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Inductive debris sensor is becoming increasingly important in online oil debris
detection. This work proposes a new criterion for evaluating the performance of
an inductive oil debris sensor: spatial resolution. When multiple metal particles in
lubricating oil simultaneously pass through the sensor, it is vital that clear signals
responding to each particle are produced. The spatial resolution is referred to the
allowable distance between two particles when the sensor can accurately
distinguish the particle signals. Theoretical analysis shows that spatial
resolution has a relationship with the output signal of a single particle. A
COMSOL model is established to simulate a coil output when two adjacent
particles pass, and the output signals change with the distance between two
particles, the particle size and the coil structures. Results show that the relevant
factors affecting the spatial resolution, and a small coil radius can help improve the
sensor’s accuracy of debris identification.
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1 Introduction

Mechanical equipment will inevitably wear during their operation. Severe wear may lead
to catastrophic consequences especially in aircraft engines and other occasions requiring
high safety. It is very important to monitor real-time status of equipment. The information of
wear debris in lubrication oil, such as concentration and size, can reflect the wear state of the
machines (Flanagan et al., 1988; Zhu et al., 2017). Inductive oil debris sensors are widely used
in online lubricating oil condition monitoring of lots of mechanical equipment. The sensor
monitors the size and material type of metal particles based on the principle of
electromagnetic induction. Compared with other online metal debris monitoring
technologies, the inductive sensor has the advantages of simple structure, low cost, and
less noise interference.

Relevant studies have found that the amplitude of inductive debris sensor’s voltage signal
is proportional to the volume of the particle (Wu et al., 2014a; Ren et al., 2018a). Their
correlation coefficient is defined as ‘sensitivity’, and the sensitivity for various designs of
sensors is different. High sensitivity means that the sensor can detect very small particles.
However, wear debris in the lubrication oil tend to appear agglomerated (Wu et al., 2014b;
Chen et al., 2022). It means that when two or more particles pass through the sensor together
or with short spatial lengths, their induced voltages will be superposed. And the aliasing
signal affects the accuracy of debris identification, especially in conditions of high
concentration debris and high flow rate oil (Li et al., 2018a; Liu et al., 2021; Yu et al.,
2021). Even though many efforts have been made to improve the sensitivity of inductive
debris sensor to the micron level (Du et al., 2013; Hong et al., 2013; Ren et al., 2018b), the
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signal aliasing may waste this capability and some sensors cannot be
practically applied. Several studies have been conducted in an
attempt to solve the inaccurate detection caused by mixed
particles. Firstly, signal decomposition algorithms have attracted
attention to separate each particle signal. Li et al. developed a
method by using the degenerate unmixing estimation technique
(DUET) on a serial layout of detection sensors (Li et al., 2019). The
experimental result showed that this method can effectively separate
the mixed particles and provide an accurate count of the particle.
Later he studied neural networks for DUET-based delay estimation
of wear debris signal separation (Li et al., 2018b). Another Li
proposed a method named Ensemble Empirical Mode
Decomposition (EEMD), which can decompose the oil signal in
time domain and alleviate the influence of noise (Li, 2011). However,
there is still no suitable signal processing algorithm to solve the
debris signal aliasing in various complicated conditions. In addition
to signal processing method, the structure design of the inductive
debris sensor greatly influencing sensor performance has also
studied. Zhong et al. proposed a new layout of two inductive
debris sensors to identify and separate aliasing signal (Zhi et al.,
2016). Simulation results indicated that the method was effective.
Xiao et al. presented an inductive debris sensor based on a high-
gradient magnetic field. The shortest distance between particles that
the sensor signals were not superimposed was experimented (Xiao
et al., 2019).

