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ABSTRACT This paper describes a new detection method of the surface broken wires of the steel wire
rope based on the conducting property of the rope. The surface of the steel wire rope is spiral. This spiral
characteristic has influence on the eddy current (EC) response signal of the broken wires. Therefore, an EC
differential probe is designed to improve the detection accuracy. First, a finite element analysis (FEA) of
detecting the broken wires with the EC differential probe is conducted. When the probe scans above the
intact part of the steel wire rope, the distribution of the EC in the rope just under the probe is symmetrical
about the axis of the rope. Then the output voltage of the differential probe is almost zero. Accordingly, the
output voltage is out of balance when the surface broken wires appear. The simulation results show that the
effect of the surface alternating peaks and valleys of the rope on the EC response signal of the broken wires
can be eliminated by the proposed EC differential probe. Then an experimental platform is built to carry
out the scanning detection of different degrees of the surface broken wires. It can be observed that when
the probe moves above the broken wires, the output voltage of the differential probe is significantly larger.
Finally, the obtained scanning signal is post processed using the wavelet-based denoising method to improve
the signal-to-noise rate. The experimental results show that the proposed method can effectively identify the
damage degrees of the surface broken steel wires.

INDEX TERMS Eddy current differential probe, steel wire rope, surface broken wires, finite element
analysis.

I. INTRODUCTION
The steel wire rope is a tensile and load-bearing component,
which has been widely used in various major industries such
as the agriculture and service industries [1]–[3]. The steel
wire rope has a series of advantages, such as light weight,
high tensile strength and fatigue strength, good flexibility and
working stability, and low winding noise during the high-
speed operation [4], [5]. Generally, the steel wire rope is
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used in relatively harsh operation conditions. Its long-term
operation in the air makes it difficult to avoid defects, such as
the surface broken wires. The defects pose a serious threat to
the safe use of the steel wire rope. According to the statistics
from the recent years, accidents caused by the rope breakage
are the most cases of the accidents in the lifting equipment.
The broken wires are the main cause of the rope breakage
accidents. Therefore, the application of the broken wires
detection with high precision and high reliability methods is
of great significance for improving the safety performance of
the steel wire rope [6], [7].
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The magnetic flux leakage (MFL) method has been widely
applied to the detection of the brokenwires. The domestic and
foreign scholars also have carried out a lot of researches on
its practical applications. Zawada develops a set of MD 120B
recording instrument for the steel wire rope based on MFL.
The results show that it can be used to predict the decommis-
sioning time of steel wire rope and to detect defects, such
as steel fracture and corrosion [8]. Collini uses a portable
MFL tester to perform the on-site inspection of cable. The
scanning results show that the broken wires caused by wear
and fatigue can be detected effectively [9]. Intron Plus also
detects the internal and external broken wires of the steel
wire rope by the MFL method. The weight of the magnetic
head becomes larger as the diameter of the steel wire rope
increases [10]. Since the 1980s, Yang has conducted the long-
term research on the strong magnetic detection of the steel
wire ropes. He uses the permanent magnets to excite the steel
wire rope and the Hall elements to measure the MFL around
the defect. The quantitative detection ofwire breakage defects
is achieved [11].

With the development of the non-destructive testing tech-
nology, the acoustic emission testing (AET), the ultrasonic
testing (UT), the eddy current testing (ECT), and other tech-
nologies have also been applied in the detection of broken
wire ropes. Quan tests the wire rope of the elevator during
the stretching process using AET. The amplitude and energy
of the acoustic signal are large when the rope breaks [12].
Raišutis analyzes the propagation of the ultrasonic signal in
the steel wire rope using the finite element method and the
broken wires is defected [13]. Peng uses the ray method to
detect the outer plastic-coated wire rope. The shape of the
internal broken wire is more clearly seen compared with the
electromagnetic test results [4].

It can be seen that the above researches on the non-
destructive testing of the steel wire rope at home and abroad
have achieved fruitful results. However, there are still some
shortcomings in the practical applications. For instance, the
conventional manual visual hanging method is only suitable
for the detection of the broken out outward diffusion. It is high
labor intensity and low detection efficiency. AET is mainly
used for the detection of the continuous media, but not for
the non-continuous steel wire rope. UT requires a coupling
agent. It increases the difficulty of detecting defects on the
surface of the rope and complicates the detection signal.
The radiation detection technique needs the special protective
radiation measures. MFL needs the object to be magnetized,
which has various disadvantages such as uneven saturation
magnetization of the steel wire rope, weak anti-interference
ability of the sensor, and difficulty in realizing online detec-
tion of the wire rope. Fortunately, ECT of the wire rope can
avoid the above problems effectively [14]–[17]. Hill models
the wire rope with an internal flaw as an infinite conducting
circular cylinder. The 3D simulation of the electromagnetic
field in the cylinder shows that 10 Hz is a good choice for the
detection. But the spiral surface of the rope is not considered
during simulation [14]. Hiruma analyses the proximity effect

