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ABSTRACT The classification of conductivity is significant for recycling metallic scraps. The eddy current
sensor is distinct from other classification methods by its merits of non-contact, economical set-up, fast
measuring, and so forth. By introducing a set-up that could ensure the single-valued mutual inductance
trajectory on the complex plane, we propose the circle fittingmethod to extract the global features of different
trajectories. It is subsequently observed that the fitting circle centers-one of the global features-for the same
conductivity with various tilting angles are distributed longitudinally close to each other. The feature line,
which is parallel to the abscissa axis, is introduced to represent this gathering distribution behavior. The
feature lines for different conductivity are distinguishable. Thus, we construct a simple classification method
with only two steps. The test results show great fidelity of the proposed classification technique which can
successfully classify the tilting metallic samples within 11.3◦.

INDEX TERMS Non-magnetic metal, tilting, conductivity classification, eddy current sensors, circle fitting.

I. INTRODUCTION
The reuse of metallic scraps becomes more important
recently because of the shortage of resources on earth. One of
the most attractive ways to address this problem is metal clas-
sification. There are several methods that currently prevail
in classifying metallic fragments. The first one is the heavy
media separation [1] which could separate metallic scraps of
which densities need to be significantly different. The second
one is image recognition which distinguishes metals based on
analyzing the color information [2], [3]. There are also other
methods such as the laser-induced breakdown spectroscopy
[4], [5], X-ray beam absorption [6], and so forth. Even though
these methods have undoubted advantages, the drawbacks
are non-negligible. The method of heavy media separation is
unable to classify metals with comparable densities [7]. The
image recognition may lose fidelity if the metal surfaces have
colored coating. The methods of laser-induced breakdown
spectroscopy and X-ray beam absorption are almost the most
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reliable, which, however, resort to expensive devices and
demanding surroundings.

The eddy current sensor is also capable of classifying
metals [8]. It starts with exciting time-variant electromag-
netic fields which then form eddy current inside metals. This
eddy current is varying with the conductivity, which sub-
sequently produces the secondary magnetic field [9]. After
picked up by the receiving coil, the secondary magnetic field
induces electric current which would finally be measured by
the impedance analyzer. The eddy current sensor is widely
used in non-destructive test [10]–[12] due to non-contact,
fast measuring, and economical devices. In [13]–[15], eddy
current sensors are utilized to measure the conductivity. One
of the intriguing conclusions is that the square of the phase
of the impedance is proportional to the conductivity when
the thickness of the sample is more than four times the skin
depth [15]. This conclusion is also drawn in the form of log-
arithm [16]. In other words, the logarithm of the phase of the
impedance is proportional to the logarithm of the conductiv-
ity. However, this conclusion is not applicable to samples with
tilting surfaces which prevail in metallic scraps. Recently,
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the combination of eddy current sensors and photoelectric
sensors is used to classify metals with tilting surfaces [8]
by detecting the tilting angle through photoelectric sensors
and then resorting to the characteristic phases. Although the
conductivity classification of tilting samples within 9.0◦ is
achieved, double usages of the method of linear fitting on
the data obtained by photoelectric sensors and eddy current
sensors would introduce more error into the classification
results.

In this article, we manage to classify metallic samples
with tilting surfaces using only eddy current sensors and
the classifiable tilting angle is extended to 11.3◦ larger than
9.0◦ reported before [8]. In Section II we give a detailed
introduction to our set-up by only using eddy current sen-
sors. The measurement through this set-up is dynamic in
which the lift-off is changing with time. In Section III we
describe the circle fitting method to extract global features
from the mutual inductance trajectories. Based on the circle
fitting method, in Section IV it is shown that the fitting
circle centers are distributed close to a feature line (parallel
to the abscissa axis) for the same conductivity with various
tilting angles. The classification technique is subsequently
proposed by finding the minimum distance between the input
fitting circle center and different feature lines. Finally, some
tests are conducted to show the fidelity of this classification
technique, by which tilting metallic samples within 11.3◦ are
successfully classified.