In fact, it is insufficient to research on the performance of
the inductive debris sensor when multiple particles pass through
the sensor with a short distance. The wrong information of wear
status may be obtained. So except for sensitivity and allowable
throughput, it is important to evaluate the resolution of the
sensor to mixed debris. Inspired by geometrical optics, an ideal
optical system is affected by light fluctuation and has a resolution
limit (Tamburini et al., 2006). According to the Rayleigh criterion,
two airy disks that are produced by two close object points are
extremely close that the two objects cannot be distinguished by
human eyes or optical instruments. Similarly, we propose a
parameter ‘spatial resolution’, which refers to the minimum
distance between two particles when the corresponding particle
signals begin to overlap.

In this paper, the parameter ‘spatial resolution’ is first proposed
for evaluating performance of an oil debris monitoring sensor. The
theoretical relationship between spatial resolution and model
parameters is established. According to COMSOL finite element
simulation, the sensor’s spatial resolution can be intuitively
demonstrated by observing the signals when particles at a certain
distance pass through the coil. Besides, the influence of the coil
structure on spatial resolution is further explored.

2 The principle of metal debris
detection

According to the Biot–Savart law, the magnetic flux density of
any point M(x0, y0, z0) in the coordinate space can be calculated as

B � μ0
4π

∮
L

Id l
.
× r
.

r3
(1)

where Idl is the current element on line current L, r is the distance
between point M and the current element, and μ0 is the permeability
of vacuum. As shown in Figure 1A, current I drives a single turn coil
with radius R. The coordinate system is established, with the z axis
directed along the coil central axis, and the radial direction specified
as the x–y axis. The magnetic flux density at any point in the coil can
be obtained with Eq. 1.

When the metal debris moves along the z axis, the magnetic flux
density varies. When no particles pass through, the original
magnetic flux density is defined as B0. B0 can be expressed as

B0 � μ0IR
2

2 R2 + z2( ) 3 /

2
(2)

As long as particles enter the oil pipe, the magnetic flux density
changes with the movement of the particles. A spherical particle
could be equivalently expressed by a magnetic dipole model, the
magnetic flux density generated by a particle is
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.
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.
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where m
.

is the magnetic dipole strength related to coil excitation
parameters, particle’s size, permeability, and conductivity (Flanagan
et al., 1999). Thus, Bp can be denoted by Bp(M, k), where M and k
represent a particle’s trajectory and properties, respectively. When a
particle flows through the coil, the variation in magnetic flux density
becomes

ΔB � Bp M, k( ) (4)

Thus, the magnetic flux can be derived as

ΔΦ t( ) � ∮
S

ΔB
.
•dS

. � ∮
S

B
.

P M, k( )•d S. (5)

Finally, the change in coil inductance can be expressed as

ΔL � NΔΦ/I (6)
Here, the signals are ideal without considering complicated

noise effects. As demonstrated in Figure 1B, a pulse output can
be obtained when a metallic particle passes through the coil. The
amplitude of the pulse signal is related to the particle’s size. It is one
of the most important parameters for judging the sensor’s
sensitivity.

3 The spatial resolution of inductive
debris sensor

In addition to sensitivity, spatial resolution is also important for
wear debris sensor. If two particles pass successively through the coil,
their induced signals may affect each other and even overlap, as
shown by the red line in Figure 2. When these two particles pass
through separately, their normal signals are shown in the dotted line
in the figure. The overlapped signal (the red line) is required to have
two peaks to determine the number and size of particles accurately,
and the amplitude is required to be nearly unchanged. The spatial
resolution parameter is regarded as an evaluation criterion that
determines if the detection system can distinguish the signals
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corresponding to two adjacent particles. In other word, it is the
minimum distance between two distinguishable particles. Evidently,
if the signal of single particle output by sensor probe is steep, these
will be beneficial to reduce the degree of signal aliasing and the
spatial resolution performance is improved.

