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ABSTRACT Inductive wear particle sensors have been widely studied due to their ability to monitor the
wear status of equipment in real time. To detect wear particles more precisely, a wear particle sensor based
on multiple inductive coils under a toroidal magnetic field is proposed in this paper. With inductive coils
located near a stronger magnetic field, the sensor can not only ensure the flow rate, but also enhance wear
particle detection accuracy. The proportional relationship between the signal and the wear particle velocity
and the excitation current is discussed in this paper. The crosstalk phenomenon among different inductive
coils was also investigated by single particle experiments and lubricating oil dynamic experiments. In the
dynamic oil experiment, the sensor detected 13µmparticles under a flow rate of 570mL/min, which satisfied
most industrial online monitoring demands.

INDEX TERMS Inductive debris sensor, multiple coils, real-time oil monitoring.

I. INTRODUCTION
Modern industry development has produced more machinery
and equipment for addressing repetitive and hazardous tasks.
However, while improving efficiency, mechanical equipment
can be prone to damage after long-term wear, which may
lead to machinery failure or catastrophic accidents. There-
fore, condition basedmaintenance (CBM) and nondestructive
evaluation (NDE) have become indispensable to advanced
manufacturing engineering. Over the past decades, there
has been a growing demand for online wear monitoring,
and researchers have studied different condition monitoring
methods to provide early fault prediction and operational
management for complex mechanical systems [1]–[3], such
as vibration detection and oil wear detection. One effective
approach to monitoring wear is vibration detection, which
can monitor abnormal vibration frequency characteristics.
Although vibration detection technology is direct, real-time,
and covers many fault types, the signals may not be obvious
as shock absorption facilities between themechanical compo-
nents may mask them. Furthermore, due to the large amount
of data from complex vibration signals, a larger memory
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is usually required for storage and processing. Therefore,
complex signal transmission has made vibration monitoring
difficult during the initial wear process and while detecting
mechanical internal wear [4], [5]. Considering these factors,
it would be better to directly determine the wear state and the
wear mode by detecting particles in the machine lubricating
oil.

During mechanical equipment normal operations, the par-
ticle size generated by friction is generally 10-20 µm. How-
ever, with poor load or assembly, abnormal friction often
occurs between friction pairs, resulting in particles larger
than 50 µm [6], [7]. Different techniques have been adopted
to detect wear particles and monitor machine tribological
performance. Optical methods can be used to determine the
wear particle shape, size, and rate [8]–[11]. Inductive or eddy
current methods can be used to determine the granularity
and magnetic characteristics of particles, and the capaci-
tive method can detect permittivity differences [12]. Among
them, inductive or eddy current sensors are widely used in
online detection due to their simple installation, large sensing
zones, and low influence from bubbles and water droplets.

Through inductive or eddy current methods, particle move-
ment changes the magnetic field distribution [13]–[16].
To study the coupling relationship between metallic materials
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and magnetic fields, Adewale et al. analyzed how the elec-
tromagnetic characteristics of different materials contributed
to eddy currents, which could be used to measure the dis-
placement of weakly magnetic ferrous metal materials and
components with low relative permeability [14]. Jia’s also
modeled wear particles, magnetic fields, and the coupling
between adjacent particles. That group found that the mag-
netic potential generated by two passing particles was larger
than that of the two separately superimposed particles, and the
distance between the two particles was inversely proportional
to the magnetic coupling effect, providing a reference model
for electromagnetic coupling [16].

Different structures and more complex sensor models have
been proposed to improve detection. Han et al. analyzed
several inductive sensors and found that symmetrical coil
design reduced the noise effect [17]. Therefore, symmetrical
magnetic field design and symmetrical multipipe design have
gradually become common in inductive methods. By under-
sampling the signal collected by the parallel inductive coil,
the sensor proposed by Li et al. was able to detect 75-
150 µm wear particles with a 21 ml/min oil flow rate [18].
Later, to improve the sensor sensitivity, they used inductance-
capacitance (LC) to ensure that the sensor could detect iron
particles larger than 20 µm and copper particles larger than
55 µm [19]. Based on this sensor, Zhu et al. proposed a
3 × 3 wear debris sensor array. Through synchronous sam-
pling and signal processing, the flow rate was increased
to 460 ml/min, and particles larger than 50 µm could be
detected, which greatly improved performance [20]. How-
ever, the large amount of data generated by multiple channels
at the same time has become an obstacle to real-time signal
processing. The amount of signal data during actual sampling
is very large (a 10-channel sensor at a sampling frequency
of 100 MHz generates 24.3 T of data in one hour [20]).
Therefore, there are additional requirements for real-time
signal equipment. In addition, lubricating oil degradation is
a complex and complicated process, and it is inadequate to
assess its condition by monitoring only small oil samples.
To meet mechanical equipment oil sensor requirements, the
sensor oil pipe diameter is gradually increasing. Therefore,
Yi et al. analyzed the ratio S of the sensor detection accu-
racy to the tube diameter. The smaller S was, the higher
the sensitivity of the sensor. They compared the S value of
different sensors and designed an inductive sensor with a
diameter of 34 mm that detected ferromagnetic particles over
120 µm [21]. These studies have advanced inductive sensors
and our understanding of wear particle and inductive coil
characteristics.