II. EXPERIMENTAL SET-UP
The model built in [8] has tilting samples moving across the
eddy current sensor, which, although easily to be operated,
introduces asymmetry into the mutual inductance trajectory.
This may be the reason why the trajectory in the complex
plane is multi-valued (in other words, the mutual inductance
trajectory is not a curve but a loop), which makes it hard
to find a global feature to characterize the whole trajectory.
As is shown in Fig. 1, we propose another set-up where
the measured mutual inductance trajectory is single-valued
from which it is easier to extract global features. In this
set-up, the rotation axis of the sample is the x-axis and the
moving direction of the probe is along the z-axis. The main
difference between this experimental set-up and others [17],
[18] is that the lift-off is not an unwanted effect but an inde-
pendent variable. In this work, the thickness of the sample
is 1cm which is much larger than the skin depth under the
40KHz excitation signal. The entire classification system is
shown in Fig. 2 where there are an EM instrument [19] for
signal processing, a transformer for calibration [20], a host
computer, a scanning stage, a probe wrapping eddy current
sensors inside and several samples. The analytical expression
for this model with a non-tilting sample firstly given by
Dodd and Deed is theoretically only applicable to the sample
which has an infinitely large surface [21], but the improved
analytical expression for the sample with the finite size is
recently derived in [22]. The integral range in this improved
analytical expression is (3.518/r,∞) where r is the radius

FIGURE 1. Diagram of the whole classification system consisting of the
scanning stage, a sample and a probe.

FIGURE 2. Experimental set-up [8] consisting of an EM instrument for
signal processing, a transformer for calibration, a host computer,
a scanning stage, a probe wrapping eddy current sensors inside and
several samples.

FIGURE 3. Diagram of how to tilt the metallic sample in the experiments.

of the sample, which is different from the range (−∞,∞)
in Dodd’s analytical expression. However, the model with a
tilting sample still has not been analyzed to the best of our
knowledge. The diagram of how to tilt the metallic sample in
our experiment is shown in Fig. 3. The tilting angle ϕ is given
by

tanϕ =
nh
l

(1)

where n is the number of hard pads, h is 0.5mm (the height
of one pad) and l is 1cm in the experiment. The measured
mutual inductance trajectories for different conductivity with
various tilting angles are shown in Fig. 4 where the trajectory
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FIGURE 4. Mutual inductance trajectories of five metallic samples measured by moving the probe along z-axis when
the tilting angle is (a) 0◦. (b) 2.9◦. (c) 5.7◦. (d) 8.5◦. (e) 11.3◦. The trajectories are single-valued and rotating
counter-clockwise when the conductivity becomes smaller.

is rotating counter-clockwise when the conductivity becomes
smaller. In other words, in Fig. 4 the real part of mutual
inductance becomes larger from copper to titanium with the
same imaginary part. The measured mutual inductance is
given by

L = LR + iLI (2)

1L = L − Lair (3)

where Lair is the measured mutual inductance when no sam-
ple exists.

1L = |1L|eiθ (4)

TABLE 1. Conductivity of metal.

where θ is the phase. The reason why the phase changes along
the trajectory maybe the finite size of the sample, which is
different from the phase spectral, almost free from the lift-
off, for the sample of an infinite size [23].
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FIGURE 5. Mutual inductance trajectories of (a) Copper. (b) Aluminum. (c) Zinc. (d) Tin. (e) Titanium after normalized to
the maximum of the absolute value of imaginary parts. It is obvious that trajectories overlap each other when
−0.5 ≤ LI ≤ 0 for the same conductivity with various tilting angles. This means that the effect from the tilting angle
could be almost removed with only the overlap part of the trajectory taken into consideration for classifying the
conductivity.