and skin effect in Litz wires and wire rope by the integral
method. The distribution of eddy current in the cross section
of the rope is symmetrical about the axis of the rope[15]. Cao
designs a low frequency eddy current probe for evaluating
the broken wires. The probe is symmetrically arranged on
the adjustable ring in the radial direction. The identification
feature quantity of the broken wires is the voltage ampli-
tude difference and the phase difference between the probe
response signal and the excitation signal [16]. Sukhorukov
presents a device for detecting broken rope in the conveyor
belts by ECT. The local fault and the loss of the metallic area
are detected by the eddy current probe with light weight [17].

The ECT of the steel wire rope has market application, but
the detection method is still needed to be studied. During the
detection of the spiral rope by ECT, the alternating character-
istic of the peaks and the valleys of the rope surface affects
the detection of the broken wires. In this study, an eddy cur-
rent (EC) differential probe is designed for the detection of the
surface broken wires. In the following contents, the EC probe
is described in detail firstly. Then the finite element analyse
of detection of the surface brokenwires with different degrees
is conducted. At last, the eddy current scanning experimental
platform is established.

II. DESIGN OF THE EDDY CURRENT DIFFERENTIAL PROBE
A. STRUCTURAL CHARACTERISTIC OF THE STEEL WIRE
ROPE
The steel wire rope is made of high carbon steel wire. Accord-
ing to the standards a certain number of rope strands are
wound around the rope core. The schematic diagram of a 6×
19 ordinary lay wire rope is shown in Fig.1. The axis of the
wire rope is parallel to the Z axis. Fig.1 (a) is a front view
of the steel wire rope. Fig.1 (b) is a sectional view of the
wire rope structure. The alternating peaks and valleys on the
surface of the wire rope is shown obviously. Strands 1 and 4,
strands 2 and 5, and strands 3 and 6 in Fig.1 (b) are symmetric
about the coordinate origin O, respectively.
In [18] the influence of the spiral surface on the EC signal

was analyzed. Due to the change of the lift-off between the
bottom of coil and the rope surface during the scanning
detection, the output voltage varies sinusoidally. Therefore,
the influence of the spiral structure on the EC signal induced
by the broken wires should be considered. Based on this sym-
metrical feature, an EC array differential probe was designed
in this study to realize the detection of broken wires.

B. DESIGN PRINCIPLE OF THE PROBE
Fig.2 shows the schematic diagram of the EC differential
probe designed in this study. The coils a1 and a2, b1 and
b2, and c1 and c2 in Fig.2 (a) are placed symmetrically
with respect to the origin O. The lift-off is identical to each
other. A pair of symmetrically placed coils are differentially
connected and the detection signal is the output voltage of
the differential bridge. In order to illustrate the detection
method, the pair of coils a1 and a2 scanning from position 1
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to position 2 is shown in Fig.2 (b). The broken wires appear
on the surface of the steel wire rope.

FIGURE 1. The schematic diagram of a 6 × 19 ordinary lay wire rope.

FIGURE 2. The schematic diagram of the EC differential probe with the
steel wire rope.

When the EC differential probe scans over the intact part
of the surface, the surface of the steel wire rope below the
pair of coils that are with the phase difference of 180◦ is

symmetrical. EC on the surface of the steel wire rope is also
symmetrical. Thereby the output voltage of the differential
bridge in Fig. 2 (a) is zero. EC near the broken wires in
Fig. 2 (b) is disturbed. Hence the output voltage of the dif-
ferential bridge above the broken wires is no longer zero.
By analyzing the voltage of the three differential bridge,
it is possible to detect the surface broken wires. Moreover,
the probe can eliminate the external disturbances, such as
temperature drift, characteristic of the peaks and valleys of
the wire rope. The detection sensitivity of the broken wires
can be improved.

III. EDDY CURRENT TESTING SIMULATION OF THE
BROKEN WIRE
A. GOVERNING EQUATIONS BASED ON Ar, V-Ar
Based on the Ar , V − Ar formulations, the governing equa-
tions of the finite element model for ECT of the steel wire
rope is as follows:

−
1
µ0
∇

2Ar + jωσ (Ar +∇v)

= −∇ ×Hs − jωσAs (�1) (1)

∇ · (−jωσAr − jωσ∇v)

= ∇ · jωσAs (�1) (2)

−
1
µ0
∇

2Ar = 0 (�2) (3)

where Ar stands for the simplified magnetic vector potential.
In Eqs. (1) and (2), υ = V /(jω). V represents the sim-
plified electrical scalar position. The domain of the steel
wire rope model (�1) and the domain of the air with the
power supply (�2) constitute the entire solution domain.
In Eqs. (1)-(3), As andHs represent the magnetic vector posi-
tion and magnetic field strength generated by the excitation
current in the solution domain, respectively. µ0 represents
the magnetic permeability of the air. ω stands for the angular
frequency of the current source. When the potential solution
is obtained, the EC density can be calculated according to
Eq. (4):

J = −jωσ (A+∇v) (4)

where A is the vector sum of As and Ar.

