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Abstract: We employ nondestructive evaluation involving AC ﬁeld measurement in detecting and identifying
metal barcode labels, providing a reference for design. Using the magnetic scalar potential boundary condition at
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 intelligent perception, recognition, and pervasive computing. As a basic support technique of IoT, recognition 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, automation, and control. What is worse, it is hard to identify
small metal objects using these techniques.
The metal barcode label (MBL) is a special barcode that is engraved in the metal substrate with a
laser beam etcher. It has the advantages of: (1) surviving 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 being 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 industry, automation, detection, automatic administration, machinery production, electronics, medical apparatus, 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 barcode 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 hypersensitive 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:


ω2M 2
ω2M 2
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+jω
L
−
L
ZL = R1 +R2 2
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2 2
R2 + ω 2 L22
R2 + ω 2 L22
(1)
where R1 and R2 are the resistances of the exciting
and pick-up coils, respectively, L1 and L2 the selfinductances of the exciting and pick-up coils, respectively, 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 permeability, 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 b1 , b2 , . . . , bK ,
which are arranged on the surface of the metal substrate separated by a distance Δy; a saw-cut notch
is engraved on the metal substrate at the position
where bk = 1 (k = 1, 2, . . . , K), while at the position
where bk = 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 testing (ECT) (Bowler and Harﬁeld, 1998; Ditchburn
et al., 2003; Grimberg, 2011) and AC ﬁeld measurement (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
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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 volume 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 identifying MBLs, by employing the analysis technique
for ACFM (Mirshekar-Syahkal and Mostafavi, 1997)
and the boundary equations in the thin-skin electromagnetic ﬁeld (Lewis et al., 1988; Michael et al.,
1991), whose skin depth δ is much smaller compared
to the dimensions of notches. The analytical solutions for the magnetic scalar potential corresponding to the perturbations caused by multiple narrow
saw-cut notches are given, which can be used to extract the information bits from MBLs. Computer
simulation demonstrates that the results are in good
accordance with those of experiments. With this
model, we can qualitatively analyze the eﬀects of
metal substrate conductivity and permeability, the
properties of notches and exciting coils, etc., on identifying MBL, and provide a reference for designing
MBLs.

2 Theoretical modeling
The considered problem is shown schematically
in Fig. 1, where a half-space uniform metal substrate
with conductivity σ and relative permeability μr 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 , y2 , . . . , yN are integer
multiples of Δy), 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 Im and operating
frequency f . The operating frequency ranges from 10
kHz to 10 MHz, such that the induced displacement
current
and the current skin depth
√ can be neglected,
2
δ = 2/|k| (k = j2πf μ0 μr σ, Re(k)>0, where μ0
is the vacuum permeability and Re(k) the real part
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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 q, 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 induced by the current density J(r0 ) is established as

J(r0 ) 3
μ0
d r0 ,
Ai (r) =
(2)
4π
|r
− r0 |
Ωsrc
where r0 and r are the source and ﬁeld points, respectively, and Ωsrc is the source domain. Its 2D
Fourier transform is given by (Michael et al., 1982)
˜ (α, β, z) = μ0
Ã
i
4πγ

×
J(r0 ) exp (−j(αx0 + βy0 )

(3)

Ωsrc

− γ|z − z0 |)dx0 dy0 dz0 ,

where γ = α2 + β 2 , r0 = x0 ex + y0 ey + z0 ez , and
˜·’ denotes the 2D Fourier transform of a function
‘˜
with respect to x and y. When the inducer is a
current-carrying coil, Eq. (3) is simpliﬁed to
˜ (α, β,z) = μ0 I
Ã
i
4πγ

× exp (−j(αx0 + βy0 ) − γ|z − z0 |)dl0 ,
c

(4)
where I = Im cos(2πf t) is the current in the coil, c
is the integration path along the coil, and dl0 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)

