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Condition monitoring of machine elements becomes more important over the last years. Different approaches to detect failures in mechanical components have been developed. All these methods are located at a distance from the point of interest, the observed machine element. This leads to uncertainties in the data, which influences the data quality negatively. Using the electrical impedance for condition monitoring enables in situ measurement with reduced uncertainties and higher data quality. In the last years, research considering this topic was done, but a systematic overview is missing. In this article, a systematic literature research according to the PRISMA approach is fulfilled. The main questions are, what application fields for electrical impedance-based condition monitoring approaches exists and which research gaps are not addressed yet. At the end, 21 articles are categorized in their application fields. Analyzing their content, research questions are identified which have to be addressed in further investigations.
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1 INTRODUCTION
Rolling element bearings are one of the most important machine elements in mechanical engineering. They are widely used and a crucial component in most technical systems (Hamrock and Dowson, 1981; Harris, 2001; Kirchner, 2007). Therefore, a damaged rolling element bearing can cause critical damages in a machine or apparatus, which lead to unplanned downtimes and reduced reliability (Schaeffler Monitoring Services GmbH, 2019; Peng et al., 2022). Hence, there is an increasing interest in the detection of harmful bearing conditions and the identification of bearing damages.
The state of the art for damage detection in machine elements for rotary machines is vibration analysis (Davies and Davies, 1998; Jardine et al., 2006; Schenk, 2010; Randall, 2011; Lei, 2016; Schaeffler Monitoring Services GmbH, 2019). Other techniques are thermography, shaft speed analysis, endoscopy and lubricant analysis (Davies and Davies, 1998; Miller and Kitaljevich, 2000; Jardine et al., 2006; Schenk, 2010; Randall, 2011; Schaeffler Monitoring Services GmbH, 2019). Alternative condition monitoring approaches utilize the stator currents in electrical machines (Cameron et al., 1986; Thomson and Barbour, 1998). All these methods have the same disadvantage. They are located outside the point of interest, so the signal path from the damaged bearing to the sensor or observation point is affected by uncertainties (Engelhardt, 2012; Mathias, 2016; Vorwerk-Handing, 2020; Becker-Dombrowsky et al., 2023a). This influences the measurement results and reduces the information density. To increase information density. The usage of machine learning approaches for analyzing the sensor data is also common (Lei et al., 2008; Lei, 2016; Akpudo and Hur, 2020).
To avoid this disadvantage, sensory utilizable machine elements (SuME) can be used to enable in situ measurement. SuME use the electric properties of machine elements to enhance the functionalities of a component to become a sensor itself (Kraus et al., 2020; Kraus et al., 2021). One widespread measurement category of SuME is the electric impedance. Impedance-based condition monitoring approaches are already in use, e.g., for insulation observation (Jameson et al., 2017; Joseph and Krishnan, 2021; Zheng et al., 2021), condition monitoring of stator windings (Kohler et al., 2002; Zhang et al., 2022) and fuel cell observation (Beer et al., 2015; Boškoski et al., 2017; Mahlangu and Barendse, 2021; Jiang et al., 2023). By measuring the electric impedance of a rolling element bearing, different kinds of information can be achieved and the bearing becomes a sensor, which enables condition monitoring of itself and of the surrounding system (Becker-Dombrowsky et al., 2023a; Prashad, 1988; Schirra et al., 2018).
The idea of using the electric properties of machine elements is not new, e.g., Prashad already investigated their opportunities (Prashad, 1988). Many researchers study different kinds of applications for impedance measurement. A structured overview of the state of research in the context of impedance-based condition monitoring for machine elements such as rolling bearings is still missing. Therefore, the aim of this work is to get an overview of this topic and two answer the following two main questions:
1. What are applications of impedance based condition monitoring approaches?
2. Which research gaps exists for the identified approaches?
To do so, scientific literature will be investigated and summarized systematically. Other review articles in this field are focused on harmful currents in drivetrains and electrical induced bearing damages (Johns-Rahnejat et al., 2023; Schneider et al., 2022b) or on film thickness detection techniques (Peng et al., 2022). A broader application field for using the electric properties of bearings, e.g., to detect damages is not considered so far. This article is looking at the topic of impedance-based condition monitoring approaches in general.
In the following section, the fundamentals outlining the basics of the electrical impedance and the electric properties of rolling elements bearings will be addressed. Afterwards, the research method is presented. Then, the results are discussed and a conclusion will be drawn.
2 FUNDAMENTALS
In this section, the fundamentals of electrical impedance and the elasto-hydrodynamic lubrication (EHL) contacts are given. In addition, the electric analogous model of rolling element bearings will be explained.