B. THE SIMULATION MODEL
Fig.3 is the simulation model containing the steel wire rope
and the EC differential probe. The rope is a 6 × 19 ordinary
lay wire rope. Its total length is 240 mm. The lay length is
60 mm. Its conductivity is 3.0 × 107S/m and the relative
magnetic permeability is 10 [19]. Two EC differential probes
are designed. The size of the four pancake coils is the same.
The coil has an inner diameter 4.0 mm, an outer diameter
7.0 mm, a height 2.0 mm, a number of turns 500, and a lift-off
1 mm. Coil a1 and coil a2, coil b1 and coil b2 are symmetric
about the axis of the rope, respectively. The excitation current
is 80 kHz and the magnitude is 1 A.

EC mainly concentrates on the surface of the rope due to
the skin effect. Hence the surface broken wires are prone to
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FIGURE 3. The simulation model containing the steel wire rope and the
EC differential probe.

be detected. In this section two degrees of defect are made,
named small broken wires and big broken wires, respectively.
The small broken wires are just under the coil b1 and are
located at z= 15 mm. The big broken wires are just under the
coil a1 and are located at z=−10mm. The simulation model
is then meshed automatically. The finite element analysis is
then established.

C. SIMULATION RESULTS OF SCANNING THE BROKEN
WIRES
Fig.4 is the scanning results of the broken wires obtained
by the finite element analysis. The abscissa is the scanning
position of the EC differential probe. The ordinate is the real
part of the output voltage of the EC differential probe.

The red solid line donates the variation of the differential
voltage between the coil a1 and the coil a2 with the scan-
ning position. The big broken wires at z = −10 mm make
the signal significantly increased. The distribution of EC is
disturbed by the big broken wires just under the coil a1.
Hence the output voltage of the EC differential probe is not
zero. When the coil a1 and the coil a2 scan near the small
broken wires at z = 15 mm, the signal changes slightly. The
distribution of EC is slightly disturbed by the small broken
wires just perpendicular to the coil a1. The black solid line
represents the change of the differential voltage between the
coil b1 and the coil b2 with the scanning position. The signal
at z = 15 mm changes rapidly due to the small broken wires.
When the coil b1 and the coil b2 are near the big broken wires
at z = −10 mm, the real part of the voltage reduces slightly.
At z = −10 mm, the axes of the coil b1 and the coil b2 are
perpendicular to the axis of the wire rope. At z=−10mm, the
axes of the coil b1 and the coil b2 are parallel to the axis of the
wire rope. EC induced by the coil b1 and the coil b2 is slightly
disturbed at z = −10 mm compared with the condition at
z = 15 mm.

In addition, the changes of the output voltage are locally
in the shape of ‘‘M’’ from z = −20 mm to z = −0 and from
z= 10 mm to z= 20 mm. When the axes of the coils are near
z = 15 mm and z = −10 mm respectively, the distribution

of EC disturbed by the broken wires is symmetric about the
coil axes. When the axes of the coils are near z = −15 mm,
z = −5 mm, z = 12 mm, and z = 18 mm, the symmetric
distribution of EC is disturbed by the broken wires. Hence
the output voltage reaches the local maximum.

FIGURE 4. The simulated output voltage of the EC differential probe
scanning the broken wires with two different degrees.

IV. EXPERIMENTAL VERIFICATION
A. EXPERIMENTAL PLATFORM
An experimental platform is built for detecting the bro-
ken wires, as shown in Fig.5. A signal generator (RIGOL
DG4102) provides the exciting signal with a frequency of
80 kHz and an amplitude of 10V. An electronically con-
trolled displacement platform is assembled to realize the
straight-linemovement of the probe. The wire rope is scanned
at a step of 1 mm. The RF Lock-In Amplifier (SR844)
receives the voltage signal and the data is acquired and dis-
played via LABVIEW.

FIGURE 5. The eddy current testing experimental platform for detecting
the surface broken wires.