M
μ0 I  exp(−j(αx0,i +βy0,i )−γz0,i)
˜
Ãi (α, β, 0) =
4πγ i=1 −j(αLx0,i + βLy0,i )−γLz0,i
× (exp(−j(αLx0,i + βLy0,i ) − γLz0,i ) − 1)
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where x0,i , y0,i , and z0,i are the starting coordinates
of the ith segment of the conductor, Lx0,i = x0,i+1 −
x0,i , Ly0,i = y0,i+1 − y0,i , and Lz0,i = z0,i+1 − z0,i .
In the region Ωair (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., ∇×H = 0, ∇·H = 0,
and can be derived from a scalar magnetic potential
ψ by using H = −∇ψ. The scalar magnetic potential can be expressed as the superposition of two
potentials with Laplacian distributions as
ψ = ψi + ψp ,

(5)

(6)

where ψi and ψp 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
ψ 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:
μ 2
∂ψ
∇ ψ + μ0
k t
∂z


N
2μ
=−
+ μ0 g
Hz (x, yn , 0)δ(y − yn ),
k
n=1

(7)

where Hz (x, 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 Hz (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
˜
∂ ψ̃(α, β, z)
μ 2˜
γ ψ̃(α, β, 0) + μ0
k
∂z
z=0
(8)


N
2μ
H̃z (α, yn , 0) exp(−jωyn ).
+ μ0 g
=−
k
n=1
−

Using Eq. (3) and the 2D Fourier transform of
the well-known relations Bi = ∇ × Ai and Hi =
−∇ψi , the Fourier transform of the incident potential ψi in Ωair is given by (Mirshekar-Syahkal and
Mostafavi, 1997)
ψ̃˜i (α, β, z) = ψ̃˜i (α, β, 0)eγz , z < h,

× (Lx0,i ex + Ly0,i ey + Lz0,i ez ) ,
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˜
ψ̃i (α, β, 0) =

1
˜ (α, β, 0) ,
ez · γ × Ã
i
jμ0 γ

(9)
(10)
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where γ = αex +βey . The perturbation potential ψp
in Eq. (6) satisﬁes the Laplacian equation ∇2 ψp = 0,
and the general solution is given by

Since the nth notch is inﬁnitely long, the 1D
Fourier transform solution for ∇2 φ = 0 is given by
cosh[α(z + d)]
,
cosh(αd)

(16)

H̃z (α, yn , 0) = −αC tanh(αd),

(17)

φ̃(α, yn , z) = C

˜
ψ̃p (α, β, z) = a exp(−γz),

(11)

where a is a coeﬃcient and will be determined later
in this article. The 2D Fourier transform of the total
˜
potential ψ̃(α, β, z) is obtained by the superposition
of Eqs. (9) and (11):
˜
˜
ψ̃(α, β, z) = ψ̃i (α, β, 0) exp(γz) + a exp(−γz). (12)
Substituting Eq. (12) with z = 0 in Eq. (8), one
can obtain
˜
˜ β, 0) = 2μ0 γ ψ̃i (α, β, 0)
ψ̃(α,
μ
γ μ0 + γ
k
N
(13)

μ
H̃z (α, yn , 0) exp(−jβyn )
2 + μ0 g
k
n=1
.
+
μ
γ μ0 + γ
k
Inside the nth notch (y = yn ) between its two
faces, the scalar magnetic potential φ satisﬁes the
Laplacian equation ∇2 φ = 0. Since the notch opening is suﬃciently small, the boundary condition corresponds to no tangential current along the inside
notch edge (Michael et al., 1991) (Fig. 2), i.e.,
Jx (x, yn , −d) = 0,

(14)

which means no normal magnetic ﬁeld along the inside notch edge:
Hy (x, yn , −d) = −
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∂φ(x, yn , −d)
= 0.
∂y