Although various structural sensors have been studied,
most studies only focused on detection accuracy or circula-
tion because modern industry demands that inductive wear
particle sensors provide both precise monitoring and high
flow. It is worth mentioning that some sensors with large tube
diameters do not account for errors caused by magnetic field
inhomogeneity and wear particle trajectory. Hence, this paper
proposes a multiple inductive coil inductive sensor under a

toroidal magnetic field. Each inductive coil was wound on a
pipe with an outer diameter of 3 mm and an inner diameter
of 1.9 mm. With the inductive coils placed on the edge of
the toroidal symmetrical magnetic field, the sensor sensitivity
was improved while weakening the influence from the abra-
sive particle movement trajectory, and the oil flow could be
controlled by the number of pipelines. The remainder of this
paper is organized as follows: Section II presents the sensor
structure and simulation analysis. Section III introduces the
experimental devices. The experimental results in Section IV
shows that the sensor exhibited relatively high sensitivity
without interference from crosstalk signals.

II. SENSOR STRUCTURE AND SIMULATION ANALYSIS
A. SENSOR STRUCTURE DESIGN
The sensor proposed in this paper was composed of three
main parts: magnetic circuit, sensor, and housing. An elec-
tromagnet structure was formed by the excitation coil and
the magnetic poles. The excitation coil was wound on the
magnetic pole with 1,000 turns of copper wire with a diameter
of 0.5 mm. To improve the sensor sensitivity, an air gap
was set between the magnetic poles. When the excitation
coils were energized, the electromagnet structure generated
a high-intensity magnetic field at the air gap. The sensor
adopted a rotationally symmetric structure to generate a gra-
dient annular magnetic field inside the hollow cylindrical
magnetic pole. The magnetic field intensity was greatest near
the magnetic pole inner wall and decreased in the radial
direction with the smallest intensity in the center of the pipe.
The cross-sectional view of the excitation coil and magnetic
pole is shown in Fig. 1(a).

FIGURE 1. Schematic diagram of sensor structure. (a) cross-sectional
view. (b) internal front view.

The sensor included multiple inductive coils, and the
inductive coil used was wound on a ceramic tube with an
outer diameter of 3 mm and an inner diameter of 1.9 mm.
Each coil was wound with 2,000 turns of 0.05 mm copper
wire with a length of 30 mm. During the experiment, the
sensor used six inductive coils in the surrounding position
and an inductive inductive coils in the surrounding position
and an inductive coil in the middle as a reference coil. The
outer inductive coil in the middle as a reference coil. The
outer housing shielded external noise and maintained sensor
stability.
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Although the sensor utilized multiple inductive coils, the
working principle of each inductive coil was the same
since the inductive coils were in a toroidal magnetic field.
We developed a mathematical model for one inductive coil.
We established a coordinate system with the sensor air gap
center as the origin. The magnitude of the inductive voltage
in the magnetic field is related to the change in magnetic flux
caused by wear particle movement:

u = N lim
1ϕ

1t
(1)

where u is the inductive voltage, N is the inductive coil turn
number, and 1ϕ is the magnetic flux change during 1t .

When only a single coil was considered, the sensor model
was similar to a previous study [22]. The previous study
assumed that the passing wear particles were equivalent to
a δx × δy× δz cube, and the sensor output could be expressed
as:

u = NNDIδxδyδz
µ(µr − 1)

µr
lim
1t→0

sinα
l2(x)1t

= −2NNDIδxδyδz
µ(µr − 1)

µr
v ·

d
dx

(
sinα
l2(x)

) (2)

where ND is the excitation coil turn number, v is the velocity
of the particles along the x-axis, µ0 is the vacuum perme-
ability coefficient, µr is the wear particle permeability coef-
ficient, lp is the length of the P-th path, and α is the angle
between the magnetic field direction and the cuboid xy-plane.

