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Abstract

Capacitance-based methods are widely used to evaluate lubricant film thickness in machine
elements where direct optical access is unavailable, especially in rolling bearings and other
multi-contact components. This review examines the physical basis, historical development,
and modern methodological routes of capacitance-based film thickness determination, with
emphasis on four coupled interpretive layers: film geometry, dielectric response, electri-
cal topology, and parasitic/background effects. The literature shows that the field has
evolved from simple dielectric-gap conversion toward more strongly constrained interpre-
tation using elastohydrodynamic lubrication priors, dielectric identification, network-aware
reduction, and frequency-domain information, particularly under grease lubrication, star-
vation, and transient conditions. Across these studies, capacitance-derived film thickness
is not a methodologically uniform quantity but an inferred result whose meaning de-
pends on what is prescribed, what is estimated, and what ambiguity remains unresolved.
The main unresolved challenges are geometry—dielectric non-uniqueness, parasitic and
topology uncertainty, and limited validation under realistic operating conditions. Overall,
capacitance-based film thickness determination in practical machine elements is best un-
derstood as a constrained electromechanical inference problem, and future progress will
depend on stronger identifiability, more informative broadband measurements, and clearer
reporting of assumptions, inference targets, and validation basis.

Keywords: capacitance-based measurement; lubricant film thickness; lubricated machine
elements; elastohydrodynamic lubrication; effective permittivity; electromechanical inference

1. Introduction

Lubricant film formation in concentrated contacts is fundamental to the reliability,
efficiency, and durability of mechanical systems. In gears, rolling element bearings, piston—
cylinder assemblies, and related machine elements, the lubricant film must separate metallic
surfaces under high pressure and rolling or sliding motion; when the film becomes in-
sufficient, lubrication may shift toward mixed or boundary regimes, leading to increased
friction, wear, surface fatigue, and eventual failure [1-4]. The physical basis of film forma-
tion in such contacts is provided by elastohydrodynamic lubrication (EHL) theory, which
couples hydrodynamic entrainment, pressure-dependent viscosity, and elastic deformation
of the contacting bodies [5-8]. Optical interferometry established the classical experimental
foundation of EHL film thickness research and revealed the characteristic inlet, Hertzian,
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and outlet regions of lubricated contacts [4,9-11]. However, optical methods require trans-
parent specimens and carefully controlled geometries, which limits their direct use in
practical, opaque, multi-contact machine elements.

This limitation motivated the development of indirect methods for in situ film thick-
ness evaluation in practical machine elements. These methods do not provide the same
type of information. Optical interferometry remains the most direct benchmark because it
can resolve the spatial structure of EHL films and distinguish the inlet, Hertzian, and outlet
regions, but it requires optical access, transparent specimens, and simplified laboratory
geometries [4,9-12]. Discharge- and resistance-based approaches are highly sensitive to
film breakdown, metallic contact, and lubrication-regime transitions, but their electrical
response is strongly affected by temperature, contamination, surface roughness, and local
asperity contacts; they are therefore more suitable for detecting lubrication-state changes
than for reconstructing an absolute EHL film thickness [3,13-16]. Ultrasonic, fluorescence,
optical-extinction, and related methods have provided valuable complementary routes for
opaque or application-specific systems, but each requires its own assumptions regarding
acoustic reflection, optical absorption, tracer response, or sensor calibration [17-19].

Capacitance-based methods occupy a distinctive position among these approaches.
Their main practical advantage is that they can be implemented in assembled or partially
closed machine elements, including rolling bearings, piston assemblies, journal bearings,
and other components where direct optical access is unavailable [20-23]. Their main limita-
tion, however, is interpretive rather than purely instrumental: the measured capacitance is
not a direct local film thickness but a global electrical response shaped by film geometry,
dielectric properties, leakage, background capacitance, and electrical topology. Compared
with optical interferometry, capacitance methods sacrifice direct spatial visualization; com-
pared with resistance-based methods, they can retain a stronger link to film separation
but only when dielectric and parasitic effects are adequately constrained.

This distinction becomes particularly important in grease-lubricated and starved
systems. In such cases, oil bleeding, thickener entrainment, starvation, replenishment,
grease formulation, and operating history can all influence film formation and alter the
electrically active medium [24-31]. Therefore, the central difficulty is not simply choosing
a sensitive measurement technique but determining what physical quantity a measured
electrical response can legitimately support.