(15)

where ‘˜·’ denotes the 1D Fourier transform solution with respect to x. With Eqs. (16) and (17),
φ̃(α, yn , z) can be expressed in terms of H̃z (α, yn , 0)
as
cosh[α(z +d)]
−1
H̃z (α, yn , 0).
α tanh(αd) cosh(αd)
(18)
Because of the continuity of the potentials φ and
ψ, their 1D Fourier transforms are equal at the crack
mouth:
(19)
φ̃(α, yn , 0) = ψ̃(α, yn , 0).
φ̃(α, yn , z) =

Combining Eqs. (19), (18), and (13), one can
obtain the relationship between the z component of
the magnetic ﬁeld and the incident potential ψi on
the surface of the metal substrate at the nth notch
(y = yn ) as follows:

N

μr
α tanh(αd) 2 + g
k
m=1
∞
×
−∞

√
exp(−jβ(ym − yn ))
dβ + 2πδmn
μr
γ 1+ γ
 k

(20)

× H̃z (α, ym , 0)
∞ ˜
ψ̃i (α, β, 0)
= −2α tanh(αd)
μr exp(jβyn )dβ.
1+ γ
−∞
k
Eq. (20) can be rewritten in a matrix form as
A+

√
2πI H̃z = B,

(21)

∆ψ=0

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

∆ψ=0

Notch faces
∆ψ=0
z
H
J
x

z

∆ =0

y

90° H
J
x
∂ /∂z=0 (Hz=0, Jx=0)

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

μr
anm = α tanh(αd) 2 +g
k

∞
−∞

exp(−jβ(ym −yn ))
dβ,
μr
γ 1+ γ
k
(22)

∞ ˜
ψ̃i (α, β, 0)
bn = −2α tanh(αd)
μr exp(jβyn )dβ,
1+ γ
−∞
k
(23)
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H̃z,m = H̃z (α, ym , 0),
and
H̃z = A +

√
2πI

−1

B.

(24)

(25)

Now, using Eqs. (12), (13), and (20), the 2D
Fourier transform of the potential ψ above the metal
surface can be obtained as
˜ β, z)
ψ̃(α,
˜
= ψ̃i (α, β, 0)eγz +

μr
γ
k ψ̃˜ (α, β, 0)e−γz
i
μr
1+ γ
k
1−

μr
 N
+g

k
H̃z (α, yn , 0) exp(−jβyn ) e−γz .
+
μr
γ 1+ γ
n=1
k
(26)
The second and third terms on the right-hand side
of Eq. (26) are the potential functions corresponding to the perturbations caused by the metal and
˜
the notches, respectively. It is clear that ψ̃(α, β, z)
is a function of the incident potential at the metal
˜
surface, ψ̃i (α, β, 0), which can be obtained by using
˜ (α, β, 0) (Eq. (10)). Applying 2D inverse Fourier
Ã
2

i

transform to Eq. (26), one can obtain the total potential function in Ωair , ψ(x, y, z), and with the definition of the scalar magnetic potential, the y component of the magnetic ﬁeld, Hy , 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 Ωair , i.e.,
∂ψi (x, y, z) ∂ψp,specimen(x, y, z)
−
∂y
∂y
N
 ∂ψp,notch,n (x, y, z)
−
∂y
n=1

Hy (x, y, z) = −

= Hy,inherent +

N


Hy,notch,n .

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,notch,n . In view of Eqs. (20), (21), and (26),
the perturbation potential caused by the nth notch,
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ψp,notch,n , can be approximated by a linear combination of ψi (x, y, z), the same as Hy,notch,n to the y
component of the incident magnetic ﬁeld, Hy,i . 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 conductivity 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 qualitative analysis of the sensitivity in identifying MBLs
containing a single notch by examining the magnetic
ﬁeld distribution in Ωair , is given ﬁrst. Then according to the conclusions obtained above, a set of recommended parameters are given in the case of MBLs
containing multiple notches, which can be used in designing MBLs.
In addition, this technique can be very eﬀective
(almost instantaneous running on a personal com˜ (α, β, 0)
puter) for the magnetic vector potential Ã
i

induced by the exciting coils, which is the most timeconsuming process and is performed only once in the
entire simulation.
3.1 Identification of single-notch MBLs
The parameters used in the simulations (Experiments 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 investigated. A rhombic coil (diagonals l=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 experiment (Mirshekar-Syahkal and Mostafavi, 1997) along
the pick-up coil’s moving path (the intersection of
planes x=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
Experiment