2.1 The electric impedance
Electrical impedance is the impedance of an element through which alternating current flows. It is determined in the complex plane. The real part R represents the effective resistance, the imaginary part the circular frequency-dependent reactance X. The latter can have both capacitive and inductive components. Therefore, the impedance can be described completely via amplitude and phase (Keysight Technologies, 2014).
The impedance Z is calculated according to Hufschmid as follows in Eq. 1 (Hufschmid, 2021).
[image: image]
The amplitude of the impedance |Z| can be determined using Pythagoras' theorem written in Eq. 2. The phase angle φ results from the geometric observation of the impedance vector in the complex plane using the tangent in Eq. 3 (Hufschmid, 2021).
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The reactance X can exhibit both capacitive and inductive behavior. In the case of inductive behavior, the reactance is calculated taking into account the angular frequency, where L is the inductance and ω is the electrical angular frequency shown in Eq. 4 (Rinderknecht, 2017).
[image: image]
The reactance is calculated in the case of capacitive behavior according to Eq. 5; the capacitance is described by the letter C (Rinderknecht, 2017).
[image: image]
The geometric relations describing the electric impedance are pictured in Figure 1.
[image: Figure 1]FIGURE 1 | The Pythagoras theorem explaining the electrical impedance according to (Keysight Technologies, 2014).
In general, components show a frequency dependent behavior under alternating current and can exhibit different behaviors. The phase angle for ideal capacitance is–90° until the natural resonant frequency is reached. The phase angle of ideal inductors, on the other hand, is +90° below the natural resonant frequency. Ideal resistors have an angle of 0°. The natural resonant frequency is the frequency at which the reactance of inductance and capacitance are equal and have a phase angle of φ = 0°. The components then exhibit resistive behavior. After the natural resonance frequency is exceeded, the sign of the respective phase angle changes and the components change their behavior (Keysight Technologies, 2014; Furtmann et al., 2016).
2.2 EHL contact
The theory of elasto-hydrodynamic lubricated contact (EHL contact) considers the elastic deformation of the contact partners in the rolling contact, taking into account Hertzian theory in combination with the influence of temperature and pressure on the lubricant viscosity in the lubrication gap. This is an extension of the theory of hydrodynamic contact (HD) (Brüser, 1972; Hamrock and Dowson, 1981; Hertz, 1881; Dahlke, 1994; Steinhilper and Sauer, 2012a).
The EHL theory can be used to determine the minimum lubricant film thickness in the rolling contact (Hamrock and Dowson, 1981). This is particularly interesting with regard to the question of sufficient lubricant supply, but also for the electrical properties of the rolling bearing, which will be discussed in more detail later.
The EHL theory is based on the use of several dimensionless parameters, which record the prevailing operating conditions in the rolling contact and thus enable the calculation of the lubrication gap height. Isothermal operating conditions and smooth surfaces of the contact partners are assumed (Hamrock and Dowson, 1981).
According to Hamrock/Dowson, the dimensionless minimum lubricant film thicknes [image: image] is calculated using the following Eq. 6 (Hamrock and Dowson, 1981).
[image: image]
It is made up of the dimensionless parameters for load W, speed U and material G, as well as the ratio of the elliptical semi-axes of the Hertzian contact k (Hamrock and Dowson, 1981).
The EHL effect is created by the transportation of lubricant through the lubrication gap. On the inlet side, the lubricant adhering to the bodies is introduced into the lubrication gap. On the outlet side, the lubricant is pressed out of the gap by the prevailing load. Consequently, this is also where the maximum pressure acting in the lubrication gap is located. As a result of the movement and load on the lubricant, shearing of the lubricant occurs. This leads to friction and energy dissipation. This circumstance is not taken into account in the theory according to Hamrock/Dowson. This can be remedied by using correction factors to extend the equation of the minimum lubricant film thickness. However, these are not discussed further here, but reference is made to the relevant literature (Hamrock and Dowson, 1981).
2.3 The electric behavior of machine elements
As Furtmann explained, machine elements can exhibit different electrical behavior under alternating current and can be modeled accordingly as circuit elements. He regards shafts as electrical conductors whose electrical behavior corresponds to a serial connection of resistance and inductance between each machine element applied (Furtmann et al., 2016).
EHL contact area building machine elements such as rolling bearings and spur gears show a capacitive behavior under hydrodynamic lubrication. They can be modeled as a plate capacitor in case of liquid friction (Becker-Dombrowsky et al., 2023a; Furtmann et al., 2016; Prashad, 2006). Machine elements like housings, screws and shafts are modeled as a serial connection of inductance and ohmic resistance. This is based on the pure metallic structure of this components, which does not allow other electric behavior (Becker-Dombrowsky et al., 2023a; Furtmann et al., 2016). Figure 2 summarizes the central machine elements for rotating machinery and their equivalent electrical components.