B. MAGNETIC FIELD DISTRIBUTION INSIDE THE SENSOR
The magnetic flux density radial and axial distributions in
the sensor under a static magnetic field are presented in
Fig. 2. The simulations illustrated that the sensor magnetic
field was unevenly distributed. However, the surrounding
inductive coils were located in the strongest area of the axial
center and in the radial direction where themagnetic field was
strong. Moreover, the coil in the radial center was verified as
the reference coil in the simulation. The design ensured that
the six surrounding inductive coils were at the same position
in the magnetic field and avoided signal errors caused by
different wear particle positions. In addition, compared to the
middle coil, the surrounding coils obtained clear inductive
signals, which were conducive to optimizing the detection
accuracy.

In the simulation, cubes with side lengths of 0.2 mm,0.4
mm, 0.6mm, and 0.8mmpassed through the pipe at a velocity
of 2 m/s, and the peak-to-peak values of the particles passing
through the middle and surrounding pipes are shown in Fig.
2.When the inductive voltage was small, the signal difference
between themiddle and surrounding coils was close under the
same conditions. However, as any factor increased, such as
the inductive voltage amplitude or the size or velocity of wear
particles, the surrounding coil signal was significantly better
than that of the middle coil. During mechanical operations,
the lubricating oil speed passing through the pipeline can
increase, and the surrounding coils gradually emerge as an
advantage for wear particle detection.

FIGURE 2. Schematic diagram of magnetic field distribution. (a)radial
direction. (b)axial direction.

C. CROSSTALK BETWEEN INDUCTIVE COILS
When wear particles pass through the inductive coil in a
mechanical system, the magnetic flux changes. Therefore,
the inductive coil that does not pass through the particles
detects the magnetic flux change, and crosstalk signals may
be generated near pipes. Crosstalk between different coils
was analyzed by simulations to study sensor responses under
this condition. For example, when a cube with a side length
of 0.8 mm passed through a surrounding pipe (set as sur-
rounding pipe 1) at a speed of 2 m/s, the inductive voltage
signal reached 334 µV, and a 1.85 µV crosstalk signal in
the opposite direction was generated in the middle or another
surrounding inductive coil. However, when the same parti-
cle passed through the middle pipe, the generated inductive
voltage was only 237 µV at an excitation of 0.5 A, while
the detectable inductive voltage of the surrounding pipe was
approximately 0.7 µV. Through comparing Fig. 4 and Fig. 5,
we noticed that the inductive voltage signal of the particles
passing through the surrounding pipe during the simulation
was significantly better than that passing through the middle
pipe. Due to theweaker intensity of themiddlemagnetic field,
the interference effect was more obvious, which resulted in
the middle coil inductive voltage being smaller and not stable
enough.

In a magnetic field, the coil flux linkage is equal to the
product of the number of coil turns and the average magnetic
flux passing through each coil turn. To obtain each coil’s
flux linkage, cube particles with an edge length of 0.8 mm
were modeled as passing through one of the surrounding
coils. From Fig. 6, it can be seen that the ferromagnetic
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FIGURE 3. Simulated inductive voltages of different sizes of wear
particles.

FIGURE 4. Simulated signal when debris passed through the surrounding
pipe (the edge length of debris was 0.8 mm). (a)Debris signal.
(b) Crosstalk signal.

wear particle will enhance the nearby original magnetic field
when it passes, and therefore contribute to the growth of
the flux linkage of the inductive coil of the pipe where the
particle is located. The flux linkage of the inductive coils
of other pipes will be reduced due to the magnetization of
ferromagnetic wear particle, which is shown in Fig. 4 and
Fig. 5. Furthermore, since the magnetic field of the middle
coil was weaker, its flux linkage is always smaller than that of
the surrounding coils. Simulation analysis indicated that the
particle signal of one inductive coil contributed to crosstalk
from opposite waveforms in other inductive coils.

FIGURE 5. Simulated signal when debris passed through the middle pipe
(the edge length of debris was 0.8mm). (a)Debris signal. (b) Crosstalk
signal.