Metal
substrate
material

1

Mild steel
Aluminum
Mild steel
Aluminum

Small rhombic coil

2

Mild steel

Small rhombic coil

3

4

5

Mild steel

Shape of
the exciting
coil

Operating
frequency,
f (kHz)

Small rhombic coil

Lift-oﬀ
distance,
q (mm)

Notch
depth,
d (mm)

Notch
position,
yn (mm)

20

0.76

–
–
4
4

–
–
0
0

Fig. 3

10
20
40

0.76

4

0

Fig. 4

0.76

4

0
−4
−8
−12
−16

Fig. 5

0

Fig. 6

20

Simulation
results

Mild steel

Small rhombic coil

20

0.76

1
2
4
8
12
16

Mild steel

Small rhombic coil
Large rhombic coil
Small circular coil
Large circular coil

20

0.76

4

0

Fig. 7

20

0.38
0.76
1.14
1.52
0.38
0.76
1.14
1.52

4

0

Fig. 8

Mild steel
6

Small rhombic coil
Aluminum

Properties of the metal substrate material: mild steel, μr =100, σ=6 × 106 S/m; aluminum, μr =1, σ=3.7 × 107 S/m. Exciting coil
dimensions: small exciting rhombic coil, diagonals l=21.5 mm and w=11.5 mm; large exciting rhombic coil, diagonals l=43 mm and
w=23 mm; small exciting circular coil, radii r=10.75 mm; large exciting circular coil, radii r=21.50 mm. The exciting coil is placed
at z=3.16 mm (Fig. 1). Exciting current magnitude Im =1 A. The notch has an opening g=150 µm

experiment when an MBL contains no notch; (2)
the magnitude of Hy 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 substrate 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 l=21.5 mm,
w=11.5 mm) with current of operating frequencies
f =10, 20, and 40 kHz, respectively, is used for exciting. Fig. 4 gives the magnitude of Hy along the pickup coil’s moving path. It is seen that (1) the magnitude of Hy 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 Hy , 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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0
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0.5
2
0
-0.04

1
0
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0
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y (m)

0.02

0.03
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(b)
200
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3.5

-150

0
y (m)
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3.0

0

2.5

-2

0
y (×10−3 m)

-200
-0.04 -0.03 -0.02 -0.01

2

0
0.01
y (m)

0.02

0.03

0.04

Fig. 3 Identiﬁcation of MBLs containing a single
notch or no notch: (a) magnitude; (b) phase. Simulation results of Hy are compared with experimental results given in Mirshekar-Syahkal and Mostafavi
(1997). The subplots show the detailed Hy around
y=0. 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

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 l=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 component 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 (yn =−4 mm),
there is a peak in the magnitude of Hy 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

2.0

100
Phase (degree)

200

-200

0.02

0.03

0.04

yn=−16 mm
yn=−12 mm
yn=−8 mm
yn=−4 mm
yn=0 mm

150

Magnitude (×10−7 A/m)

-100

-0.01

200

0
-50

-0.03 -0.02

Fig. 4 Magnitude of Hy in identifying MBLs containing a single notch under diﬀerent operating frequencies. 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

50

Phase (degree)

Phase (degree)

3.0

Magnitude (×10−7A/m)

