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Abstract:
metal barcode labels, providing a reference for design. Using the magnetic scalar potential boundary condition at

We employ nondestructive evaluation involving AC field measurement in detecting and identifying

notches in thin-skin field theory and 2D Fourier transform, we introduce an analytical model for the magnetic scalar
potential induced by the interaction of a high-frequency inducer with a metal barcode label containing multiple
narrow saw-cut notches, and then calculate the magnetic field in the free space above the metal barcode label. With
the simulations of the magnetic field, qualitative analysis is given for the effects on detecting and identifying metal
barcode labels, which are caused by metal material, notch characteristics, exciting inducer properties, and other
factors that can be used in metal barcode label design as reference. Simulation results are in good accordance with

experiment results.
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1 Introduction

The Internet of things (IoT) (Presser et al.,
2009), i.e., the network of physical objects or ‘things’,
has been widely used in network convergence, via
communication and sensing technology such as in-
telligent perception, recognition, and pervasive com-
puting. As a basic support technique of IoT, recogni-
tion employs mainly the barcode, the magnetic card,
or radio frequency identification (RFID). However,
the above techniques are not suitable for working
in harsh environments, such as in industry, automa-
tion, and control. What is worse, it is hard to identify
small metal objects using these techniques.

The metal barcode label (MBL) is a special bar-
code that is engraved in the metal substrate with a
laser beam etcher. It has the advantages of: (1) sur-
viving in hostile environments and weather such as
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corrosion, high and low temperature, and ultraviolet
(UV) fading; (2) long-term storage outdoors and be-
ing hard to damage; (3) high anti-interference; and
(4) aging resistance. Therefore, an MBL is suitable
for working in industry and military, e.g., petroleum
and chemical industry, chain super catering indus-
try, automation, detection, automatic administra-
tion, machinery production, electronics, medical ap-
paratus, pressure vessel, arms, ammunition, and
storage management. Generally, two kinds of MBL,
namely metal tags (MTs) and direct park marking
(DPM), have been widely used. For MT, the bar-
code is engraved in a separate metal substrate, and
for DPM, the barcode is engraved directly on the
goods. Traditionally, MBLs can be identified by a
general barcode reader and/or techniques based on
image recognition. However, the main drawback of
these reading techniques is that they are hypersensi-
tive to stain and, therefore, MBLs must be cleaned
when they are stained by oil or dust. To overcome
this drawback, one can adopt the eddy current (EC)
effect to recognize MBLs, which is widely used in
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nondestructive evaluation (NDE).

However, only a few papers have reported MBLs
until today. In these papers, the analysis is based on
the equivalent impendence equation derived from the
Kirchhoff voltage law:
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where Ry and Rs are the resistances of the exciting

and pick-up coils, respectively, L1 and Lo the self-
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inductances of the exciting and pick-up coils, respec-
tively, and M the mutual inductance of the exciting
and pick-up coils. From Eq. (1), one cannot obtain
the effects of metal substrate conductivity or per-
meability, the depth of notches, the shape or size of
exciting coils, exciting current magnitude, frequency,
lift-off distance, etc., on identifying MBLs.

In this study, the information contained in an
MBL is recorded as information bits by, bo, ..., bx,
which are arranged on the surface of the metal sub-
strate separated by a distance Ay; a saw-cut notch
is engraved on the metal substrate at the position
where by =1 (k=1,2,..., K), while at the position
where b, = 0 there are no notch (Fig. 1).
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Fig. 1 Metal barcode label: schematic diagram

Because of the similarity between cracks in a
specimen and notches in an MBL, one can intuitively
extend the theory and techniques developed in NDE
(Auld and Moulder, 1999; Grimberg, 2011) to the
MBL field. NDE involves mainly eddy current test-
ing (ECT) (Bowler and Harfield, 1998; Ditchburn
et al., 2003; Grimberg, 2011) and AC field measure-
ment (ACFM) (Mirshekar-Syahkal and Mostafavi,
1997; Mostafavi and Mirshekar-Syahkal, 1999; Zhou
et al., 1999; Salemi et al., 2004; Amineh et al.,
2008). For some special cases in which cracks are
ideal and/or have a special shape, analytical and