Fig. 6 is the steel wire rope sample. The length is about 1 m
and the lay length is 60 mm. The diameter of the rope is about
10mm. The sample is designated by 6×19 OL andOLmeans
ordinary lay. There are three manually made defects on the
sample, labeled as point a, point b, and point c. At point a
multiple brokenwires are grinded by a file and smaller broken
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wires are grinded at point b. Point a and point b are on the
peaks of the surface. In order to verify the detect ability of the
eddy current testing, the broken wires with the same defect
degree of point a are grinded on the valleys of the surface at
point c.
Fig. 7 shows the proposed EC differential probe. The

broken wires in Fig. 6 are in the same side of the rope,
so the probe is assembled by two pancake coils with the same
size, denoted by coil 1 and coil 2, respectively. This is the
reason that the coil in experiment is different from the coil
in simulation shown in Fig. 2 and Fig. 3. In Fig. 7 the coils
are put in a plastic support frame and the frame is printed
by a 3D printer. Coil 1, coil 2, and the DC resistances form
a differential circuit printed on a PCB board. Coil 1 and
coil 2 have an inner diameter 4 mm, an outer diameter 7 mm,
a height 2 mm, and a number of turn 240. Both the DC
resistance 1 and 2 are 100 �.

FIGURE 6. The steel wire rope sample with different degrees of broken
wires.

FIGURE 7. The proposed EC differential probe.

B. EXPERIMENTAL RESULTS
To ensure the validity of detecting the broken wires, each
defect is scanned three times with interval of 10 minutes. The
defect is in the middle of the scanning range and the scan-
ning length of each defect is 80mm. Fig. 8 shows the scanning
results of the broken wires. The abscissa is the scanning posi-
tion of the eddy current differential probe. The ordinate is the
amplitude of the output voltage of the eddy current differen-
tial probe. The detection results of different degrees of broken
wires in Fig. 6 are depicted in Fig. 8 (a)-(c), respectively.
The three times scanning results of the broken wire have the
same trend. In Fig. 8 (a), when the probe is far away from
the defect, the voltage amplitude appears small fluctuation.

FIGURE 8. The scanning results of different degrees of surface broken
wires in Fig. 6.

The reason is that the coils can not be kept the same and
symmetrical about the axis of the rope during the making
process and the rope sample is not straight during the scan-
ning process. The voltage amplitude increases dramatically
as the probe is near the broken wires (z = 40 mm). The
eddy current is disturbed by the multiple broken wires at
point a, therefore the eddy current under the two coils are no
longer symmetrical. The ‘‘M’’ shape characteristic in Fig. 4 is
not obvious in Fig. 8. In experiment the output voltage
is contaminated by the electromagnetic interference in the
environment and the ratio of signal to noise (S/N) is greatly
reduced.
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The defect degree at point b is weaker than that at point a,
so the variation of the output voltage with the scanning posi-
tion is more obvious in Fig. 8 (a). Meanwhile defect at point c
is at the valleys, so the disturbance of the eddy current at
point c is weaker than that at point a.

FIGURE 9. The post processed results of the original signal in Fig. 8 by
wavelet transform.

C. POST PROCESSING OF THE EXPERIMENTAL RESULTS
In order to improve S/N in Fig. 8, the eddy current response
signal is post processed. Wavelet transform has good time-
frequency localization characteristics. The wavelet coeffi-
cients of signal and noise have different properties in each
scale, so it can be used to reduce the noise of non-stationary
signals.

By selecting the appropriate threshold, the wavelet coef-
ficients formed by the wavelet transform are processed by
the soft threshold method. Then the signal is reconstructed.

The post processed results of the original signal in Fig. 8 are
shown in Fig. 9. Compared with the results in Fig. 8, the
output voltage in Fig. 9 changes smoothly on the intact region
of the sample. The signal change due to the broken wires is
more obvious.

To quantitatively compare the detection sensitivities
of the broken wires, a parameter named the change ratio of
the output voltage is defined as the relative change ratio of
the output voltage at the intact region and the broken wires.
Table 1 lists the change ratio of the output voltage at point a,
point b, and point c. The output voltage at the intact region
is the average value of the intact region in Fig. 9 (a)-(c),
respectively. The output voltage at point a, point b, and point
c is the maximum of Fig. 9 (a)-(c), respectively. In Table 1,
the change rate of the output voltage is 58.06%, 37.15%, and
26.94% at point a, point b, and point c, respectively. When
the broken wires are more serious on the peaks of the rope
surface, the change rate of the output voltage is larger. When
the broken wires are on the valleys of the rope surface, the
detection sensitivity is reduced.

TABLE 1. Quantitative analysis of the detection of the surface broken
wires.

V. CONCLUSION
The eddy current detection method of the surface broken
wires of the steel wire rope is researched in this study. The EC
differential probe is designed according to the spiral structure
of the rope. The following conclusions are obtained:

(1) The designed EC differential probe can be used to
eliminate the influence of the surface alternating peaks and
valleys of the rope on the EC signal of the broken wires. The
simulated real part of the output voltage of the EC differential
probe changes in ‘‘M’’ shape.

(2) The relative change ratio of the output voltage increases
with the degree of the surface broken wires. In the future
work, a physical feature named the relative change ratio of
the ouput voltage will be used in the inverse solution of the
degree of the surface broken wires.
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