[image: Figure 2]FIGURE 2 | Common machine elements and their equivalent electrical components according to (Becker-Dombrowsky et al., 2023a), modified by author.
As the results in Section 4 show, researchers in the field of impedance-based condition monitoring are focused on rolling element bearings. Therefore, only the electric analogous model of rolling element bearings will be presented in the next section.
2.4 The electric analogous model of rolling element bearings
Rolling bearings in an AC circuit can be described as series and parallel connections of capacitors and resistors. The arrangement of the elements and thus the overall electrical behavior change according to the lubrication conditions within the bearing (Prashad, 1988).
The rolling contact is electrically modeled as a plate capacitor with the capacitance [image: image] (Prashad, 2006). Figure 3 shows the rolling contact as a capacitor with the associated influencing factors.
[image: Figure 3]FIGURE 3 | Electric model of the EHL contact in a ball bearing (Schirra, 2021).
The capacitance is calculated according to the equation for plate capacitors Eq. 7 as follows (Gemeinder, 2016).
[image: image]
This shows that the capacitance and consequently the impedance of the rolling contact depend on the lubricant properties (relative permittivity [image: image]), the lubricant film thickness [image: image] and the contact geometry in the form of the Hertzian surface [image: image]. The latter in turn is related to the load distribution, which is not constant across all rolling elements during operation (Schirra, 2021).
As can be seen from Figure 3, the equation above does not take into account the boundary influence zone. Barz and Gemeinder use a correction factor [image: image] for this shown in Eq. 8 (Barz, 1996; Gemeinder, 2016).
[image: image]
Schirra has already proposed an approach for the corresponding model extension. It replaces the static factors for considering the edge zone by calculating the capacity in this zone. In addition, the unloaded rolling elements are included in the analysis in a similar way. The calculations carried out by him correspond to the empirically determined values and therefore represent a sufficiently accurate model description (Schirra, 2021).
In case of the EHL contact, the contact partners are completely separated and the bearing exhibits capacitive behavior if a high-resistance lubricant is used. The capacitance of the contact depends on the contact geometry, the number of rolling elements, the lubricant film thickness and the electrical properties of the lubricant, which acts as a dielectric (Gemeinder, 2016; Bechev et al., 2020).
Figure 4 shows the exemplary replacement model of a rolling contact with a single rolling element in the bearing under alternating voltage [image: image]. The metallic components are shown as ohmic resistors for the outer ring [image: image], the inner ring [image: image] and the rolling element [image: image]. The contact areas are described as impedance from the rolling element to the inner ring [image: image] and to the outer ring [image: image]. They are modeled as a parallel connection in the case of the EHL contact. The lubricant areas that are not involved in the rolling contact can be assumed as a series connection of three parallel circuits consisting of ohmic resistance and capacitor. The circuits close to the bearing rings with the impedance [image: image] describe the interaction between the lubricant and the metal of the rolling bearing rings. The middle parallel circuit with impedance [image: image] describes the lubricant behavior without further influences. The variable impedance [image: image] represents approximations and contacts of the bearing rings as a result of vibrations and similar phenomena (Furtmann, 2017).
[image: Figure 4]FIGURE 4 | Equivalent model of a contact consisting of a rolling element and inner or outer ring (Furtmann, 2017).
Depending on the lubrication conditions in the rolling contact, three different electrical behaviors can be determined within the lubrication gap. These are primarily related to the lubrication gap height. Figure 5 illustrates this relationship.
[image: Figure 5]FIGURE 5 | Electric model of the EHL contact as a function of the lubrication film thickness (Martin, 2021).
In the area of solid-state friction, there is direct metallic contact between the rolling element and the respective raceway, so that the contact zone can be modeled as an ohmic resistance [image: image]. With increasing lubrication and thus increasing lubrication gap height, the contact partners are separated and, in addition to the resistive behavior, capacitive behavior also occurs within the lubrication gap, whereby voltage flashovers can occur again and again due to insufficient lubrication as a result of contact with roughness peaks (Gemeinder, 2016; Furtmann, 2017).