semi-analytical solutions have been obtained (Dodd
and Deeds, 1968; Bowler et al., 1990; Bowler, 1994;
Bowler and Harfield, 1998; Ditchburn et al., 2003;
Theodoulidis and Bowler, 2005; 2010; Ostovarzadeh
et al., 2011; 2013; Bowler et al., 2012), while for much
more general cases numerical methods such as vol-
ume integrals (Bowler et al., 1989) and the finite
element method (FEM) (Morisue, 1982; French and
Bond, 1988; Xu and Simkin, 2004; Zeng et al., 2007,
2010) are necessary. In this paper, we provide an
analytical model to analyze and predict the effects
of metal substrate conductivity and permeability, the
properties of notches and exciting coils, etc., on iden-
tifying MBLs, by employing the analysis technique
for ACFM (Mirshekar-Syahkal and Mostafavi, 1997)
and the boundary equations in the thin-skin elec-
tromagnetic field (Lewis et al., 1988; Michael et al.,
1991), whose skin depth § is much smaller compared
to the dimensions of notches. The analytical solu-
tions for the magnetic scalar potential correspond-
ing to the perturbations caused by multiple narrow
saw-cut notches are given, which can be used to ex-
tract the information bits from MBLs. Computer
simulation demonstrates that the results are in good
With this
model, we can qualitatively analyze the effects of
metal substrate conductivity and permeability, the
properties of notches and exciting coils, etc., on iden-
tifying MBL, and provide a reference for designing
MBLs.

accordance with those of experiments.

2 Theoretical modeling

The considered problem is shown schematically
in Fig. 1, where a half-space uniform metal substrate
with conductivity ¢ and relative permeability pu, is
shown, whose surface coincides with the plane z =
0. N narrow saw-cut notches with infinite length
and depth d are taken to be parallel to the x-axis
at positions y1,y2,...,yn (Y1, 92, - .-
multiples of Ay), respectively. An exciting coil, with
center point (0,0, h), is placed parallel to the surface
of the metal substrate. The exciting coil carries an
alternating current with magnitude I, and operating
frequency f. The operating frequency ranges from 10
kHz to 10 MHz, such that the induced displacement
current can be neglected, and the current skin depth
§ = V2/k| (k* = j2rfuop.o, Re(k)>0, where pq
is the vacuum permeability and Re(k) the real part

, YN are integer
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of k) is much smaller than the dimensions of the
notches. The field magnitude is so small compared
with the saturation field that magnetic hysteresis can
also be neglected (Michael et al., 1991). The shape of
the exciting coil can be either circular or rhombic. A
pick-up coil, with a lift-off distance ¢, is placed with
its axis in the yOz plane and parallel to the y-axis,
to collect the y component of the magnetic field H
in free space.

2.1 Scalar magnetic potential in free space

In free space, the vector magnetic potential in-
duced by the current density J(rg) is established as

o= flf, 5

where 7y and r are the source and field points, re-
spectively, and 2. is the source domain. Its 2D
Fourier transform is given by (Michael et al., 1982)

(2)
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with respect to z and y. When the inducer is a
current-carrying coil, Eq. (3) is simplified to
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where I = I, cos(2mft) is the current in the coil, ¢
is the integration path along the coil, and dlj is a
vector line element. Approximating the exciting coil
by M short segments of conductors (Fig. 1), one can

use the well-known expression for vector magnetic
field to obtain (Ravan et al., 2006)
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where xg i, Y0,i, and 2o ; are the starting coordinates
of the ith segment of the conductor, Lz ; = ¢ ;41 —
Z0,5, Lyo,i = Yo,i+1 — Yo,i» and Lzo; = 20,511 — 20,:-
In the region (2,; (above the metal substrate
surface, outside the notches, and below the exciting
coil) which we are interested in, the magnetic field is
divergence- and curl-free,i.e., Vx H =0,V-H = 0,
and can be derived from a scalar magnetic potential
1 by using H = —V4. The scalar magnetic po-
tential can be expressed as the superposition of two
potentials with Laplacian distributions as

w :wi""wpa (6)

