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Abstract: Lubricants have the ability to reduce frictions, prevent wear, convey metal debris particles 13 
and increase the efficiency of heat transfer, therefore they have been widely used in mechanical 14 
systems. To assess the safety and reliability of the machine under operational conditions, the devel- 15 
opment of inductive debris sensors for online monitoring of debris particles in lubricants has been 16 
paid more attention by researchers. To achieve a high-precision, high-efficiency sensor for accurate 17 
prediction on the degree of wear, the equivalent circuit model of the sensor coil has been established, 18 
and its equations discovering the relationship between the induced voltage and excitation frequency 19 
have been derived. Furthermore, the influence of excitation frequencies and metal debris on the 20 
magnetic flux density has been analyzed throughout the simulations to determine the sensor mag- 21 
netic field. In order to identify a frequency range suitable for detecting both ferrous and non-ferrous 22 
materials with a high level of sensitivity, the analytical analysis and experiments have been con- 23 
ducted to investigate the frequency characteristics of the developed inductive debris sensor proto- 24 
type and its improved inspection capability. Moreover, the developed inductive debris sensor with 25 
the noticeable frequency characteristics has been assessed and its theoretical model has been also 26 
validated throughout experimental tests. Results have shown that the detection sensitivity of non- 27 
ferrous debris by the developed sensor increases with the excitation frequency in the range of 50 28 
kHz to 250 kHz, while the more complex results for the detection of ferrous debris have been ob- 29 
served. The detection sensitivity decreases as the excitation frequency increases from 50 kHz to 300 30 
kHz, and then increases with the excitation frequency from 300 kHz to 370 kHz. This leads to the 31 
effective selection of the excitation frequency in the process of inspection. In summary, the investi- 32 
gation on frequency characteristics of the proposed novel inductive debris sensor has enabled its 33 
broad applications and also provided a theoretical basis and valuable insights into the development 34 
of inductive debris sensors with improved detection sensitivity. 35 
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1. Introduction 39 
The gradual increase in the use of functional materials and structures to achieve ad- 40 

vanced machinery and equipment has attracted great interest among researchers. In such 41 
systems, the surface wear arising from mechanical contacts under operational conditions 42 
has been used to assess their health status. If abnormal wear is not detected in the early 43 
stage, serious accidents may occur during operation. Therefore, machine condition mon- 44 
itoring is critical to maintain equipment health and extend their life cycle [1–2]. Research 45 
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has shown that there is a direct correlation between the degree of wear and the concentra- 46 
tion and size of metal debris in the lubricants of machinery and equipment. When the 47 
machine operated normally, the size of wear debris was in the range of 1μm to 20μm and 48 
the concentration was usually low [3]. However, as abnormal wear started, the size of 49 
wear debris between 50μm and 100μm was produced. Over time, the size and concentra- 50 
tion of the wear debris would further increase [4]. Therefore, the degree of the wear can 51 
be judged by detecting the concentration and size of metal debris in the lubricants in the 52 
machinery and equipment. Owing to this observation, it can indicate the level of wear of 53 
mechanical components and provide the system with prognosis warnings before a failure 54 
occurs. 55 

As the traditional detection techniques are mainly categorized into two groups: of- 56 
fline and online inspection methods. Usually, ferrographic analysis and spectral analysis 57 
are conducted by the offline detection methods. It is noted that the ferrographic analysis 58 
has the ability to effectively detect ferrous debris particles, but can not be applied for the 59 
detection of non-ferrous metal debris particles due to the non-magnetic property of non- 60 
ferrous metal debris [5].  While the spectral analysis can be used to identify the size of 61 
debris particles without the capability of composition analysis of debris particles [6–7]. 62 
Moreover, the offline inspection methods need the long-term testing with high costs and 63 
are difficult to be implemented for real-time monitoring of the equipment. In order to 64 
enable real-time monitoring of machinery and equipment under the operational condi- 65 
tions, several online metal debris detection methods have been developed. As different 66 
detection methods have different advantages and limitations, this has undoubtedly re- 67 
strained the technology from industrial applications. For instance, although the X-ray 68 
method [8] has the high detection accuracy, it can only be deployed on the complex equip- 69 
ment. Also, the detection using capacitance methods [9–10] or resistance methods [11-12] 70 
will result in the oil deterioration, which will degrade the inspection accuracy as time 71 
goes. For the ultrasonic method [13], the measurement precision is affected by many fac- 72 
tors, such as the viscosity of the oil, the flow rate, and mechanical vibration, leading to the 73 
challenge in practical applications. The inductive method [14–20], which can effectively 74 
distinguish nonferrous and ferrous metal debris, can be easily implemented in a simple 75 
structure of equipment for testing both metal and non-metal pipelines. Also, the sensitiv- 76 
ity of this method does not rely on the oil quality. However, the inductive method has 77 
limitations, including low sensitivity to non-ferrous metal de-bris and inability to detect 78 
debris shape. From a practical point of view, the inductive method is the most feasible 79 
and effective technique for engineering applications. 80 

Since the induction method has many advantages, extensive research has been con- 81 
ducted in this field. The structure of induction method-based sensors mainly includes so- 82 
lenoid coils and planar coils. Although the planar coil has the high detection sensitivity, 83 
it is not suitable for engineering applications due to its small size. For example, the planar 84 
coil sensor designed in [21] was capable of detecting 50μm ferrous debris particles and 85 
105μm non-ferrous debris particles for a 1.2mm inner diameter of the oil tube. Due to its 86 
wider detection range and larger size, the solenoid coil structure has wider engineering 87 
applications. Using such structure, a three-dimensional solenoid sensor (the MetalSCAN 88 
from GasTOPS), was used to effectively detect the ferrous metal debris with a size of 100 89 
μm and nonferrous metal debris with a size of 405 μm in a pipe with an inner diameter of 90 
9.525 mm [22]. Talebi et al. [23] designed a sensor capable of effectively detecting 125 μm 91 
ferrous debris in pipes with an internal diameter of 4 mm and measuring the concentra- 92 
tion of metal debris in the oil. Also, results obtained by the solenoid coil sensor [24] indi- 93 
cated that its sensitivity to ferrous and non-ferrous metal debris in the inner diameter of 94 
the pipe, which was approximate 43 mm, could be achieved with values of 70 μm (diam- 95 
eter) and 165 μm, respectively. Liu et al. [25] investigated the relationship between the 96 
excitation frequency of the microinductor sensors and the rate of change of the sensor 97 
inductance. The sensitivity of ferrous metal debris decreased with the increasing 98 