III. EXPERIMENTAL DEVICE
A. SINGLE PARTICLE EXPERIMENTAL DEVICE
The single particle experimental device was used to detect
the influence of different factors on the output voltage signal.
According to the mathematical model in Part II, the wear par-
ticle signal had a linear relationship with the particle velocity
and the excitation current. The particle size used in this
single particle experiment is shown in Fig. 7. To verify sensor
performance and the influence of different pipe arrangements
on the output signal, nylon rope was utilized to control the
speed of the particle passing throughthe pipe. TheUNIT-3305
DC power supply drove constant, direct current through the
excitation. For accurate velocity control, a stepping motor
controlled the particles on the nylon rope to cycle through
the tubing multiple times. To improve the signal level, a low-
noise differential amplifier was adopted with gain G=500.
We used the average value of 10 sets of data collected under
the same conditions. The experimental results are analyzed
and discussed in Chapter IV.

B. LUBRICANT OIL DYNAMIC EXPERIMENTAL DEVICE
Wear particle generation and movement in lubricating oil is
a random process, and wear particle trajectories are com-
plicated. To simulate wear particles passing through the oil
circuit, a stirrer uniformly lubricate oil with different wear
particle contents. The experimental lubricant oil sample was
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FIGURE 6. The flux linkage of different coils changed when the particle
passed through the surrounding coil. (a) Surrounding coil. (b) Another
surrounding coil. (c) Middle coil.

passed through the sensor at a constant flow rate by a peri-
staltic pump. In actual working conditions, due to the small
sensor diameter, the sensor could not be directly connected
to the oil circuit, but rather to the bypass for wear particle
monitoring. As shown in Fig. 8, when the particles passed
through the sensor, inductive signals were generated. Thus,
the amplified signal could be collected by an acquisition

FIGURE 7. Experimental particle (1DIV=10µm).

FIGURE 8. Experimental device. (a) Single particle experimental device.
(b) Lubricant Oil dynamic experimental device.

card (NI-9239) for data analysis and mechanical condition
diagnosis.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. CROSSTALK BETWEEN INDUCTIVE COILS
Since the inner diameter of the magnetic poles was 12 mm,
after placing seven inductive coils with an outer diameter
of 3 mm inside, there was a small gap between each induc-
tive coil. Therefore, single particle experiments were imple-
mented to analyze the occurrence of crosstalk phenomenon,
which was verified in the simulation. Fig. 9 shows the induc-
tive voltage generated by different coils when a particle
passed through the sensor at 1.41m/s under an excitation
current of 0.5A. In the experiment, when the particle passed
through a surrounding pipe, there was no effect between other
surrounding pipes, but crosstalk occurred between the sur-
rounding pipe and the middle pipe. This could be explained
as when particles cut the induction magnetic lines through the
surrounding coils, part of the induction magnetic lines also
passed through the middle coil. Therefore, the middle coil
also produced more obvious changes than the surrounding
coils, and this kind of crosstalk between adjacent surrounding
coils was easily masked by noise.

B. EFFECT ON CURRENT AND PARTICLE VELOCITY
The velocity of the wear particles and the intensity of the
magnetic field directly cause a difference in the amount of
magnetic flux change, which affects the sensor output signal.
To verify the influence of the sensor output on the current
and velocity, the experiment analyzed the output voltage
when a fixed ferromagnetic particle passed through different
pipelines. As shown in Fig. 10 and Fig. 11, the inductive
voltage had an approximately linear relationship with the
particle velocity and excitation current. We also note that
with a larger current and stronger magnetic field strength,
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FIGURE 9. Signals of different coils (when a particle passes through a
surrounding pipe). (a) Another surrounding coil. (b) Middle coil. (c) The
coil where the particle is located.

the corresponding voltage growth rate was faster. Moreover,
due to the magnetic field strength attenuation in the radial
direction, the middle coil voltage linearity was better than
that of the surrounding coil. The magnetic field intensity near
the magnetic pole was stronger, which led to a better sensor
output signal. Since the inductive voltage in the experiment
was obtained by taking the average of 10 sets of experi-
mental data, we calculated the standard deviation of each
data point to further discover the degree of experimental data
dispersion and error. As shown in Fig. 10 and Fig. 11, the
standard deviation of each data point during the experiment
was maintained at approximately 0.005, which proved high
experimental stability and repeatability.

C. EFFECT ON PARTICLE SIZE
To further analyze the relationship between the inductive
voltage and the particle size, results are shown in Fig. 12,

FIGURE 10. Inductive voltages at different speeds. (a) Middle coil.
(b) Surrounding coil.

where the x-axis represents the volume of wear particles and
the y-axis represents the inductive voltage after amplification.
The experiment induced wear particle diameters of 0.5 mm,
0.7 mm, and 0.9 mm. As shown in Fig. 12, the inductive
voltage had a linear relationship with the wear particle vol-
ume, and as the speed increased, the inductive voltage also
clearly increased. The experimental results were consistent
with the formulas in Section II and the data in Part C, which
was beneficial to estimating the wear particle size.