As can be seen in the middle section of Figure 5, two different phenomena can occur with a thin lubricant film, which are related to the breakdown voltage. According to Gemeinder, the latter is the product of the breakdown field strength of the lubricant and the lubricant film height (Gemeinder, 2016). If the lubricant film height is sufficient or if the voltage at the rolling contact is below the breakdown voltage, the phenomenon described for the EHL contact of the parallel connection of capacitance [image: image] and high-impedance resistance [image: image] occurs. As soon as the breakdown voltage is exceeded, The lubricant resistance decreases to [image: image] and spark-erosive currents occur in the contact area, EDM currents for short, which have a damaging effect and can lead to earlier failure of the rolling bearing. Besides EDM currents, currents in the electric machine lead through the bearings can cause microstructural changes in the metal matrix like White Etching Cracks (WEC), which reduce the bearings operational time. These phenomena are investigated due to the increasing importance of electric mobility and wind power plants (Muetze, 2003; Tischmacher and Gattermann, 2012; Radnai et al., 2015; Gemeinder, 2016; Tischmacher, 2017; Loos et al., 2021; Schneider et al., 2021; Harder et al., 2022; Peng et al., 2022; Johns-Rahnejat et al., 2023; Schneider et al., 2022b).
The bearing current density is decisive for the damaging effect of currents. The bearing current depends on the magnitude of the applied voltage and the bearing impedance (Prashad, 1988), which in turn is related to the contact conditions within the lubrication gap (Gemeinder, 2016). The bearing current density is defined as the quotient of the current and the effective Hertzian area (Muetze, 2003). A bearing current density below 0.1 A/mm2 is considered uncritical (Radnai et al., 2015). A damaging effect cannot be ruled out between 0.1 A/mm2 and 1 A/mm2. Larger bearing currents, on the other hand, have a damaging effect (Radnai et al., 2015). As soon as liquid friction is present, an insulating lubricating film forms between the contact partners and the EHL contact occurs with the behavior described above (Gemeinder, 2016).
As the fundamentals show, impedance measurement and capacitance calculation enable different monitoring approaches to machine elements and especially to rolling bearings. A systematic classification of the applications for impedance measurement in machine element observation has not been fulfilled yet. Also, analyzing possible research gaps and further opportunities of this technique is still missing. Therefore, a systematic literature research is fulfilled in this work to classify the different application fields in impedance based machine element observation and to find possible research questions. In the next section, the method of this literature research is presented.
3 STUDY DESIGN
The aim of this work is to get an overview of impedance-based condition monitoring methods. This includes all kinds of machine elements in mechanical engineering topic. The focus is on the observation of classic machine elements like spur gears and rolling element bearings. Specialized applications like fuel cell observation mentioned in Section 1 are not included. Articles about electrical induced damages in rolling element bearings and harmful bearing currents are not included as well. The topics are connected to each other, but electrical induced damages of machine elements are a specific and own field. A literature review according to the PRISMA approach is applied to check different databases about possible literature.
PRISMA is an abbreviation for “Preferred Reporting Items for Systematic Reviews and Meta-Analyses.” This approach is a systematic method to analyze different databases to get an overview of the state of research on a certain topic. PRISMA is already used for literature research in medical and clinical contexts (Liberati et al., 2009; Page et al., 2021).
The proceeding in this work is according to Fett et al. (2023), which also used the PRISMA approach for a review in a mechanical engineering topic. The investigated databases Inspec, ProQuest, TEMA and Web of Science are common in mechanical engineering. Additionally, articles found from other sources like Research Gate and Google Scholar are included as well. The databases are searched using their internal search engine. The results are saved in an internal database, where they are clustered manually.
As a search term for the title the following string was used. The restrictions to the title were included using Boolean operators. For the single database, some details had to be changed, but not in a significant manner. Only the titles are investigated to get a reasonable amount of articles. Otherwise, a lot of improper literature has to be investigated. In the first search, spur gears and other machine elements were included, but no literature was found. So, the search term was changed to reduce the amount of improper literature.
1. TITLE (“Impedance” or “Electrical Impedance” or “Impedance Measurement*” or “Real Part” or “Imaginary Part” or “Phase Angle” or “Absolute Value” or “Capacitance” or “Impedanz” or “Elektrische Impedanz” or “Impedanzmessung*” or “Impedanzmessverfahren” or “Realteil” or “Imaginärteil” or “Phasenwinkel” or “Impedanzbetrag” or “Betrag der Impedanz” or “Kapazität”)
2. TITLE (“Rolling Element Bearing*” or “Roll* Bearing” or “EHL” or “EHL contact” or “Machine Element*” or “Condition Monitoring” or “Lubrication Condition” or “Wälzlager” or “Maschinenelement” or “Zustandsüberwachung”)
After getting the title from the databases, the duplicates are removed and the remaining titles are screened. Titles that do not include condition monitoring using the electric properties of classic machine elements as their topic are excluded. Included are articles, which enable the usage of impedance-based condition monitoring of machine elements by fundamental research. After excluding improper titles, the proper articles are screened and read in detail. Improper articles, articles in unusual languages and not available articles have been removed. In the end, twenty articles are further investigated. Figure 6 summarizes the investigation process. The number of articles in every step is mentioned as well.