Over the past decades, capacitance-based film thickness methods have progressed
from simple dielectric-gap analogies toward more explicit treatments of non-uniform film
geometry, parasitic capacitances, mixed oil-air regions, frequency-dependent dielectric
response, and multi-contact electrical topology [32-39]. Yet this progression should not
be read as a uniform transition toward uniquely resolved film thickness. In many stud-
ies, the measured quantity remains a global electrical response from which geometry,
dielectric state, leakage, contact topology, and background contributions are only par-
tially separable. Under thin-film, starved, or grease-lubricated conditions, the measured
response may reflect an effective dielectric response shaped by confinement, boundary layers,
oil-air mixtures, and leakage pathways rather than a directly known bulk material con-
stant [40-42]. In addition, bearing-scale and component-scale measurements are usually
network-embedded observables jointly affected by local film geometry, dielectric state,
contact topology, and parasitic/background contributions [33,42-44]. The present review
addresses this methodological problem not as a simple capacitance-to-thickness conversion
issue but as an inverse interpretation problem whose physical meaning depends on what is
measured, what is assumed known, what is actually inferred, and what validation supports
that inference.
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Accordingly, this review examines capacitance-based film thickness determination
through four coupled interpretive layers—film geometry, dielectric response, electrical
topology, and parasitic/background effects. Its purpose is not merely to summarize
prior studies but to clarify where physical meaning is retained, where it becomes model-
conditioned, and where non-uniqueness remains unavoidable. In particular, the review dis-
tinguishes between bulk dielectric properties, operationally identified dielectric-response
parameters, equivalent thickness indicators, contact-scale proxies, and branch-resolved
component-scale quantities. This distinction is important because similarly named “film
thickness” results in the literature do not always represent the same inferential object.

This review is not intended as a systematic review but as a representative and ana-
lytically structured synthesis of the lines of work most relevant to modern capacitance-
based film thickness interpretation. It focuses on studies in which capacitance responses,
or impedance responses with a dominant capacitive contribution over the frequency range
of interest, are used to infer lubricant film thickness or closely related lubrication de-
scriptors. Optical, ultrasonic, resistance-based, and other non-capacitive methods are
discussed only where needed as historical context, physical benchmarks, or validation
references, and electrical bearing diagnostics unrelated to film thickness inference are
excluded. Although the scope is broad across lubricated machine elements, the deep-
est methodological discussion is necessarily bearing-centered, because rolling bearings
provide the richest literature on multi-contact topology, starvation, grease lubrication,
and component-scale inverse interpretation. Recent work further indicates that this field
remains active, with growing emphasis on grease-bearing measurements, improved rolling-
bearing capacitance modeling, electrical-impedance-based interpretation, and validation in
more realistic machine-element configurations [45-48]. The review is organized around the
principal sources of interpretive difficulty—non-uniform film geometry, state-dependent
dielectric response, electrical topology, and parasitic/background effects—and the strate-
gies used to constrain them. The central question is not simply whether a method produces
a thickness-like output but what level of physical claim that output can support under its
stated assumptions and validation basis.

2. Physical Basis of Capacitance-Based Film Thickness Interpretation

Capacitance-based film thickness determination in lubricated machine elements is
difficult because the measured electrical response is not controlled by film thickness alone.
The following section therefore unpacks the physical origins of this difficulty, focusing on
how non-uniform film geometry, state-dependent dielectric response, frequency-dependent
loss, and electrical topology enter the measured signal.

A simple physical example illustrates why these constraints matter. In an electrically
monitored rolling bearing used in an electric motor or gearbox, the measured terminal
response does not originate from a single ball-raceway contact. Instead, several loaded and
unloaded contacts, lubricant-filled and partially starved regions, shaft and housing paths,
sensor leads, and background capacitances all contribute to the measured signal. A de-
crease in measured capacitance may therefore indicate an increase in local film thickness,
a reduction in the electrically active oil-filled area, a change in effective permittivity caused
by oil-air mixture formation, or a change in the number of active electrical pathways.
This is why the same electrical trend can support different physical interpretations unless
contact geometry, dielectric response, and network topology are constrained together.

This section does not review inversion procedures in detail. Its purpose is to define
the physical constraints that later reappear as methodological differences between simpler
equivalent-gap interpretations and more strongly constrained reconstruction routes.
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2.1. Quasi-Electrostatic Description of Lubricated Contacts

At frequencies typically used in capacitance-based measurements, from several kHz
to a few MHz, lubricated contacts can usually be described within the quasi-electrostatic
approximation of Maxwell’s equations [49]. Under this approximation, magnetic induction
effects are neglected and the electric field E is governed by the electric potential ¢ [49],

E=—V¢. (1)

Gauss’s law then gives [49]

V-D =py, (2)

where D = ¢¢¢,E, ¢ is the vacuum permittivity, ¢, is the relative permittivity, and py is
the free charge density. In lubricated contacts, py is often negligible in the bulk liquid,
but spatial variations in ¢, may arise from oil-air mixtures, boundary layers, confinement,
and neighboring conductive structures [20,50].