According to the characteristics of the coil’s output signal
induced by particles, two identical debris are used to define
the spatial resolution. As shown in Figure 2, the amplitude of
the signal induced by a single particle is denoted as Amp. The
amplitude of the aliasing signal induced by two adjacent particles is
allowed to change within 10%*Amp relative to that of a single
particle. The parameter z0 is defined as the distance between the
signal peak and the 10% the signal peak point, and the spatial
resolution P is related to the parameter z0. If the distance between
two particles is less than z0, the amplitudes of signal peaks
corresponding to the two particles will exceed 10%*Amp, thereby
influencing the judgment of particle size. Here, spatial resolution is
defined as

P � z0 (7)

According to Eqs 5, 6 in the previous section, the amplitudeAmp
of the pulse signal is determined by the coil design and the particle
properties. The parameter z0 is also affected by these factors. Thus,
the relationship between them can be briefly expressed as

z0 � f R, d,M, r( ) (8)
where d is the distance between two adjacent particles, r is the
particle’s radius. Their impacts on the spatial resolution are
respectively analyzed by the following simulations.

4 The simulation analysis of the spatial
resolution

A simulation model of particles passing through the coil is built
with the COMSOL software to show the overlapping degree of the
output signals induced by two particles. By using a 3D model, the
model of the coil is set as a one-turn coil with a 4.5 mm radius. The
radius of the copper wire is 0.1 mm. The distribution of the magnetic

FIGURE 1
(A) Schematic of an energized coil structure, (B) signal signature induced by a metal particle in a single coil.

FIGURE 2
Schematic of the output signal induced by two metal particles in
a single coil.

FIGURE 3
3D drawing of the magnetic field in the energizing coil.
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field in the coil excited with a 2A alternating current is shown in
Figure 3. The excitation frequency is set to 150 kHz, and the initial
inductance of the coil is calculated as L0. As iron particles pass
through the coil, corresponding disturbance of the magnetic field
leads to changes in coil inductance.

4.1 Spatial resolution on central axis of coil

When a particle with a radius of 0.5 mmmoves along the central
axis of the pipe, the relative variation in the coil’s inductance (L-L0)/
L0 is shown in Figure 4A. The particle moving to the center of the
coil exerts the greatest influence on the magnetic field, and the
maximum change in coil parameters occurs. When the signal
decreases to 10% of the peak value, z’0 is approximately 5 mm.
Hence, spatial resolution P can be inferred as 5 mm.

Figure 4B shows the relative variation in coil inductance when
the particle at the coordinate origin moves along the Y direction. As
the particle approaches the copper wire, coil inductance increases
rapidly. The particle at the center of the coil minimally disturbs the
magnetic field.

The model wherein two identical particles successively pass
through the coil is simulated to observe the aliasing signal. When
two particles with an axial distance of d flow along the central axis of
the pipe, the change in coil inductance is shown in Figure 5. The
coil’s output signals vary with the change in the axial distance d. The
signals of two particles overlap when d is 2 and 3 mm. Their output
signal has only one peak; thus, distinguishing the two particles is
nearly impossible. When d increases to 4mm, the two particles can
be distinguished. However, the amplitude corresponding to z = 0 is
more than 10% Amp, and the position of the signal peak deviates
from z = 0. The overlapped signal is also seriously distorted. When d

FIGURE 4
(A) Change in coil inductance when a particle moves along the central axis of the coil and (B) change in coil inductance when a particle moves
radially toward the coil.

FIGURE 5
Coil output signals when two particles located on the central axis
with a distance of d pass through the coil.

FIGURE 6
Coil output signals when two particles deviating from the central
axis by 3 mm with a distance of d pass through the coil.
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is equal to 5 mm, the amplitudes of the two peaks are close to the
amplitude of the signal induced by a particle. The number and size of
the two flowing particles can be judged. Thus, the spatial resolution
P is verified.

4.2 The relationship between spatial
resolution and radial position of debris

A particle’s trajectory in the pipe is irregular, and not all particles
are distributed on the central axis. The signals induced by the
particles deviating from the central axis must be considered.
Figure 4B shows the relative variation of coil inductance when
the particle at the coordinate origin moves along the Y-direction.
As the particle approaches the copper wire, the coil inductance
increases rapidly. Relatively, the particle at the center of the coil
disturbs minimally the magnetic field. The situation wherein two
particles successively passing through the coil deviate from the
central axis by 3 mm is simulated. The axial distance d between
two particles is changed. As shown in Figure 6, the relative variation
in coil inductance is different from that induced by particles along
the central axis.