[image: Figure 6]FIGURE 6 | Literature investigation process according to PRISMA approach.
4 RESULTS
As mentioned in Section 3, twenty articles are identified as proper for this review. Analyzing the publication year, the increasing interest in the topic of impedance based condition monitoring techniques can be seen. In Figure 7 the trend is illustrated. The first article on this topic was published by Heemskerk et al. (1982). In the last years, the increase of interest in the electric impedance can be seen. As yet, the amount of publications has its maximum in 2023 with five articles.
[image: Figure 7]FIGURE 7 | Published articles to impedance based condition monitoring of machine elements over their publication years.
After analyzing the articles’ content, three main topics can be differentiated. The first one is about load measurement using the electrical impedance. Using load measurement as an instrument for condition monitoring is based on the idea of detecting the loads affecting a machine element and calculating the remaining useful life (Schirra et al., 2018; Schaeffler Monitoring Services GmbH, 2019; Schirra, 2021). It can be applied to machine elements with a fatigue limit such as spur gears (in case of pit load capacity) and rolling element bearings (Dahlke, 1994; Steinhilper and Sauer, 2012a; Steinhilper and Sauer, 2012b; Deutsches Institut für Normung e.V. Wälzlager, 2021). The second topic contains rolling bearing condition monitoring by analyzing electrical signals, e.g., for damage detection. The third and most commonly investigated topic addresses the lubrication condition monitoring. Further, it can be divided into lubrication film thickness detection and lubricant condition detection. All articles are focused on rolling element bearings as the observed machine element or the EHL contact itself. Other machine elements like spur gears are not part of the investigations. Furtmann described the electrical analogous models for different machine elements, but condition monitoring is not his scope (Furtmann et al., 2016; Furtmann, 2017).
In the following, the articles will be summarized shortly in their topic classes. Figure 8 gives an overview of the identified topics.
[image: Figure 8]FIGURE 8 | Article topics.
4.1 Impedance based load measurement
The idea of load measurement using the electrical impedance is initiated by Schirra et al. (2018). They investigate the opportunities of simultaneous load and failure monitoring. The basis is the analogous model of the rolling contact. From the impedance, the capacitance is calculated, which enables estimating the Hertzian area. Using the Hertzian area, the load and the resulting remaining useful lifespan of the rolling bearing can be estimated. For a real sensor application, further investigations are necessary as well as additional sensors, e.g., for temperature and speed gauging. Also, instationary operating conditions are not investigated (Schirra et al., 2018).
Some of the identified challenges of impedance based load measurement are considered by Schirra et al. (2021) in a subsequent publication. Their research is taking unloaded rolling elements and the undeflected area into account by enlarging the current models. Their experimental results show an improvement, but differences between measurement and calculation remain (Schirra et al., 2021).
The articles to impedance based load measurement are summarized in Table 1.
TABLE 1 | Articles to impedance based load measurement.
[image: Table 1]4.2 Impedance based rolling bearing condition monitoring
Yang et al. (2000) investigated a method to measure the rolling element skew in a tapered roller bearing. The installed two contact potential difference probes at the outer ring and gauged the capacitance between roller and ring. With this capacitance signal, they measure the skew. They were able to determine the correlation between skew, rotational speed and lubrication (Yang et al., 2000).
Tuomas and Isaksson developed an impedance based measurement technique to observe the buildup of the lubrication film in rolling element bearings to identify different operating conditions. Their investigation enables the differentiation between the run-in phase at the beginning of bearing life and the enclosing normal operating state. At the end of bearing life, they are able to identify changes in the signal behavior which indicates additional metallic contacts (Tuomas and Isaksson, 2009).
Schnabel et al. identify the run-in phase of EHL contacts. Further, they studied the correlation between surface roughness and impedance behavior at their ball on disk apparatus. They found out that the contact resistance depends on the surface roughness. The impedance in general was not affected by surface active additives (Schnabel et al., 2016).
Schirra et al. (2018) were already mentioned in Section 4.1. The idea behind the condition monitoring approach is to detect the bearing loads and to calculate the remaining useful lifetime of the observed bearing (Schirra et al., 2018).
Martin et al. (2022) used the impedance signals and changes in the signal to detect pitting damages in the surface. They measured the impedance using a shunt circuit at their rolling bearing test rig in fatigue tests under stationary operating conditions. They also investigate the impedance under artificial surface damages at the inner ring raceway. As a result, detecting and localizing the pitting damages was possible. Also, they are able to measure the pitting length in the raceway (Martin et al., 2022).