Within this approximation, lubricated contacts are often represented by lumped elec-
trical elements, provided that the excitation frequency remains in a range where such
a reduction is physically meaningful [51]. For an idealized uniform dielectric layer of
thickness h between conductive surfaces of effective area A, the capacitance is given by the
classical parallel-plate relation, which also underpinned early capacitance-based interpreta-
tions of lubricated contacts [20,50],

_ €ogrA
C= T 3)

Equation (3) is the historical starting point for capacitance-based film thickness evaluation.
Its value is interpretive rather than literal: in practical machine elements, the measured
electrical quantity rarely corresponds to a single uniform dielectric gap. The relation is
useful as a first-order guide but misleading if an equivalent electrical response is read as a
unique local film thickness.

2.2. Non-Uniform EHL Film Geometry and the Local-to-Global Mismatch

In EHL contacts, film formation results from hydrodynamic pressure generation,
elastic deformation, and pressure-dependent viscosity [5,7]. Under fully flooded conditions,
the central film thickness for elliptical point contacts is commonly written in the Hamrock-
Dowson form [7,8]

E — 269 067 G0-53 7 —0.067 (1 . 670.73kd>/ @)
Ry

where R, is the reduced radius in the rolling direction, U is the speed parameter, G is the
material parameter, W is the load parameter, and k; is the ellipticity factor. Although this
expression is widely used as a mechanical prior or reference, k. is only one descriptor
embedded within the full film thickness field #(x,y).

This distinction is essential for electrical interpretation. Detailed EHL analyses show
that substantial film thickness gradients occur in the inlet and outlet regions even under
steady operating conditions [52]. Because capacitance scales inversely with local gap height,
the measured signal is sensitive not only to the nominally load-carrying Hertzian region
but also to surrounding non-Hertzian regions whose mechanical role is smaller but whose
electrical contribution may still be substantial. Figure 1 illustrates this geometric mismatch.

The measured capacitance can therefore be expressed, in a convenient generalized form
for review purposes, as an area-integrated quantity over the electrically active region [20,21,32],

C— / /A hizgy) dA. 5)
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Equation (5) makes the basic inverse difficulty explicit: the measurement is global, whereas
the film geometry is spatially distributed. A single measured capacitance cannot by itself
identify a unique local film descriptor unless additional assumptions are introduced re-
garding the gap shape, the active area, or the relation between central and non-central
film thickness [10-12,20,21]. The key implication is therefore methodological: any method
claiming local thickness from a single global capacitance must be judged primarily by the
strength of its constraining assumptions.

Hertzian contact
(load-carrying core)

Outlet region
cavitated, oil-air/non-Hertzian)

h Inlet region
tﬂooded /non-Hertzian)

partial oil-air filling

>

z (rolling direction)

A

1
1
1
:
: ¥ n
1
:
:

Zt

'2b (Hertzian contact length)

Figure 1. Schematic summary of a lubricated rolling contact showing the Hertzian contact region,
inlet, and outlet zones together with the strongly non-uniform film thickness distribution relevant to
capacitance measurements.

In rolling bearings and similar components, this geometric difficulty is compounded
by the presence of multiple contacts connected through series and parallel electrical path-
ways [32,33]. The problem is therefore not merely that real contacts are not parallel plates
but that component-scale measurements integrate non-uniformity at more than one struc-
tural level.

2.3. Frequency Dependence and the Limits of Scalar Capacitance Interpretation

In practical measurements, the electrical response of a lubricated contact is commonly
embedded in a broader impedance response. A convenient effective representation, con-
sistent with standard impedance treatment and widely used low-order interpretations of
lossy dielectric contacts, is [36,39,53,54]

Zil(w) = jaJC + Geonds (6)

where C is the effective capacitance and G.ynq is the electrical conductance associated
with leakage through the lubricant film, boundary layers, mixed phases, or conductive
pathways. In practical grease-lubricated bearings, G.onq should not be interpreted as a
single material property of the base oil. It may represent an effective leakage contribution
caused by polar additives, thickener-rich regions, adsorbed boundary layers, wear particles
or contamination, oil-air interfaces, moisture, and intermittent asperity-scale conduction
under thin-film or starved conditions. Therefore, Goq is best regarded as an operating-
state-dependent effective conductance term in the local impedance model. Unless an
explicit topology model is introduced, both quantities should be interpreted as effective
and measurement-dependent.

The apparent capacitance inferred from electrical measurements is therefore frequency
dependent and may be written as [36,53,54]
Im{Z*1 () } @)

Cimeas (w) =
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A reported capacitance value is therefore meaningful only with reference to the excitation
frequency or frequency range used to obtain it, and changes in apparent capacitance do
not necessarily reflect changes in film geometry alone. They may also arise from leakage,
interfacial polarization, dielectric loss, or changes in how the measurement circuit weights
contact and parasitic branches.