FIGURE 7
Influence of different particle sizes on the relative variation in coil
inductance (L-L0)/L0.

FIGURE 8
Influence of variable coil radius R on the coil’s signals induced by two adjacent particles on the central axis. (A) R = 4.5 mm, (B) R = 5.5 mm, (C) R =
6.5 mm, (D) R = 7.5 mm.
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Compared with Figure 5, the output signal induced by a single
particle in Figure 6 has higher amplitude, and the signal curve is
steeper. No serious overlap is observed for the signals corresponding
to two particles when the two particles pass through the coil. It is
easy to identify two adjacent particles. Therefore, due to the more
serious signal aliasing degree, the situation at the central axis needs
to be analyzed. It is more suitable to reflect the spatial detection
capability of the sensor.

4.3 The relationship between spatial
resolution and debris size

Aside from the distance between two particles passing
successively, the influence of particle size on the coil’s output
signals is also studied. Two particles with an axial distance of
5 mm flowing along the central axis of the pipe are simulated.
The relative variation in coil inductance (L-L0)/L0 caused by the
change in particle size is shown in Figure 7. The signal amplitude
increases with the size of the particles. However, the overlap degree
of the signals induced by the two particles is hardly changed under
the different particle sizes. The bandwidths of the signals are almost
identical. In this case, the signals are ideal without considering
complicated noise effects. Hence, particle size does not exert much
effect on judging the sensor’s spatial resolution.

4.4 The relationship between spatial
resolution and coil size

Different sensor coils induce different signals and greatly
influence the spatial resolution. A 3D model wherein the particles
move along the central axis is established, and the distance d between
two particles is changed. When coil radius R varies, the relative
variation in coil inductance (L-L0)/L0 is shown in Figure 8. As the
coil radius increases, the amplitude of the signal induced by a particle
decreases, and the bandwidth becomes wide. The result also shows
that a larger coil radius R indicates severer signal overlapping when
two particles pass through the coil. Therefore, the spatial resolution of
the sensor worsens when the coil radius increases. The design of the
sensor also needs to meet the throughput requirements in practical
applications. According to a previous study, the pipe diameter of
several common inductive debris sensors is roughly in the range of
4mm–38 mm (MACOM Technologies Documentation, 2019;
Poseidon Systems Ltd, 2019; HYDAC Documentation, 2022). It is
found that a large pipe’s radius can allow high throughput but low
detection sensitivity. The reasonable design of coil structure is in great
urgent to not only obtain a large throughput, but also ensure high
sensitivity and spatial resolution. The accuracy of metal debris
monitoring can be guaranteed in practical application.

5 Conclusion

The spatial resolution parameter for inductive debris sensors is
first clarified in this study. In practical engineering applications,
many particles are randomly distributed in the lubricating oil of
machines. In addition to sensitivity and allowable throughput,

spatial resolution is an important parameter to be considered
when evaluating the performance of oil debris monitoring
systems. On the basis of the signal characteristics of inductive
debris sensors, spatial resolution in this study is defined. Finite
element simulation is performed to reveal the signal characteristic of
two particles at a certain distance. The influence of particle trajectory
and its properties on signal aliasing degree is explored. The
conditions of two particles moving along the central axis of coil
and on other axes near the coil are compared, and indicate that
signal aliasing is the most serious on the central axis. Without
considering complicated noise effects, the situations of signals
aliasing are not considerably influenced by particle size.
Moreover, the results verify that the design of the sensor coil
greatly affects the spatial resolution. The higher the spatial
resolution is, the smaller the allowable distance between
distinguishable particles is and the less likely the signals are to be
aliased. The spatial resolution parameter combined with sensitivity
and throughput can help in the design of sensor structures and in the
accurate evaluation of the oil debris information. Overall, this
parameter is meaningful in reducing the detection limit of
inductive wear debris sensors in practical applications.
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