Chevallier et al. (2023) compare vibration measurement based condition monitoring to impedance-based condition monitoring approaches. They provide evidence for the possibilities of the impedance method. It can be seen that impedance based condition monitoring has opportunities to be investigated further (Chevallier et al., 2023).
Becker-Dombrowsky et al. (2023b) investigate the data generated by Martin et al. (2022). They identified indicators in the impedance signal using feature engineering approaches, which enables an early detection of pitting damages. The behavior of the identified features in time and frequency domain could be physically explained (Becker-Dombrowsky et al., 2023b).
The articles to impedance based rolling bearing condition monitoring are summarized in Table 2.
TABLE 2 | Articles to impedance based rolling bearing condition monitoring.
[image: Table 2]4.3 Impedance based lubrication condition monitoring
Lubrication condition monitoring is the biggest topic in impedance based condition monitoring. It can be divided into lubrication condition detection and the film thickness detection.
4.3.1 Lubricant condition detection
Zeng et al. (2020) use the electrical impedance to detect debris in the oil and other abnormalities. The developed sensor is able to detect metallic particles in the lubricant as well as water droplets and bubbles in the oil. Particles between 18 µm (iron) and 75 µm (copper) could be detected. So, the presented system is able to monitor lubricants and systems condition by detecting impurity (Zeng et al., 2020).
Shi et al. (2022) present a similar approach. They have developed an inductance-resistance and capacitance sensing micro sensor. With this sensor, they are able to detect metallic debris, moisture and air bubbles in the observed oil. This enables condition monitoring (Shi et al., 2022).
The articles to lubricant condition detection are summarized Table 3.
TABLE 3 | Articles to lubricant condition detection.
[image: Table 3]4.3.2 Film thickness detection
Heemskerk et al. (1982) investigate measuring the lubrication condition in rolling bearings using the electrical impedance. They were able to gauge the film thickness in case of separating lubrication film. They could predict the so-called lift-off speed at the end of the run-in for grease lubrication and named possible application fields (Heemskerk et al., 1982).
Tuomas and Isaksson measured the lubrication condition in rolling element bearings in a refrigerant environment using the electrical impedance. Due to the lower viscosity because of the refrigerant in the oil, a higher amount of metallic contacts in the run-in was expected. They could identify the run-in phase of the bearing by measuring the impedance and the higher amount of metallic contacts in the impedance signal at the bearing’s beginning and end of life (Tuomas and Isaksson, 2009).
Glovnea et al. (2012) already published a review about the evaluation of lubrication in EHL contacts using electrical methods. Most approaches were focused on experimental apparatus. They list advantages and disadvantages, but also discuss the opportunities of impedance measurement (Glovnea et al., 2012).
Clarke et al. (2016) investigate the mixed lubrication regime using the electrical contact resistance techniques. It can be shown that the measurement technique was able to monitor the contact conditions and the dependence of the signal from the lubrication film height. Also, the relation between contact resistance, high loads and surface roughness are examined (Clarke et al., 2016).
For lubrication film thickness measurement, Xie et al. (2016) developed an impedance based measurement approach avoiding slip rings and other common contact devices. Therefore, they used two electric field coupling paths. The error between the presented approach and the slip ring method is about 15%, which they declared as sufficient enough for film thickness measurements (Xie et al., 2016).
Jablonka et al. (2012) investigated the electrical analogous model of the ball to raceway contact for a ball on flat configuration. The measurement method based on the impedance is applicable to machine elements like rolling element bearings, but further research is needed. They identify the contact geometry model and the lubricant itself as another research topics (Jablonka et al., 2012).
In a subsequent contribution, Jablonka et al. (2018) transferred their knowledge to radially loaded deep-groove ball bearings. They implemented a quantitative measurement approach for film thickness detection. Modified rolling bearings with ceramic balls and one metallic ball were used to investigate the electric behavior of the single contact in the bearing. So, they were able to investigate lubricant composition, properties and supply, load, temperature and entrainment speed. It could be shown that impedance measurement in rolling bearings allows film thickness detection (Jablonka et al., 2018).
Maruyama and Nakano compared the impedance measurement approach for film thickness evaluation to optical interferometry on a ball-on-disc apparatus. They could confirm that the results of impedance based oil film thickness measurement agreed with the interferometry results. This allows the transfer of the impedance measurement approach to machine elements like ball bearings for EHL contact investigation (Maruyama and Nakano, 2018).