where v; and v, are the potential functions for the
incident field in the absence of the metal and the field
perturbations caused by the metal substrate and the
notches, respectively. The boundary condition that
1) satisfies in the case of a single notch has been given
by Lewis et al. (1988) and Michael et al. (1991). In
this study, the boundary condition is modified to fit
the case of N notches as on the plane z = 0:
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where H,(z,yn,0) is the magnetic field at the nth
notch on the surface of the specimen. Note that
the boundary condition in Eq. (7) is available only
for the case where the notch opening is sufficiently
small, so H,(x, yn, 0) has a negligible variation inside
the notch from one face to the other for an arbitrary
incident field distribution (Ravan et al., 2006). The
Fourier transform of Eq. (7) is

o (v, B, 2)
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Using Eq. (3) and the 2D Fourier transform of
the well-known relations B; = V x A; and H; =
—V1);, the Fourier transform of the incident poten-
tial ¢; in 2, is given by (Mirshekar-Syahkal and
Mostafavi, 1997)

’l/:)i(Oé,ﬂ,Z) = 121(01,5,0)672, z < h7 (9)

e, - ('y X ;li(a,B?O)) ,  (10)
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where v = ae,+fe,. The perturbation potential 1/,
in Eq. (6) satisfies the Laplacian equation V1, = 0,
and the general solution is given by

Up(a, B, 2) = aexp(—vz), (11)

where a is a coefficient and will be determined later
in this article. The 2D Fourier transform of the total
potential 1[)(04, B, z) is obtained by the superposition
of Egs. (9) and (11):

w(a, B, 2) = (e, B,0) exp(y2) + aexp(—2). (12)

Substituting Eq. (12) with z = 0 in Eq. (8), one
can obtain

: _ 2u0v9i(a, B,0)
1/’(047570) - ’y (MO + %7)
(2 + uog) Z (ct, yn, 0) exp(—jByn) 1
n 1
ol (uo + EW)

Inside the nth notch (y = y,) between its two
faces, the scalar magnetic potential ¢ satisfies the
Laplacian equation V2¢ = 0. Since the notch open-
ing is sufficiently small, the boundary condition cor-
responds to no tangential current along the inside
notch edge (Michael et al., 1991) (Fig. 2), i.e

Jz(fﬂ,ym—d) :Ov (14)
which means no normal magnetic field along the in-
side notch edge:

Hy(xayn7 _d> = -

Aw=0

Notch faces Ay=0

3¢13z=0 (H,=0, J,=0)

Fig. 2 Magnetic field inside the nth notch and the
current at the nth notch face (Mirshekar-Syahkal and
Mostafavi, 1997)

Since the nth notch is infinitely long, the 1D
Fourier transform solution for V2¢ = 0 is given by

coshla(z + d)]

) n - C 16
o(a,yn, 2) cosh(ad) ' (16)
H.(a,yn,0) = —aC tanh(ad), (17)
where ‘“ denotes the 1D Fourier transform solu-
tion with respect to . With Egs. (16) and (17),

g?)(oz, Yn, 2) can be expressed in terms of H., (e, yy,0)
as

-1 cosh[a(z+d)] ~
atanh(ad) cosh(ad) H(et,yn; 0)-
(18)

Because of the continuity of the potentials ¢ and

1), their 1D Fourier transforms are equal at the crack

mouth:
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Combining Eqs. (19), (18), and (13), one can
obtain the relationship between the z component of

(19)

the magnetic field and the incident potential ¢; on
the surface of the metal substrate at the nth notch
(y = yn) as follows:

N

mZ:l l(a tanh(ad) (2% + g)
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= —2atanh(ad) exp(jByn)dp.

Eq. (20) can be rewritten in a matrix form as
(A + \/2711) H. =B, (21)

where I is the identity matrix and the elements in
A, B, and H, are, respectively,

r r —iBYm—yn))
apm = atanh(ad) 2'u—+g exp(—] dgs,
b [0
(22)
bn:—ZOztanh(ad)/wl( 5 )exp(jﬂyn)dﬂ,
o+

(23)
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Hz,m = Hz (057 Ym» 0)7 (24>
and
- -1
H - (A + \/2711) B. (25)

Now, using Eqs. (12), (13), and (20), the 2D
Fourier transform of the potential 1) above the metal
surface can be obtained as