In practice, the relative importance of the conductive term depends on lubricant type,
filling state, contamination, temperature, and frequency. At low frequencies, especially
under starved or grease-lubricated conditions, G.,,q may become comparable to or larger
than wC, in which case a scalar-capacitance interpretation becomes unreliable. A practical
criterion for capacitively dominated interpretation is therefore not the frequency value
alone but whether the measured phase angle remains close to that of a predominantly
capacitive response and whether the inferred capacitance is stable with respect to modest
frequency variation. Equivalently, the condition wC >> G.yng provides a useful first check,
although the acceptable margin depends on the required accuracy and on the uncertainty
of the background /parasitic compensation.

At lower frequencies, leakage and polarization processes may dominate the apparent
response; at higher frequencies, the response may become more strongly dielectric but only
up to the point where simple lumped-element descriptions remain valid [36,39,53,54].
The practical value of multi-frequency and broadband measurements follows directly from
this limitation: frequency variation can provide additional constraints that help distinguish
geometric effects from loss, leakage, and parasitic contributions.

2.4. State-Dependent Dielectric Response and Effective Permittivity

Another major difficulty is that the dielectric response entering electrical reconstruction
is generally state-dependent. In lubricated contacts, the relevant electrical medium is often
not a homogeneous bulk liquid but a confined, evolving, and sometimes multiphase region
whose response depends on pressure, temperature, molecular polarity, interfacial structure,
and phase composition [20,41,50]. In grease-lubricated and starved contacts, oil bleeding,
oil-air mixtures, cavitation, and boundary layers may coexist within the electrically active
region, so the quantity entering the electrical model is better regarded as an effective
response than as a fixed intrinsic material constant [25,42,55].

This point is consistent with classical dielectric theory for heterogeneous media, where
charge accumulation at phase boundaries gives rise to Maxwell-Wagner-type polariza-
tion [56-58]. For the present review, however, the main implication is methodological:
capacitance-based film thickness reconstruction usually does not have direct access to
a uniquely known in situ permittivity. In the present context, this mechanism is rele-
vant because the electrically active region in a grease-lubricated or starved contact may
contain base oil, thickener fragments, air pockets, cavitated regions, adsorbed boundary
layers, and possibly trace moisture or debris. Interfaces between these phases can store
charge and alter the apparent dielectric response measured at the terminals. As a result,
an inferred increase or decrease in effective permittivity may reflect changes in phase
distribution or interfacial polarization rather than a change in the intrinsic permittivity of
the lubricant alone.

For this reason, it is useful to distinguish between “bulk permittivity” and “effec-
tive permittivity”. The former refers to a material property measured under bulk-fluid
conditions, whereas the latter is an operational parameter associated with the electrically
active region under a specified measurement condition. If bulk and effective permittivity
differ substantially, an apparent change in reconstructed film thickness may partly reflect
dielectric variation rather than geometry alone. Dielectric behavior should therefore be
treated as a primary source of uncertainty in capacitance-based reconstruction.
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2.5. Capacitance Measurement as a Network-Embedded Inverse Problem

Taken together, the preceding subsections show that capacitance-based film thickness
determination is fundamentally a network-embedded inverse problem. The unknown
tribological state is spatially distributed, but the measurement is global; the dielectric
response is state-dependent but usually not known independently; and the measured
signal is conditioned by both frequency and electrical topology. These features become
especially clear in rolling bearings, where the measured response is a reduction in multiple
inner- and outer-ring contacts together with background branches.

Figure 2 illustrates this point schematically. For each rolling element, the inner-
and outer-ring contacts can be decomposed into Hertzian and surrounding non-Hertzian
contributions, such that C; = CjHertz + Ci outside ad Co = Co Hertz + Cooutside- These per-
ball contributions are then accumulated over the electrically active rolling elements to form
equivalent branches, which are measured together with a background branch C,.

Ci,Hertz Ci,outside

J_ J_ Cinner Couter
S I I

per ball: CI = Gi,Hcrtz + Ci,outsidc | | | |
nballs: Cipper = n C;

Co,Hcrtz Co,outsidc

iy il
¥ e

per ball: Co = Co,Hcrtz + Co,outside
nballs: Cyuter = nC)

Figure 2. Conceptual electrical network decomposition of the measured capacitance in a rolling
bearing into contributions from Hertzian contact regions, surrounding non-Hertzian areas, and back-
ground capacitances. The diagram is intended as a schematic synthesis of the measurement structure
rather than a universal circuit model.

An important implication is that a rolling bearing should not, in general, be char-
acterized by a single unique film thickness. Inner- and outer-ring contacts may differ in
kinematics, load distribution, starvation state, and thermal condition, so the more physi-
cally meaningful inference target is often branch-resolved, for example in terms of inner-
and outer-ring film descriptors k; and h,, rather than one bearing-wide scalar thickness.
A single reported bearing “film thickness” is therefore most defensible only when it is
clearly defined as an equivalent indicator resulting from a specified network reduction.