III. EXTRACTION OF GLOBAL FEATURES
To remove the effect from tilting angles, we first normalize
the measured mutual inductance to the maximum of the
absolute value of the imaginary parts. The mutual inductance
trajectories on the complex plane after normalization are
plotted in Fig. 5 where trajectories overlap each other when
−0.5 ≤ LI ≤ 0 for the same conductivity with various
tilting angles. This means that the effect from the tilting
angle could be almost removed with only the overlap part
of the trajectory taken into consideration for classifying the
conductivity. The next step is to extract the global features
of the overlap parts of trajectories. By merging the overlap
parts of trajectories of different samples with the same tilting

angle into one figure, it is observed that different trajectory
has a different curvature which is able to be found by the
circle fitting method, as shown in Fig. 6. Every trajectory has
a distinct fitting circle. The global features for one trajectory
are the radius and the circle center of the fitting circle. In this
article, it is enough to achieve the conductivity classification
by only using the circle center. The method of circle fitting is
given below

(x − a)2 + (y− b)2 = R2 (5)

where (a, b) is the circle center, R is the radius of the fitting
circle. To obtain a, b and R, we transform the circle equation
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FIGURE 6. Fitting circles of different samples with the same tilting angle
8.5◦. It is apparent that every trajectory has a distinct fitting circle. The
global features for one trajectory contain the radius and the circle center
of the fitting circle.

into the matrix form given by

[x2k + y
2
k ]n×1 =

[
[xk ]n×1 [yk ]n×1 [ek ]n×1

]

×


2a

2b

R2 − a2 − b2

 (6)

where n is the dimension of the data and ek = 1. Since xk and
yk are known, a, b and R is obtainable so long as we solve the
matrix in MATLAB R2020a by

2a

2b

R2 − a2 − b2


=

[
[xk ]n×1 [yk ]n×1 [ek ]n×1

]
\[x2k + y

2
k ]n×1 (7)

IV. CONDUCTIVITY CLASSIFICATION TECHNIQUE
Although the conductivity classification has been realized by
many methodologies of electromagnetic induction such as
magnetic induction spectroscopy [24], eddy current measure-
ment [16], and so forth, none of these researches has consid-
ered samples with tilting surfaces. Our previous research has
first utilized photoelectric sensors to obtain the tilting angle
and then resorted to eddy current sensors to find the con-
ductivity after the phase compensation [8]. Even though the
samples with tilting surfaces within 9.0◦ could be classified,
more complexity and error are actually involved in the whole
system by combining two types of sensors and using the
method of linear fitting twice. The technique developed in this
article extends the classifiable tilting angle range from 0 ∼
9.0◦ to 0 ∼ 11.3◦ with higher classification accuracy by only
using eddy current sensors. The principle of the circle fitting
method has been introduced in Section III. After applying the

FIGURE 7. Distribution of fitting circle centers among which dots are all
distributed near the dashed line of the same color (dots of the same color
are the circle centers for the same sample with different tilting angles).
The classification technique is based on finding the minimum distance
between the fitting circle center of the input measurements and all the
dashed lines. Dashed lines denote b = bi (where bi are arithmetic means
of bij , the longitudinal coordinates of the fitting circle centers for the
same conductivity with different tilting angles). Two dots in the red
square overlap each other.

circle fitting method to all the overlap parts of trajectories
in Fig. 5, these fitting circle centers are plotted in Fig. 7.
The black dots are all distributed near the black dashed line
(which is designated the feature line for copper) and so are
the other dots. It is also observed that the larger conductivity
is, the higher the feature line is. This is explainable since
the overlap part of the trajectory is rotating clockwise with
conductivity increasing in Fig. 6, whose corresponding circle
center would become lower. It is the feature lines b = bi
(where bi are arithmetic means of bij, the longitudinal coor-
dinates of the fitting circle centers for the same conductivity
with different tilting angles) and corresponding deviations
±|δi| that construct different ranges [bi−|δi|, bi+|δi|]. It is the
fact that these ranges have no intersection with each other that
provides the conductivity classification with enough fidelity,
as shown in Table 2.