(e, 2)
= 1- &Py =~
= wi(a7 B, O)e’yz + Tkrwi(aa B, 0)6772
1+ ?’y

2? +g N ~
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(26)
The second and third terms on the right-hand side
of Eq. (26) are the potential functions correspond-
ing to the perturbations caused by the metal and
the notches, respectively. It is clear that 15(&7 B, 2)
is a function of the incident potential at the metal
surface, 1/31(04, B,0), which can be obtained by using
A;(a, 3,0) (Eq. (10)). Applying 2D inverse Fourier
transform to Eq. (26), one can obtain the total po-
tential function in (2., ¥(z,y, z), and with the def-
inition of the scalar magnetic potential, the y com-
ponent of the magnetic field, H,, can be obtained.

2.2 Qualitative analysis for sensitivity

In this study, the physical quantity measured
by the ACFM pick-up coil is the y component of the
magnetic field in {2, i.e.,

_awi(x7yaz> . 8wp,specimen($ay7z)

_ i awp,notch,n(x7 Y, z)
dy

N
= y,inhcrcnt"’ § Hy,notch,n~

n=1

n=1

(27)
The first two terms on the right-hand side of Eq. (27)
are the y components of the inherent magnetic field
caused by the exciting coil and the metal substrate,
Hy inherent, and the third one is the superposition of
the perturbation magnetic field caused by notches,
Hy noteh,n-  In view of Egs. (20), (21), and (26),
the perturbation potential caused by the nth notch,

Yp,notch,n, can be approximated by a linear combi-
nation of ¥;(x,y, z), the same as Hy notch,n t0 the y
component of the incident magnetic field, H, ;. The
sensitivity of the pick-up coil depends on two factors:
(1) the main lobe width of the perturbation magnetic
field caused by the nth notch, Hy notch,n, and (2) the
relative perturbation magnetic field caused by the
nth notch, max (| Hy notch,n|) / max(|Hy inherent|)-

The effects of the metal substrate’s conductiv-
ity and permeability, the properties of notches and
exciting coils, etc., on identifying MBL will be given
in the following section by simulations.

3 Simulations

The sensitivity in identifying MBLs depends
on the metal substrate material, the properties of
notches, and exciting coils. In this section, a quali-
tative analysis of the sensitivity in identifying MBLs
containing a single notch by examining the magnetic
field distribution in (2,;;, is given first. Then accord-
ing to the conclusions obtained above, a set of rec-
ommended parameters are given in the case of MBLs
containing multiple notches, which can be used in de-
signing MBLs.

In addition, this technique can be very effective
(almost instantaneous running on a personal com-

puter) for the magnetic vector potential A;(cv, 3, 0)
induced by the exciting coils, which is the most time-
consuming process and is performed only once in the
entire simulation.

3.1 Identification of single-notch MBLs

The parameters used in the simulations (Exper-
iments 1-6) for the MBLs containing a single notch
are summarized in Table 1.

In Experiment 1, the identification of the MBLs
containing a single notch (bit 1) or no notch (bit
0) with mild steel or aluminum substrates is in-
vestigated. A rhombic coil (diagonals [=21.5 mm,
w=11.5 mm) with current of an operating frequency
f=20 kHz is used for exciting. Fig. 3 gives the
magnitude and phase of the y component of the
magnetic fields obtained by simulation and experi-
ment (Mirshekar-Syahkal and Mostafavi, 1997) along
the pick-up coil’s moving path (the intersection of
planes =0 and z=q). It is seen that (1) the
simulation results are in good agreement with the
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Table 1 Parameters used in the simulations for MBLs containing a single notch

Metal Shape of Operating Lift-off Notch Notch
Experiment substrate the exciting frequency, distance, depth, position, Simulation
material coil f (kHz) g (mm) d (mm) Yn (mm) results
Mild steel - -
Aluminum . . - - .
1 Mild steel Small rhombic coil 20 0.76 4 0 Fig. 3
Aluminum 4 0
10
2 Mild steel Small rhombic coil 20 0.76 4 0 Fig. 4
40
0
—4
3 Mild steel Small rhombic coil 20 0.76 4 -8 Fig. 5
—12
—16
1
2
4 Mild steel Small rhombic coil 20 0.76 ;l 0 Fig. 6
12
16
Small rhombic coil
h i il
5 Mild steel Large rhombic coi 20 0.76 4 0 Fig. 7
Small circular coil
Large circular coil
0.38
0.76
Mil 1
ild stee 114
. . 1.52 .
6 Small rhombic coil 20 4 0 Fig. 8
0.38
. 0.76
Aluminum 114
1.52