1.5

179

f=10 kHz
f=20 kHz
f=40 kHz

Phase (degree)
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Fig. 5 Magnitude of Hy in identifying MBLs containing 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 Hy has
a negligible variation at the notch. When yn =0, the
magnitude and phase of Hy 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 (yn =−8 mm),
the magnitude of Hy 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 Hy shows a negligible
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variation at the notch. Therefore, one can detect
the existence of a notch but cannot position it accurately. (3) When the notch is placed outside the
exciting coil near edges (yn =−12, −16 mm), both
the magnitude and phase of Hy change negligibly
at the notch. Therefore, a notch placed in this region 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 l=21.5 mm and
w=11.5 mm, and the operating frequency is f =
20 kHz. Fig. 6 gives the magnitude and phase of
Hy along the pick-up coil’s moving path, obtained
by simulation. It is seen that (1) the double peaks
of the Hy 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 component magnetic ﬁeld, Hy , caused by a notch, increases
as the notch depth d increases at the beginning, but
no more signiﬁcant increase after d>8 mm. Therefore, 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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2.0

Tian et al. (1998) and Tian and Sophian (2005)
have discussed the lift-oﬀ eﬀects, such as normalization and material inﬂuence, on ECT with experiments. Following this discussion, in Experiment 6,
the inﬂuence of the pick-up coil lift-oﬀ on the identiﬁcation of MBLs is investigated. In this simulation, the MBL is made of mild steel and aluminum,

Depth=1 mm
Depth=2 mm
Depth=4 mm
Depth=8 mm
Depth=12 mm
Depth=16 mm

150

2.5

at the position yn =0 mm, depth d=4 mm, is investigated. The MBL is excited by rhombic and circular
coils, respectively. The diagonals of small rhombic
coils are l=21.5 mm, w=11.5 mm; for large rhombic
coils, l=43 mm, w=23 mm. The radii of small circular coils are r=10.75 mm, and for large circular coils,
r=21.5 mm. Fig. 7 gives the magnitude of Hy along
the pick-up coil’s moving path. It is seen that (1) the
magnitude of Hy induced by a circular coil is higher
than that induced by a rhombic one, but the relative 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 increases, 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 exciting coil down and move it along the y-axis under
the control of a computer. This is the future work of
this study.
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Fig. 6 Magnitude of Hy in identifying MBLs containing a single notch with diﬀerent depths. The left
inset shows the phase of Hy . The right inset 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. 7 Magnitude of Hy in identifying MBLs containing a single notch under exciting inducers with different 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
l=21.5 mm and w=11.5 mm; and the operating frequency is f =20 kHz. The pick-up coil lift-oﬀ q is
ﬁxed at 0.38, 0.76, 1.14, and 1.52 mm, respectively.
Fig. 8 gives the normalized magnitude of Hy along
the pick-up coil’s moving path at diﬀerent lift-oﬀs.
The inset shows Hy in detail at the position of the
notch. The normalized signal Hy is given by (Tian
and Sophian, 2005)
Hy =

Hy
.
max(Hy )

(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 exciting coil increases substantially and that by the notch
decreases obviously. According to Eq. (26), the dependence of the magnetic scalar potential ψ on z
shows that the perturbation induced by notches decreases exponentially as the lift-oﬀ increases. Therefore, 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, ψp,notch,n , can be
approximated as a linear combination of ψi (x, y, z),
lift-off=0.38 mm (mild steel)
lift-off=0.76 mm (mild steel)
lift-off=1.14 mm (mild steel)
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the same as Hy,notch,n to Hy,i . 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 depicted 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 Hy caused by the
notch is much smaller than the peaks of Hy at the
position of the exciting coil, while the perturbation
in phase of Hy is obvious at the position of the notch.
However, this suggestion is ﬁt only when the notch
is placed at yn =0. From Fig. 5, it is known that,
in case the position of the notch is at yn = 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. Only at the position yn =0 where the inherent magnetic ﬁeld Hy,inherent is almost zero, the
perturbation is predominant. So, Eq. (27) can be
simpliﬁed as Hy ≈ Hy,notch,n |yn =0 , whose phase is
opposite to the inherent phase. When the position
of the notch yn = 0, the inherent ﬁeld Hy,inherent is
much larger than Hy,notch,n in magnitude, and the
phase of Hy,notch,n ﬂips over at y = yn , which is the
same as that of Hy,inherent at the side near the coil
center and opposite at the other side; hence, in the
magnitude of Hy at y = yn , a peak appears at the
side near the coil center and a valley at the other
side.
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Fig. 8 Normalized magnitude of Hy in identifying
MBLs containing a single notch with diﬀerent lift-oﬀs.
The inset shows the detailed normalized 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