TABLE 2. Feature line (dashed lines in Fig. 7) and deviation (the
maximum difference between longitudinal coordinates of the fitting
circle centers of the same color in Fig. 7).

The classification of conductivity is intuitive in that only
two steps are needed. First find the distances between the
input circle center (A, B) and different feature lines; then
search for the minimum distance whose corresponding con-
ductivity is the output. The mathematical expressions are
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TABLE 3. Validation results where the input circle center is extracted by using the method of circle fitting on mutual inductance obtained experimentally,
di denotes the distance between the input circle center and five feature lines, i is the location of the minimum distance and d is the minimum distance.

FIGURE 8. Test results are shown in two forms. (a) Distribution of fitting
circle centers. (b) Classification result. The tilting angle is varying from 0◦
to 14.0◦. The red cross denotes the wrong test where the sample of zinc is
tilted with the angle 14.0◦.

given by

di = |B− bi| (8)

where di is the distance and y = bi is the feature line.

[i, d] = min {di} (9)

where i is the label of metal and d is the minimum distance.
The validation results using this classification technique are

FIGURE 9. (a) Classification error (the minimum distance between the
fitting circle center and five featuer lines). (b) Error analysis of Zn. The red
cross denotes the wrong test. The b is the longitudinal coordinate of the
circle center of the fitting circle.

shown in Table 3 where all inputs could be accurately clas-
sified. To prove the advancement of this technique on classi-
fying the conductivity with larger tilting angles, we conduct
tests for 30 times with the tilting angle varying from 0◦ to
14.0◦. The fitting circle centers are plotted in Fig. 8(a) with
only one wrong test denoted by a red cross. As is shown
in Fig. 8(b) when the tilting angle is smaller than 11.3◦,
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the samples are all successfully classified. To find out the
effect on classification accuracy from further increasing the
tilting angle, the test results of 14.0◦ are also obtained. The
total classification rate is 96.7% within 14.0◦. As is shown
in Fig. 9(a), the No. 18 test is wrong, where the tilting angle
for Zn is 14.0◦. The reason is that the fitting circle center of
zinc with the tilting angle of 14.0◦ is closer to the feature
line of aluminum, which is obviously shown in Fig. 9(b).
Thus, further increasing the tilting angle would decrease the
classification accuracy.

V. CONCLUSION
This article manages to obtain the mutual inductance trajec-
tory that is single-valued based on a different set-up from
the one in [8]. The single-valued curve makes it possible
to extract global features to represent different trajectories
of different conductivity. To resolve the issue of classifying
metallic scraps with tilting surfaces that may happen in the
practical classification process, we propose the circle fitting
method to extract global features that can remove the effect
from tilting surfaces based on the fact that the same parts
of mutual inductance trajectories for the same conductivity
with different tilting angles overlap. One of the extracted
global features-the fitting circle center-is used to classify the
conductivity. These circle centers for the same conductiv-
ity but with different tilting angles actually scatter in the
neighborhood of a feature line. After obtaining the functions
of these feature lines, a two-step classification algorithm
is formed on the basis of finding the minimum distance
between the input circle center and five feature lines. The
test results show that inputs are accurately classified within
11.3◦. Theoretically, any other metallic samples, as long as it
shows similar single-valued curves to those in Fig. 6, could
be included in Fig. 7 with different feature lines. Furthermore,
this classification technique may be applicable to not only the
tilting angle but also other variables. It is reasonable to envi-
sion that the alloys that have the same conductivity are also
possible to own fitting circle centers which are scattered near
the feature line belonging to the corresponding conductivity.
Thus, this classification technique has great potential to be
applicable to a lot of situations. Since this classification sys-
tem involves nothing but eddy current sensors, it is easy to be
integrated with other functional eddy-current systems (such
as systems for measuring coating thickness [15], measuring
displacement [25], and so forth) to classify the conductivity
simultaneously.
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