Properties of the metal substrate material: mild steel, =100, 0=6 x 10° S/m; aluminum, p,=1, 0=3.7 X 107 S/m. Exciting coil

dimensions: small exciting rhombic coil, diagonals [=21.5 mm and w=11.5 mm; large exciting rhombic coil, diagonals /=43 mm and

w=23 mm; small exciting circular coil, radii 7=10.75 mm; large exciting circular coil, radii 7=21.50 mm. The exciting coil is placed

at 2=3.16 mm (Fig. 1). Exciting current magnitude I;,=1 A. The notch has an opening g=150 pum

experiment when an MBL contains no notch; (2)
the magnitude of H, has a double peak pattern at
the position around the notch position (y=0) and
the phase flips over, which are the same as that in
Mirshekar-Syahkal and Mostafavi (1997) and Salemi
et al. (2004); (3) compared with a substrate with low
permeability (aluminum), the relative perturbation
in magnetic field, caused by a notch carved in a sub-
strate with high permeability (mild steel), is larger.
Therefore, a substrate with high permeability can
improve the sensitivity of MBL’s identification.

The identification of MBLs made of mild steel
which contains a single notch placed at the position
y=0 mm with depth d=4 mm, is investigated in Ex-

periment 2. A rhombic coil (diagonals [=21.5 mm,
w=11.5 mm) with current of operating frequencies
f=10, 20, and 40 kHz, respectively, is used for excit-
ing. Fig. 4 gives the magnitude of H, along the pick-
up coil’s moving path. It is seen that (1) the mag-
nitude of H, increases as the operating frequency
f increases, but the relative perturbation does not
change significantly, and (2) the main lobe width of
the perturbation in the magnitude of H,, caused by
a notch, is independent of the operating frequency f.
It is known that the squared skin depth is inversely
proportional to the operating frequency. Therefore,
the change of the skin depth caused by the operating
frequency alone influences the MBL’s identification.
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O  Experiment on mild steel with no notch
< Experiment on aluminum with no notch
Simulation on mild steel with no notch
--- Simulation on aluminum with no notch
Simulation on mild steel with one notch
— — — - Simulation on aluminum with one notch
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Fig. 3 Identification of MBLs containing a single
notch or no notch: (a) magnitude; (b) phase. Sim-
ulation results of H, are compared with experimen-
tal results given in Mirshekar-Syahkal and Mostafavi
(1997). The subplots show the detailed H, around
y=0. The position of the notch is marked with verti-
cal dashed line, and the position of the exciting coil
is marked with vertical dash-dotted lines

In Experiment 3, the identification of MBLs
made of mild steel, containing a 4-mm-deep single
notch with different positions, is investigated. The
inducer is a rhombic coil with [=21.5 mm and w=
11.5 mm and the operating frequency f is 20 kHz.
Fig. 5 gives the magnitude and phase of the y com-
ponent of the magnetic fields along the pick-up coil’s
moving path, obtained by simulation. From Fig. 5,
we see the following: (1) When the notch is placed
near the center of the exciting coil (y,=—4 mm),
there is a peak in the magnitude of H, at the side
close to the center of the exciting coil and a valley at
the other side. In between the peak and valley is the

3.5
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w

(=]
T T
= N
o =]
=] t=3

N
)

N
o
:

Phase (degree)
o

-
()]
T

2007552 0 002
y.(m)

Magnitude (x10-7 A/m)

-
o

o
3]
T

o L I
804503 002 007 0 001 002 003 004

y (m)

