the new inversion method-
ology is capable of accurately reconstructing of various crack
depth profiles at a nonzero liftoff distance. A quantitative com-
parison of these results can also be found in Table I where the
root-mean-square deviation (RMSD) between the original crack
depth profile, , and its reconstructed coun-
terpart, in all cases are given:

(10)

where and , respectively, denote the th point on the actual
and WN predicted crack depth profile.

It is worth noting that with an initial guess of mm, the
estimated values of liftoff for two- and three-hump cracks are
found to be 0.49 mm and 0.48 mm with estimation errors
of 2% and 4%, respectively.

B. Experimental Results

To further examine the accuracy of the proposed algorithm,
we present results of a typical ACFM inspection. During the
inspection process, the inducer is placed stationary above the
metal surface at a distance mm while the sensor scans
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Fig. 7. Depth profiles of two surface cracks together with their respective WN reconstructed results, using nonzero-liftoff and restored surface (zero-liftoff) crack
signals. (a) Single-hump depth profile. (b) Symmetrical double-hump depth profile.

Fig. 8. 2-D variations of the real part of crack signals, � , when the sensor scans the metal surface at nonzero liftoff distances, together with their respective
restored surface counterparts. (a) and (c) For single-hump depth profile and �� � ���mm. (b) and (d) For symmetrical double-hump depth profile and �� � ���mm.

TABLE I
ERRORS IN THE PREDICTION OF CRACK DEPTH PROFILES SHOWN IN FIG. 4

the region under test. To obtain the crack signal, we subtract a
background bias representing the sum of the incident field and

the perturbed field due to the presence of metal. The value of
bias is determined by scanning the specimen block in the crack-
free region.

The ACFM probe specified in the previous section scans the
surface of an aluminum slab ( and S/m)
of thickness mm, containing a surface crack with no
predetermined geometrical depth profile. The sensor is a tiny
pickup coil consisting of 12 turns of thin copper wire uniformly
wound on a cylindrical glass holder with a length of 0.8 mm and
radius of about 0.5 mm. Due to the small size of the sensor, it
performs a point measurement of the magnetic field along the
direction of its axis. The direction of magnetic sensor is duly
selected to sample the -component of the magnetic at the sur-
face of the metal around the crack.
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Fig. 9. 1-D variations of the real part of � , when scanning the cracks along � � ��� mm, together with their respective restored surface counterparts. (a) For
single-hump depth profile. (b) For symmetrical double-hump depth profile.

TABLE II
ERRORS IN THE PREDICTION OF CRACK DEPTH PROFILES SHOWN IN FIG. 7

Two surface cracks are manufactured using the electric dis-
charge machinery (EDM) technique. They share the same length
( mm) and opening ( mm) but have various
depth profiles, Fig. 7(a) and (b). The crack opening in each case
starts at mm and terminates at mm. The re-
sults shown in Fig. 8(a) and (b) illustrate variations of for
two cracks specified in Fig. 7(a) and (b), respectively, when the
sensor performs 2-D scans of the metal surface at liftoff dis-
tances mm and mm, respectively. These re-
sults are used as input entries to the developed blind deconvolu-
tion algorithm, producing respective restoration of surface crack
signals, Figs. 8(c) and (d). With an initial guess of mm,
the estimated values of liftoff for the cases of Fig. 8(a) and (b)
are found to be mm and mm with estima-
tion errors of 8% and 10%, respectively.

For the purpose of crack sizing, the one-dimensional results
associated with scanning along the crack opening at the distance
of mm are selected, Fig. 9(a) and (b). These results are
used as input entries to the WN inversion algorithm to produce
respective reconstructed crack depth profiles, Fig. 7(a) and (b).
A comparison of the results shown in these figures demonstrates
the accuracy of the proposed restoration algorithm. The RMSD
values in both cases are given in Table II. As can be seen in this
table, the value of RMSD in each case is not more than 16.8%.

VI. CONCLUSION

A blind deconvolution algorithm has been proposed for eval-
uating the unknown sensor liftoff and restoring the surface crack
signal in the alternating-current field measurement (ACFM)
technique. The algorithm uses the existing closed-form rela-
tions for electromagnetic field distributions around a crack as
a priori information. The restoration of surface crack signal is

Fig. 10. Sum of two typical terms of the cost function � .

carried out iteratively until the value of liftoff approaches its
true value. To examine the accuracy of the proposed algorithm,
a crack sizing wavelet-network inversion method is introduced
which uses two input entries, namely, the blurred ACFM crack
signal at an unknown liftoff distance and its respective restored
crack signal at the metal surface. The accuracy of the proposed
algorithm has been demonstrated by presenting several simu-
lated and experimental results.

APPENDIX

Using (2)–(6), each term of the cost function (7), ,
can be expanded as follows:

(A1)

where

(A2)

and is the true value of the liftoff distance.
The stationary points of are determined by taking its first

derivative with respect to and equating it to zero. These are
given as follows:

(A3)
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(A4)

Since becomes a global min-
imum point for both nonnegative functions and . On the
other hand, the negative sign of the second derivative of with
respect to indicates that is always a maximum point for

. Since is a function of and , one can expect several
local minima for . This is demonstrated in Fig. 10 where the
sum of two typical terms of and ,
are plotted.

To avoid local minima in the Newton search process [10], one
must select a starting point that is greater than . This is due to
the fact that , and likewise, any other possible local minimum
points, are always smaller than for all values of and , as
seen in (A3) and (A4).
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