In addition, different experiments were performed on oil
samples with different concentrations, and the inductive sig-
nals are shown in Fig. 13. The experimental results more
intuitively show the signal distribution of the sensor in actual
oil monitoring. With the same concentration, the oil sample
with larger particles showed less signal and higher peak
value.Under the same particle size, the higher the concen-
tration, the greater the number of signal pulses detected.
However, due to the different particle paths and the inho-
mogeneous magnetic field distribution inside the sensor, the
signal peak had a certain randomness.

D. DETECTION SENSITIVITY IN A DYNAMIC OIL
EXPERIMENT
We verified that the sensor obtained an effective signal when
a single wear particle passed through, and the obtained sig-
nal met expectations. To confirm the sensor’s capability for
measuring oil properties in dynamic conditions with multiple
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FIGURE 11. Inductive voltages at different current. (a) Middle coil.
(b) Surrounding coil.

FIGURE 12. Inductive voltages with different particle volumes (0.125
mm3; 0.343 mm3; 0.729 mm3).

pipelines, the 100mg/L lubricating oil samplewas configured
with ferromagnetic particles under 13µmwhen the excitation
current is 0.5A, and the inductive voltage signal waveform
is shown in Fig. 14. The experimental particles were sieved
through a 1000 mesh sieve, which ensured that the particles
were smaller than 13 µm. The peristaltic pump used in the
experiment was driven by a steppermotor, and the sensor flow
rate reached 570ml/min during the experiment, which was an
improvement over the previous sensor.

In the single wear particle experiment, we found crosstalk
between the surrounding coils and themiddle coil. A dynamic
oil experiment was conducted to explore whether crosstalk

FIGURE 13. Oil sample signals with different particle concentrations (300
µm). (a) 5 mg/L; (b) 10 mg/L.

TABLE 1. The detection performance comparison of sensors.

influenced the particle signal. As shown in Fig. 14, since
the particles in the oil were smaller than 13 µm, when the
lubricating oil passed through the surrounding pipes, the
middle coil signal was not affected by crosstalk. Such a
result is beneficial to the detection of the sensor, which can
ensure that the small wear particles are not affected by other
particles in the pipeline while being detected. Based on the
symmetric toroidal static magnetic field, the structures of the
six surrounding coils were identical. Thus, there was only
the signal from one coil and the adjacent coil, which could
represent other inductive coils. The ability to detect tiny wear
debris at such a large flow rate is needed for condition-based
maintenance of large rotating and reciprocating machines.

E. COMPARISON WITH OTHER INDUCTIVE METHODS
Our proposed sensor based on inductive methods performed
well under different toroidal magnetic field conditions.
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FIGURE 14. Signals of different coils under dynamic oil experiment with
particles smaller than 13 µm. (a) The coil where the particles are located.
(b) Another coil.

To compare this sensor with other sensors, we compared
Dp(the diameter of minimum detection particles) and Ds(the
equivalent diameter of the internal flow channel of the sensor)
from different sensors. In this study, the equivalent diameter
of the seven pipes was 7.94 mm. For intuitive comparison,
we compared the ratio of Dp/Ds with some references, which
is shown in Table 1. The ratio of Dp/Ds should be as small as
possible to satisfy the needs for large flow and high detection
accuracy. According to the data in Table 1, the ratio of our
proposed sensor was 0.0026, which was the smallest among
the inductive sensors in the literature [18]–[22].

V. CONCLUSION
In this paper, a wear particle detection sensor with multiple
inductive coils under a toroidal magnetic field is designed
to estimate the inductive voltage of the coils caused by the
wear particles. The sensor placed multiple inductive coils
at the approximate strong magnetic field position, which
improved detection accuracy. The experiments considered the
excitation current, velocity, and volume of wear particles, and
the results verified the linear relationship between the induc-
tive voltage and the particles. We also studied the crosstalk
between two adjacent inductive coils. Based on a single par-
ticle experiment and dynamic oil experiment, although there
was interference between each inductive coil, the crosstalk
signal was small and was masked by noise. The sensor with
multiple inductive coils measured iron particles as small as
13 µm at a flow rate of 570 mL/min. More inductive coils

could be added to analyze wear particle characteristics and
achieve higher throughput. Compared with previous studies,
the sensor is expected to provide more detailed information
about lubricants for online machine condition monitoring.
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