Fig. 4 Magnitude of Hy in identifying MBLs contain-
ing a single notch under different operating frequen-
cies. The left subplot shows the phase of Hy, and the
right subplot shows the detailed magnitude of Hy at
the position of the notch. The position of the notch is
marked with vertical dashed line, and the position of
the exciting coil is marked with vertical dash-dotted
lines
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Fig. 5 Magnitude of Hy in identifying MBLs contain-
ing a single notch at different positions. The inset
shows the phase of Hy. The position of the notch is
marked with vertical dashed line, and the position of
the exciting coil is marked with vertical dash-dotted
lines

position of the notch. However, the phase of H, has
a negligible variation at the notch. When y, =0, the
magnitude and phase of H, are the same as shown
in Fig. 3. Therefore, in this region, a notch can be
positioned accurately. (2) When the notch is placed
inside the exciting coil and near edges (y,=—8 mm),
the magnitude of H, decreases significantly at the
exciting coil’s vertex near the notch (the left peak
is much lower than the right one at the exciting coil
vertexes), and the phase of H, shows a negligible
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variation at the notch. Therefore, one can detect
the existence of a notch but cannot position it ac-
curately. (3) When the notch is placed outside the
exciting coil near edges (y,=—12, —16 mm), both
the magnitude and phase of H, change negligibly
at the notch. Therefore, a notch placed in this re-
gion cannot be detected. To improve the sensitivity
of identifying MBLs, one should place notches in the
center region of the exciting coil when manufacturing
MBLs.

In Experiment 4, the identification of MBLs
made of mild steel, containing a single notch placed
at y=0 mm with different depths, is investigated.
The inducer is a rhombic coil with [=21.5 mm and
w=11.5 mm, and the operating frequency is f=
20 kHz. Fig. 6 gives the magnitude and phase of
H, along the pick-up coil’s moving path, obtained
by simulation. It is seen that (1) the double peaks
of the H, magnitude increase as the notch depth d
increases at the beginning, but no more significant
increase after d>8 mm, and (2) the main lobe width
of the perturbation in the magnitude of the y compo-
nent magnetic field, H,, caused by a notch, increases
as the notch depth d increases at the beginning, but
no more significant increase after d>8 mm. There-
fore, 4-8 mm is a good choice for the notch depth
when manufacturing MBLs.

In Experiment 5, the identification of MBLs
made of mild steel, containing a single notch placed
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Fig. 6 Magnitude of H, in identifying MBLs con-
taining a single notch with different depths. The left
inset shows the phase of H,. The right inset shows
the detailed magnitude of Hy at the position of the
notch. The position of the notch is marked with ver-
tical dashed line, and the position of the exciting coil
is marked with vertical dash-dotted lines

at the position y,=0 mm, depth d=4 mm, is investi-
gated. The MBL is excited by rhombic and circular
coils, respectively. The diagonals of small rhombic
coils are [=21.5 mm, w=11.5 mm; for large rhombic
coils, /=43 mm, w=23 mm. The radii of small circu-
lar coils are r=10.75 mm, and for large circular coils,
r=21.5 mm. Fig. 7 gives the magnitude of H, along
the pick-up coil’s moving path. It is seen that (1) the
magnitude of H, induced by a circular coil is higher
than that induced by a rhombic one, but the rela-
tive perturbation caused by a notch is lower, and (2)
the relative perturbation in the magnetic field caused
by a notch increases as the size of exciting coils in-
creases, but the main lobe width of the perturbation
also increases. Therefore, for a fixed exciting coil, it
is necessary to balance the sensitivity and the region
in which notches can be detected when selecting the
size of an exciting coil. To obtain a high sensitivity
in identifying MBLs, one can scale the size of an ex-
citing coil down and move it along the y-axis under
the control of a computer. This is the future work of
this study.

Tian et al. (1998) and Tian and Sophian (2005)
have discussed the lift-off effects, such as normal-
ization and material influence, on ECT with exper-
iments. Following this discussion, in Experiment 6,
the influence of the pick-up coil lift-off on the iden-
tification of MBLs is investigated. In this simula-
tion, the MBL is made of mild steel and aluminum,
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Fig. 7 Magnitude of Hy in identifying MBLs contain-
ing a single notch under exciting inducers with dif-
ferent shapes and sizes. The position of the notch is
marked with vertical dashed line, and the position of
the exciting coil is marked with vertical dash-dotted
lines
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respectively; the inducer is a rhombic coil with
[=21.5 mm and w=11.5 mm; and the operating fre-
quency is f=20 kHz. The pick-up coil lift-off ¢ is
fixed at 0.38, 0.76, 1.14, and 1.52 mm, respectively.
Fig. 8 gives the normalized magnitude of H, along
the pick-up coil’s moving path at different lift-offs.
The inset shows H; in detail at the position of the
notch. The normalized signal H,, is given by (Tian
and Sophian, 2005)