Later, Maruyama et al. (2019) picked up their results and developed an impedance based approach for film thickness monitoring and breakdown ratio of oil films in EHL contacts of ball bearings. It is shown that using the impedance, a parallel observation of breakdown ratio and lubrication film thickness is possible. Also, they compared the calculated film thickness after Hamrock and Dowson (1981) to the measured thickness. In the low-speed range, the measured values agreed with the calculated film heights satisfactorily. For higher speeds, the measured film thickness is thinner than the calculated one, which means that the models have to be optimized (Maruyama et al., 2019).
In 2023, Maruyama et al. (2019) transferred the approach of their research in 2019 to thrust needle roller bearings. The results were similar to the results for ball bearing, which suggests an independence of the measurement technique from the rolling element bearing type (Maruyama et al., 2023).
Cen et al. (2021) created a review on EHL film thickness in rolling element bearings using the capacitance method. Two main approaches for transforming the measured capacitance to an oil film thickness were identified. The first one calculates the capacitance in the Hertzian contact area. The second method uses calibration approaches to transfer the measured capacitance into a film thickness (Cen et al., 2021).
Schneider et al., 2022b present a new capacitance based analytical method for film thickness monitoring. The article includes an approach for measuring and calculating the capacitance of each rolling contact. The novelty of this publication is the calculation of the local lubricant film height of combined loaded bearings with point contact (Schneider et al., 2022a).
Manjunath et al. (2024) describe the Electrical Impedance Spectroscopy (EIS) as an instrument for film thickness measurement in line contact bearings. The research before is focused on film thickness detection in point contact building bearings. For analyzing the generated impedance data, impedance-based and capacitance-based approaches are used. The authors can show that the measured capacitance differs from the calculated capacitance by a factor of 3 up to 11, depending on the parameters like speed and temperature. The presented EIS approach enables to detect the transition from boundary to mixed lubrication and from mixed lubrication to EHL (Manjunath et al., 2024).
The articles to lubricant condition detection are summarized in Table 4.
TABLE 4 | Articles to film thickness detection.
[image: Table 4]5 DISCUSSION
Using the impedance to measure loads in machine elements, namely, rolling element bearings, works under certain conditions. Mainly, its accuracy depends on the electric analogous model of the EHL contact, which has to be investigated further. Schirra et al. (2021) were able to improve the model, but an error between measurement and calculation still remains (Schirra et al., 2021).
In case of impedance based rolling bearing condition monitoring, two basic topics could be identified. The initial idea was to detect the end of run-in phase and optimal lubrication condition in rolling element bearings to optimize the bearing lifespan (Tuomas and Isaksson, 2009; Schnabel et al., 2016). Later, Schirra et al. (2018) established the idea of condition monitoring over the bearing operational time in general and remaining useful life calculation using the electric analogous model of the EHL contact in combination with the Hertzian theory (Schirra et al., 2018). Martin et al. analyzed the complex impedance signal to find significant changes which leads to pitting damages in the bearings raceways (Martin et al., 2022). They are able to detect and to localize pitting damages and to measure their length in rolling direction. Rycerz et al. (2017); Kunzelmann et al. (2023) developed an approach for rolling contact fatigue prediction, which is based on mathematic models describing the pitting damage progression. They could show that their models can predict the damage progression properly, when the pitting damage has reached a certain dimension. Impedance measurement can detect and measure small pitting damages to use the models described in (Rycerz et al., 2017; Kunzelmann et al., 2023), which is not possible with vibration measurement (Kunzelmann et al., 2023) or ultrasonic reflectrometry (Peng et al., 2022). Becker-Dombrowsky et al. (2023a) continued analyzing the signals of Martin et al. (2022) and could find features in time and frequency domain, which enables the usage of machine learning approaches for damage early detection (Becker-Dombrowsky et al., 2023b; Chevallier et al., 2023) could identify further opportunities for impedance based condition monitoring compared to vibration measurement (Chevallier et al., 2023). Analyzing the different research articles, several open research question can be seen. In fact, the impedance measurement approach is still limited to rolling element bearings. Other machine elements are not taken into account, yet. A first research article to this topic is presented by Becker-Dombrowsky et al. (2023a), but a comparable level to impedance based rolling bearing condition monitoring is not reached. Furthermore, all research was done under stationary operating conditions. Besides, rolling bearings can be operated in mixed lubrication regime, which is not investigated yet. The experiments use standard lubricants without additives. There is the possibility that additives might influence the electric properties by mutating the raceway surfaces (Lugt et al., 2001; Prashad, 2006; Reibung and Schmierung und Verschleiß, 2015; Schnabel et al., 2016; Bukvić et al., 2024). The impedance of the lubricant near the raceway surface differs from the lubricant impedance between the raceways (Furtmann, 2017), which indicates changes in the electric properties of the bearing using surface mutating additives such as described in (Bukvić et al., 2024).