The measured capacitance is therefore not the response of a single local film thick-
ness but the topology-dependent reduction in multiple contact and parasitic contributions.
Similar electrical signals may arise from different combinations of Hertzian film thickness,
non-Hertzian gap geometry, dielectric response, contact multiplicity, and background cou-
pling. Meaningful interpretation therefore requires a forward model that maps assumptions
about geometry, dielectric state, filling condition, and network topology to a measurable
electrical quantity. The corresponding inverse problem is then approached by constrain-
ing unknown parameters such as film thickness, effective permittivity, loss descriptors,
starvation or filling factors, and parasitic terms. These constraints reappear later as method-
ological differences in what individual approaches hold fixed, what they estimate explicitly,
and what uncertainty is absorbed into the reported film thickness quantity.
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3. Historical Evolution: From Early Film Thickness Measurements to
Capacitance-Based Electrical Interpretations

The historical development of capacitance-based lubricant film thickness determina-
tion is best understood not simply as the introduction of a new measurement technique
but as a progressive redefinition of what an electrical signal from a lubricated contact
was taken to represent. Early studies established that EHL films are extremely thin, me-
chanically important, and difficult to access directly in practical components. Subsequent
electrical studies showed that such films modify breakdown, resistance, and capacitance.
Over time, capacitance was no longer treated only as a direct proxy for film thickness but in-
creasingly as a global, model-dependent observable shaped by film geometry, dielectric
behavior, electrical topology, and lubrication state. This section traces that transition and
highlights which early simplifications remained embedded in later practice.

3.1. Optical and Other Early Non-Electrical Benchmarks

The earliest systematic investigations of lubricant films in concentrated contacts were
based primarily on optical interference. Crook’s roller experiments showed that elasto-
hydrodynamic films could sustain substantial loads while remaining only a few hundred
nanometers thick [1,2], providing early experimental confirmation that hydrodynamic
pressure generation and elastic deformation coexist in very thin lubricating films. Related
mechanical analyses by Archard and Cowking [59] and the rough-surface contact model of
Greenwood and Williamson [60] further clarified how thin fluid films and asperity contact
may coexist in heavily loaded conjunctions.

Gohar and Cameron, and later Cameron and Gohar, combined theory with optical
measurements to reveal characteristic pressure and film thickness distributions in lubricated
point contacts [4,9]. Their work established the now-familiar inlet, Hertzian, and outlet
structure of EHL films. Optical interferometry was subsequently refined by Foord et al.,
Johnston et al., and Wymer and Cameron [61-63], and became the benchmark technique
for EHL film thickness measurement [10-12].

The main limitation of optical methods was therefore not lack of physical insight but re-
stricted applicability. They required transparent specimens, optical access, and carefully
controlled laboratory geometries, and thus could not be transferred directly to practical
machine elements such as assembled rolling bearings, gears, and engine components.
Their lasting methodological legacy is therefore twofold: they established the spatially
distributed structure of EHL films, and they set a benchmark against which later indirect
electrical methods had to be judged.

Other non-optical approaches were also explored. Among them, ultrasonic reflection
later became a useful non-invasive technique for probing lubrication state in opaque
systems, although early implementations were generally more effective for identifying
regime changes than for reconstructing absolute sub-micrometer EHL film thickness [18].
More broadly, these methods established an important point: once direct optical access is
lost, film thickness evaluation becomes inseparable from the interpretation model used to
connect the measured signal to the tribological state.

3.2. Early Electrical Observations: Discharge, Resistance, and Dielectric-Gap Concepts

In parallel with optical developments, researchers began to exploit the electrical
properties of thin lubricant films. Siripongse et al. reported electrical discharge through oil
films [13], showing that the electrical response of a lubricated contact is highly sensitive
to film continuity and breakdown. Although such discharge-based observations were
destructive and unsuitable for quantitative film thickness determination, they established
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an important principle: thin lubricant layers can alter electrical behavior strongly enough
to serve as indirect probes of contact state.

Related work on dielectric breakdown and resistive conduction further showed that
thin oil films may exhibit both capacitive and conductive characteristics depending on
pressure, temperature, and film continuity [3]. Resistance-based methods were therefore
explored for in situ lubrication assessment in engine components and journal-bearing-
like interfaces [14-16]. Their principal strength was the detection of lubrication-regime
transitions and metallic contact onset, whereas their quantitative interpretation remained
difficult because the measured response was strongly affected by temperature, contami-
nation, roughness, boundary layers, and local contact patches [20]. These early electrical
studies already showed that electrical sensitivity to lubrication state does not imply speci-
ficity to film thickness alone.

A decisive conceptual step was taken when lubricated contacts began to be treated
explicitly as dielectric-gap capacitors. Dyson et al. and Galvin et al. related measured
capacitance to EHL-predicted film thickness [20,50], establishing the first quantitative
link between electrical response and lubricant-film geometry. In this early interpretation,
illustrated schematically in Figure 3, the lubricated conjunction is represented as a uniform
dielectric layer of thickness /1 and area A between conductive surfaces, leading to the
classical relation C = gge, A/ h.