H/ — Hy

Y max(H,) (28)

As the lift-off increases, the normalized magnetic
field decreases rapidly. In fact, as the pick-up coil
is brought close to the substrate and far from the
exciting coil, the magnetic field induced by the excit-
ing coil increases substantially and that by the notch
decreases obviously. According to Eq. (26), the de-
pendence of the magnetic scalar potential ¢ on z
shows that the perturbation induced by notches de-
creases exponentially as the lift-off increases. There-
fore, when the position of the exciting coil is fixed,
it is obvious that the pick-up coil should be placed
close to MBLs as much as possible.

As discussed in Section 2.2, the perturbation
potential caused by the nth notch, 1 notch,n, can be
approximated as a linear combination of ;(z,y, ),

lift-off=0.38 mm (mild steel) lift-off=0.38 mm (aluminum)
lift-off=0.76 mm (mild steel) --------lift-off=0.76 mm (aluminum)
lift-off=1.14 mm (mild steel) — — — - lift-off=1.14 mm (aluminum)
lift-off=1.52 mm (mild steel) - lift-off=1.52 mm (aluminum)
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Fig. 8 Normalized magnitude of H, in identifying
MBLs containing a single notch with different lift-offs.
The inset shows the detailed normalized magnitude of
H, at the position of the notch. The position of the
notch is marked with vertical dashed line, and the
position of the exciting coil is marked with vertical
dash-dotted lines

the same as Hy notch,n to Hyi. By the simulations
for MBLs containing a single notch, with different
substrate materials and properties of notches and
exciting coils (Figs. 3 and 4), it is known that the y
component of the perturbed magnetic field caused by
a single notch, Hy notch,n, can be approximately de-
picted as a copy of Hy inherent, Which is scaled down
in magnitude, reversed in phase, and compressed in
main lobe width. Mirshekar-Syahkal and Mostafavi
(1997) suggested that phase detection is better than
magnitude detection for detecting notches, because
the perturbation in magnitude of H, caused by the
notch is much smaller than the peaks of H, at the
position of the exciting coil, while the perturbation
in phase of H,, is obvious at the position of the notch.
However, this suggestion is fit only when the notch
is placed at y,=0. From Fig. 5, it is known that,
in case the position of the notch is at y, # 0, the
perturbation in phase is not obvious any more, and
this is due to the fact that the relative perturbation
in magnitude caused by the notch is much smaller
than 1.
herent magnetic field Hy inherent iS almost zero, the
perturbation is predominant. So, Eq. (27) can be
simplified as H, ~

Only at the position y,=0 where the in-

y.noteh,n |y, =0, whose phase is
opposite to the inherent phase. When the position
of the notch y,, # 0, the inherent field Hy inherent is
much larger than Hy ,otch,» in magnitude, and the
phase of Hy notch,n flips over at y = y,, which is the
same as that of Hy inherent @t the side near the coil
center and opposite at the other side; hence, in the
magnitude of H, at y = y,, a peak appears at the
side near the coil center and a valley at the other
side.

Therefore, to improve the sensitivity of the
notch identification, one can conclude that (1) the
magnitude detection should be employed in position-
ing notches with the ACFM technique; (2) the metal
substrate should be made of metallic materials with
a large relative permeability; (3) notches should be
placed in the center region of the exciting coil; (4) the
depth of notches should be in the range of 4-8 mm;
(5) a rhombic exciting coil could improve the iden-
tification of notches compared with a circular one;
(6) a small exciting coil could improve the identifi-
cation of notches compared with a large one; (7) a
large exciting coil could enlarge the region in which
a notch can be detected compared with a small one;
(8) the anti-jamming ability of ACFM detection can
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be improved by increasing the operating frequencys;
and (9) the pick-up coil should be placed close to the
MBL as much as possible.