Investigations under varying loads and speeds are still missing, which is essential for an application in technical systems. Further research is needed here, especially how load and speed changes can influence the signals. It is not clear, if a condition detection can be realized under instationary operating parameters. Another aspect is, if health monitoring is possible under high dynamic conditions. A comparison between states of technique applications like vibration measurement and impedance measurement would be interesting as well.
All tests were carried out in hydrodynamic lubrication regime, but mixed lubrication is not investigated yet. This has to be addressed as well to apply the technique to, e.g., gearboxes. The influence of lubricant additives to the impedance signal is not considered. They can affect the contact partner surfaces, which may cause changes in the impedance signal.
The topic of impedance based lubrication condition monitoring is more investigated than the two topics before, especially film thickness detection. After measuring the lubrication film thickness in ball-on-disc apparatus and other test rigs for single contact investigation (Glovnea et al., 2012; Jablonka et al., 2012; Schnabel et al., 2016; Maruyama and Nakano, 2018), the impedance based approach is applied to rolling element bearings (Heemskerk et al., 1982; Tuomas and Isaksson, 2009; Xie et al., 2016; Maruyama et al., 2019; Schneider et al., 2022a; Maruyama et al., 2023). The results show that the application is transferable from the single contact to the bearing in general, independently from the bearing type with different contact conditions (Maruyama et al., 2019; Maruyama et al., 2023). Still, differences between calculation and measurement remain, which indicates that the contact models need to be improved further. Also, the influence of different lubricants is not investigated yet. Some additives have been researched regarding their influence on the contact impedance, but further research is necessary (Schnabel et al., 2016). A detection of mixed lubrication condition is possible (Heemskerk et al., 1982; Tuomas and Isaksson, 2009; Clarke et al., 2016; Schnabel et al., 2016), but a sufficient film thickness measurement out of the hydrodynamic lubrication regime is not researched as well as varying operation conditions.
For lubricant condition detection, it was shown that different kinds of oil soiling can be detected. This includes metallic particles, moisture and air bubbles (Zeng et al., 2020; Shi et al., 2022). However, tests for lubricant condition detection in machine elements like spur gears and rolling element bearings are still missing. This includes investigations under stationary and instationary operation conditions as well as experiments in the mixed and hydrodynamic lubrication regimes.
As mentioned in Section 4, the research field of impedance based condition monitoring techniques for machine elements can be separated in three main applications summarized in Figure 8. It can be seen that more research in the field of impedance based condition monitoring for machine elements is needed. Mostly, rolling element bearings are in the focus of this techniques. Other EHL contact building machine elements like spur gears are not investigated deeply in this research area. All in all, the presented approaches are investigated under laboratory conditions. In general, the impedance behavior under instationary operating conditions is not researched yet, independently of its use case. Also, other lubrication regimes beside the hydrodynamic lubrication are not investigated. A transfer to real applications is missing.
6 CONCLUSION
In this review, a systematic literature review according to the PRISMA approach was fulfilled to investigate the topic of electrical impedance based condition monitoring of machine elements. Different databases were studied for literature. The articles found were screened and at the end, 20 articles and their research content were presented.
The research topic of electrical impedance based condition monitoring can be divided in three main section, the load measurement, the rolling bearing condition monitoring and the lubrication condition monitoring. The last one can further be divided into the topics of lubricant condition detection and film thickness detection. It can be seen that the focus of research is on rolling element bearings. This is not surprising, because rolling bearings are one of the central components in drivetrains. The amount of subcategories for the single application fields is interesting, because the identified opportunities for this condition monitoring approach are greater than assumed.
In addition, several research gaps are identified. Other machine elements like spur gears are not taken into account. Based on their electric behavior in the EHL regime, a similar impedance signal behavior can be possible for surface induced damages. Also, the electric properties in the mixed lubrication regime have to be investigated. For rolling element bearings, different lubrication regimes beside the hydrodynamic lubrication are not considered yet. If a damage detection in case of mixed friction is possible has to be investigated further. The influence of surface mutating additives in oil and grease lubrication might change the electric behavior under mixed lubrications in positive or negative manner, which is not considered yet. Furthermore, the presented approaches are tested under stationary operating conditions. A generalization of impedance behavior for different rotational speeds and forces for condition monitoring is missing. Further research has to identify load and speed independent signal characteristic to ensure an overall usage of impedance-based condition monitoring.
In summary, for applying electrical impedance based condition monitoring approaches of machine elements beyond laboratory, further research is necessary. Both research questions are addressed and answered by the results of this literature research. Based on these results, further research regarding impedance-based condition monitoring can be fulfilled.
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