Therefore, to improve the sensitivity of the
notch identiﬁcation, one can conclude that (1) the
magnitude detection should be employed in positioning 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 identiﬁcation of notches compared with a circular one;
(6) a small exciting coil could improve the identiﬁcation 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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Magnitude (×10−7 A/m)

The parameters used in the simulations (Experiments 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 (yn =−5, −4, −3, −2, and −1 mm,
d=4 mm) is investigated. The MBLs are excited by
a rhombic coil with l=21.5 mm and w=11.5 mm and
the operating frequency f is 20 kHz. Fig. 9 gives
the magnitude and phase of Hy along the pick-up
coil’s moving path obtained by simulation. The left
inset shows the phase of Hy along the pick-up coil’s
moving path, and the right inset shows the detailed
magnitude of Hy at the position of the notches. It
is seen that one cannot distinguish notches with interval 1 mm by inspecting Hy directly without any
additional signal processing.
In Experiment 8, the identiﬁcation of MBLs
made of mild steel containing multiple notches with
interval 2 mm (yn =−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 Hy along the pick-up
coil’s moving path, obtained by simulation. The left
inset shows the phase of Hy along the pick-up coil’s
moving path, and the right inset shows the detailed
magnitude of Hy at the position of the notches. It
is seen that one can clearly distinguish notches in
the center region (yn =−3, −1 mm) with interval 2
mm by inspecting Hy directly, but at yn =−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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be improved by increasing the operating frequency;
and (9) the pick-up coil should be placed close to the
MBL as much as possible.
3.2 Identification of multi-notch MBLs

2016 17(2):173-184

Phase (degree)

182

0

-100

-200

-0.02

1.0

0 0.02
y (m)

12
10
8
6
4

-6

-4 -2 0
y (×10−3 m)

0.5

0
-0.04

-0.03

-0.02

-0.01

0
y (m)

0.01

0.02

0.03

0.04

Fig. 9 Simulation results of Hy when a metal label
contains ﬁve notches separated by 1 mm. The left
inset shows the phase of Hy . 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 reference in design.

4 Conclusions and future work
We employ the nondestructive evaluation involving AC ﬁeld measurement in detecting and identifying metal barcode labels, providing reference for
design. Using the magnetic scalar potential boundary 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
Experiment

Metal
substrate
material

Shape of
the exciting
coil

Operating
frequency,
f (kHz)

Lift-oﬀ
distance,
q (mm)

Notch
depth,
d (mm)

Notch
position,
yn (mm)

Simulation
results

7
8

Mild steel
Mild steel

Small rhombic coil
Small rhombic coil

20
20

0.76
0.76

4
4

−5, −4, −3, −2, −1
−5, −3, −1

Fig. 9
Fig. 10

Properties of the mild steel substrate material: μr =100, σ=6 × 106 S/m. Dimensions of the exciting rhombic coil: diagonals l=21.5
mm and w=11.5 mm. The exciting coil is placed at h=3.16 mm. Exciting current magnitude Im =1 A. The openings of all the
notches are g=150 µm
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Fig. 10 Simulation results of Hy when a metal label
contains three notches separated by 2 mm. The left
inset shows the phase of Hy . 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 material, notch characteristics, exciting inducer properties, 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 between MBL and NDE. It means that a mathematical model for a wide notch must be established, on
which our further work will focus.
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