3.2 Identification of multi-notch MBLs

The parameters used in the simulations (Exper-
iments 7 and 8) for the MBLs containing multiple
notches are summarized in Table 2.

In Experiment 7, the identification of MBLs
made of mild steel containing multiple notches with
interval of 1 mm (y,=-5, —4, —3, —2, and —1 mm,
d=4 mm) is investigated. The MBLs are excited by
a rhombic coil with [=21.5 mm and w=11.5 mm and
the operating frequency f is 20 kHz. Fig. 9 gives
the magnitude and phase of H, along the pick-up
coil’s moving path obtained by simulation. The left
inset shows the phase of H, along the pick-up coil’s
moving path, and the right inset shows the detailed
magnitude of H, at the position of the notches. It
is seen that one cannot distinguish notches with in-
terval 1 mm by inspecting H, directly without any
additional signal processing.

In Experiment 8, the identification of MBLs
made of mild steel containing multiple notches with
interval 2 mm (y,=-5, —3, —1 mm, d=4 mm) is
investigated. The MBLs are excited by the same
rhombic coil as that in Experiment 7. Fig. 10 gives
the magnitude and phase of H, along the pick-up
coil’s moving path, obtained by simulation. The left
inset shows the phase of H, along the pick-up coil’s
moving path, and the right inset shows the detailed
magnitude of H, at the position of the notches. It
is seen that one can clearly distinguish notches in
the center region (y,=—3, —1 mm) with interval 2
mm by inspecting H, directly, but at y,=—5 mm,
to locate the notches, additional signal processing is
needed.

By the simulations of the multi-notch MBL
(Figs. 9 and 10), one can obtain the distinguishable
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Fig. 9 Simulation results of H, when a metal label
contains five notches separated by 1 mm. The left
inset shows the phase of H,. The right inset shows
the detailed magnitude of Hy, at the position of the
notch. The positions of the notches are marked with
vertical dashed lines, and the position of the exciting
coil is marked with vertical dash-dotted lines

region and sensitivity of an MBL system, under the
excitation of a rhombic inducer, which can be a ref-
erence in design.

4 Conclusions and future work

We employ the nondestructive evaluation in-
volving AC field measurement in detecting and iden-
tifying metal barcode labels, providing reference for
design. Using the magnetic scalar potential bound-
ary condition at notches in thin-skin field theory
and 2D Fourier transform, we provide an analytical
model for the magnetic scalar potential induced by
the interaction of the high-frequency inducer with
a metal barcode label containing multiple narrow
saw-cut notches and then the magnetic field in the
free space above the metal barcode label. With
the simulation of the magnetic field, qualitative
analysis was given for the effects on detecting and

Table 2 Parameters used in the simulations for MBLs containing multiple notches

Metal Shape of Operating Lift-off Notch Notch
Experiment substrate the exciting frequency, distance, depth, position, Simulation
material coil f (kHz) g (mm) d (mm) Yn (mm) results
7 Mild steel Small rhombic coil 20 0.76 4 —-5,—4,-3,-2,—-1 Fig. 9
8 Mild steel Small rhombic coil 20 0.76 4 —5,-3,—1 Fig. 10

Properties of the mild steel substrate material: i, =100, 0=6 x 10° S/m. Dimensions of the exciting rhombic coil: diagonals =21.5

mm and w=11.5 mm. The exciting coil is placed at h=3.16 mm. Exciting current magnitude I,,=1 A. The openings of all the

notches are g=150 pm
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Fig. 10 Simulation results of H, when a metal label
contains three notches separated by 2 mm. The left
inset shows the phase of H,. The right inset shows
the detailed magnitude of Hy at the position of the
notch. The positions of the notches are marked with
vertical dashed lines, and the position of the exciting
coil is marked with vertical dash-dotted lines

identifying MBLs, which are caused by metal mate-
rial, notch characteristics, exciting inducer proper-
ties, and other factors. These results (Section 3.1)
can be used as a reference in metal barcode label
design.

This paper gives a mathematical model for
MBLs with narrow saw-cut notches. However, for
a real MBL, to contain much more information bits,
a notch may have a width compatible with its length
and depth. This is the fundamental difference be-
tween MBL and NDE. It means that a mathemati-
cal model for a wide notch must be established, on
which our further work will focus.
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