A

conductive surface

lubricant |film h

conductive surface

__ c0erA
C= h

(idealized parallel-plate analogy)

Figure 3. Historical schematic of the early interpretation of a lubricated contact as a dielectric-gap
capacitor. The contact is idealized as two conductive surfaces separated by a uniform lubricant
film of thickness  and effective area A, leading to the classical parallel-plate capacitance expression
C = gpe; A/ h. The figure represents the historical modeling concept rather than a realistic modern
contact model.

This dielectric-gap analogy was the key simplification that made capacitance-based
film thickness estimation possible in the first place. At the same time, it embedded as-
sumptions that later became major sources of interpretive error: uniform film thickness,
homogeneous dielectric properties, negligible parasitic effects, and weak coupling to the
surrounding electrical environment. Historically, this is the point at which convenience
and over-interpretation first became entangled.

3.3. Emergence of Capacitance Methods in Bearings and Machine Elements

Once lubricated EHL contacts were recognized as electrical capacitors, capacitance-
based methods were extended from isolated contacts to practical machine elements. Wilson
showed that capacitance measurements could distinguish systematic differences between
grease- and oil-lubricated rolling bearings under load [26], illustrating the practical utility
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of electrical methods in opaque assembled systems. This marked an important transition
from contact-scale analogy to component-scale diagnosis.

Ten Napel and Bosma provided one of the first systematic analyses of how sur-
face roughness and non-uniform film geometry affect capacitance measurements [21].
Their results show that the measured signal includes contributions from regions outside
the Hertzian contact, thereby weakening the simplest direct-conversion interpretation.
Heemskerk et al. then demonstrated that the electrical response of rolling bearings reflects
multiple contacts connected through the bearing structure [33], making clear that bearing-
scale measurements cannot be interpreted reliably using single-contact assumptions alone.

Capacitance methods were also applied to journal bearings, piston rings, engine
components, and dynamically loaded contacts such as cam—follower systems [14-16,19,22].
Taken together, these studies changed the status of capacitance from a contact-scale concept
to a practical machine-element diagnostic tool.

Once the method was applied to real components, the measured response could no
longer be regarded as the property of one idealized lubricated gap but had to be understood
as a composite signal shaped by roughness, multiple contacts, structural connectivity,
and operating condition. The central historical shift here was therefore not only a change
in application scale but also a change in the meaning of the observable itself: the signal
became a structural aggregate rather than a local physical reading.

3.4. From Parallel-Plate Analogies to Topology-, Frequency-, and Starvation-Aware Interpretations

As capacitance techniques moved toward bearing-scale implementation, the limita-
tions of the early dielectric-gap interpretation became increasingly difficult to ignore. First,
the dielectric constant used to convert capacitance into film thickness was often treated as
fixed, despite evidence that the electrically relevant permittivity may deviate from bulk
values because of density changes, interfacial polarization, oil-air mixtures, and leakage
pathways [20,40,41,50]. Second, the measured signal in practical rigs inevitably included
background and stray capacitances from wiring, shielding, fixtures, and non-contact re-
gions, so simple algebraic inversion became unreliable unless parasitic contributions were
explicitly addressed.

A further shift came from the recognition that starved and partially filled contacts
exhibit spatially heterogeneous dielectric states, including cavitation zones, oil-air mixtures,
and boundary layers. Under such conditions, a single bulk ¢, becomes only an approxima-
tion to the electrically relevant response. This forced the interpretation problem to expand
beyond “gap height plus dielectric constant” toward region-aware contact models and
formulations in which dielectric and parasitic quantities are constrained or identified rather
than merely prescribed.

By the late 1980s and early 1990s, the importance of frequency dependence also became
evident. Peng et al. introduced an R-C oscillation technique that explicitly exploited
impedance effects [39], showing that apparent capacitance depends on excitation frequency
and that leakage can strongly bias low-frequency measurements. In parallel, starvation
became a quantitatively studied lubrication regime. Optical and analytical studies by
Wedeven et al., Chiu, Wolveridge et al., and Hamrock and Dowson clarified the influence
of inlet supply, replenishment, and partial filling on attainable film thickness [64-67]. These
studies were not themselves capacitance methods, but they changed what capacitance-
based methods had to explain: a change in electrical response could no longer be attributed
to gap height alone, because filling state and lubricant supply also modify the electrically
active medium.

By the end of the 20th century, capacitance-based film thickness measurement had
evolved from a largely qualitative concept into a semi-quantitative methodology grounded
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in EHL theory, dielectric physics, and electrical network modeling. The main historical
lesson is not simply that the field became more sophisticated but that the main source of
difficulty shifted from instrumentation to interpretation. The measured electrical response
came to be treated less as a direct local measure of central film thickness and more as a
global observable whose interpretation depends on geometry, dielectric behavior, para-
sitic/background branches, and lubrication state. These developments explain why modern
methods increasingly rely on region-aware contact models, topology-consistent electrical
reduction, multi-frequency measurements, and constrained dielectric or state identification
strategies. Recent studies further show that this evolution is ongoing, particularly through
impedance-based monitoring of rolling and gear contacts, improved treatment of bearing-
scale electrical behavior, and renewed review attention to grease-film measurements in real
bearings [45-47]. The historical progression of the field is summarized in Table 1.

Table 1. Historical progression of lubricant film thickness measurement and capacitance-based

interpretation.
Stage Main Contribution Interpretive Advance Main Limitation Exposed Key Refs.
Optical /mechanical th;IcIIq?iISI; E:S:fnce; Recognition of strong Optical access; limited
beﬁmhmarks inlet—HertzianLoutle " geometric non-uniformity in  applicability to practical [1,2,4,9-12,59-63]

structure

lubricated contacts

components

Discharge and conduction

Electrical sensitivity to

Low specificity; destructive

Early electrical observations sensitivity of thin films lubrication state or semi-quantitative [3,13-16]
response
Dielectric-ap interpretation: Conceptual basis for Uniform-gap assumption;
Early capacitance concepts sap P ” electrical film thickness fixed dielectric; no explicit [20,50]

capacitance-thickness link

inference

parasitic treatment

Machine-element extension

Bearing- and
Component—scale capacitance
applications

Transition from isolated
contacts to Component—scale
signals

Multi-contact coupling;
roughness; structural
connectivity

[19,21,22,26,33,68]

Frequency/starvation
awareness

Leakage effects; frequency
dependence; supply
limitation

Recognition of frequency-
and filling-dependent
response

Unreliable direct algebraic
inversion

[39,64-67]

Toward modern
interpretation

EHL geometry; dielectric
identification;
network-aware reduction

More explicit separation
between observable, model,
inference target,

Identifiability, parasitics,
and validation limits remain
central

[36-38,42,54]

and validation basis

4. Methodological Landscape of Modern Capacitance-Based Approaches

Modern capacitance-based film thickness methods differ less in whether they use
electrical measurements than in how they constrain four coupled sources of uncer-
tainty: contact-scale film geometry, dielectric response, electrical topology, and para-
sitic/background contributions. For this reason, the main methodological divide is not
simply between capacitance and impedance measurements but between routes that leave
ambiguity largely implicit and routes that attempt to constrain it more explicitly through
geometry-aware modeling, dielectric treatment, topology-consistent reduction, frequency-
domain information, or additional physical priors.

This distinction also means that similarly named “film thickness” outputs need not
represent the same inferential object. Depending on the assumptions imposed, a reported
value may function as an equivalent indicator, a contact-scale proxy, a branch-resolved
component-scale quantity, or a jointly inferred state descriptor. The comparison developed
in this section therefore follows four recurring questions: what electrical observable is
measured, what quantities are prescribed a priori, what quantities are inferred from the
data, and what validation basis supports that inference.
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Table 2 provides a compact alignment framework for the comparisons that follow.
Its purpose is to avoid a common interpretive error in the literature: treating all reported
“film thickness” values as though they had the same physical status. In practice, different
observables, model assumptions, and validation strategies support different levels of claim.

Table 2. Alignment framework for comparing capacitance-based film thickness studies across
inferential targets.

Inferential Target

Typical Observable = Main Prescribed Assumptions  Typical Validation Basis Most Defensible Claim

Fixed dielectric; simplified gap

Equivalent Sinele-frequency C cometrv: limited parasitic Calibration consistency; Monitoring-oriented
thickness indicator 8 q y 8 ¥ P monotonic trend agreement  thickness-like indicator
treatment
C with Region partition; active area; Comparison with optical Model-conditioned proxy for
Contact-scale proxy . . . . .
region-aware model  EHL prior trend or EHL prediction contact-scale film thickness

Branch-resolved
component quantity

Inner/outer branch trend
consistency; theory
comparison

Branch-conditioned effective
thickness estimate

Network structure; active

Bearing-level C or ¥ contacts; background correction

Jointly inferred state
descriptor

Spectral consistency;

transient consistency;
limited cross-method
support

Conditional inference of
coupled
film-dielectric-filling state

Circuit structure; parameter
bounds; dielectric/state
regularization

Z(w) /broadband
response

4.1. Classification by Electrical Observable: Single-Frequency Capacitance, Impedance-Aware
Interpretation, and Broadband Response

A useful way to classify modern electrical film thickness methods is by the infor-
mational content of the measured observable. The earliest and still most common route
uses single-frequency capacitance, in which the instrument output is reduced to an effec-
tive capacitance and then related to film thickness through a forward model. Its main
advantages are simplicity, low instrumentation burden, and practical applicability. Its
principal limitation is weak identifiability: with only one effective scalar observable, geo-
metric, dielectric, leakage, and parasitic effects are only weakly separated. For that reason,
single-frequency capacitance is usually most defensible when the target is an equivalent
or trend-level thickness indicator under relatively restrictive assumptions, rather than a
uniquely resolved local film quantity.

A second route treats the measured response explicitly as a complex quantity, Z(w)
or Y(w), rather than as a scalar capacitance alone. This impedance-aware interpreta-
tion improves separation between dielectric storage, conductive leakage, and loss-related
effects, especially under thin-film or mixed-dielectric conditions [36,39]. Relative to single-
frequency methods, it offers stronger physical discrimination, but it also requires more
explicit assumptions about circuit representation, usable frequency range, and parameter
identifiability. In other words, it does not remove ambiguity automatically; it provides
additional structure with which ambiguity can be redistributed more explicitly across
model parameters.

A third route uses broadband or multi-frequency measurements, where the observable
is the frequency response itself rather than a single capacitance value. The main value of
this route is not merely a larger amount of data but a greater number of independent con-
straints in the measured response. This direction has become more visible in recent studies
using electrical impedance spectroscopy for lubricated contacts with complex geometry
and in realistic rolling-element configurations [45]. Frequency-dependent behavior can
help distinguish geometric film thickness effects from dielectric dispersion, conductive
branches, and background capacitances [45,54,69]. At the same time, the broader frequency
window imposes a stricter burden on the model: a route that reproduces one apparent
capacitance level may still fail to reproduce the measured spectrum. Broadband approaches
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are therefore methodologically stronger only when the adopted model remains physically
interpretable across the fitted range and when the added parameters remain identifiable.

The practical distinction is thus not simply between scalar and spectral observables
but between observables that weakly constrain the inverse problem and those that constrain
it more explicitly. A single-frequency capacitance value may remain useful as an equivalent
indicator, but it is generally insufficient for unique separation of geometric, dielectric,
and parasitic effects once those contributions become comparable in magnitude.

4.2. Contact-Scale Modeling Strategies: Uniform-Gap, Region-Decomposed, and Distributed
EHL-Informed Models

At the contact scale, modern capacitance-based models can be grouped into three broad
levels: uniform-gap models, region-decomposed models, and distributed EHL-informed
models. These routes differ mainly in how much geometric structure they retain between
local gap physics and the final electrical observable, and therefore in how much of the
local-to-global mismatch is made explicit rather than absorbed into an equivalent quantity.

The most idealized class retains the classical parallel-plate viewpoint, in which the
lubricated conjunction is represented by a uniform dielectric gap. Such models are simple
and historically important, but they neglect the strong spatial non-uniformity of EHL films
and therefore provide only limited realism for quantitative reconstruction. In practical use,
they are best interpreted as low-order approximations or equivalent-gap models rather than
faithful contact representations. Their main utility lies in interpretive convenience; their
main limitation is that geometric complexity is compressed into the reported thickness itself.

A second and highly influential class is based on region decomposition. Jablonka et al.
introduced a framework in which the total capacitance of an EHL contact is expressed as the
sum of contributions from the Hertzian contact region and the surrounding inlet and outlet
zones [32]. By combining capacitance measurements with independently predicted film
thickness distributions, such approaches moved beyond purely empirical calibration and
made the role of non-Hertzian regions explicit. Published comparisons under fully flooded
conditions, including those reported by Jablonka [70], show that capacitance-derived film
thickness can reproduce overall contact-scale trends relative to optical interferometry and
Hamrock-Dowson-type predictions, while still remaining sensitive to model partitioning
and dielectric assignment.

The geometric basis of many modern models is the partition of the contact into inlet,
Hertzian, and outlet zones. Under quasi-electrostatic conditions, the effective contact
capacitance can be written, in a generalized region-aware form synthesizing the approaches
of Jablonka and later bearing-scale extensions [32,36,37], as

€0 eeff (X, y;w, p, T)
Cop = / / dA, 8

where h(x,y) is the film thickness distribution, . is an effective permittivity, and A, is

the electrically active region. In region-based implementations, this is commonly reduced to
CeHL = CHertz + Cintet + Coutlets )

with the outlet term sometimes further divided into flooded and cavitated parts under
starved conditions.

Region-decomposed models improve physical plausibility because they make off-
Hertzian contributions explicit. However, they do not by themselves resolve non-
uniqueness. Instead, they shift the dominant uncertainty toward region boundaries, active-
area definition, and dielectric assignment. A third class retains local gap height and local
dielectric state more explicitly within distributed EHL-informed models, often together
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with bearing-scale topology. These models offer greater physical fidelity, but they also
sharpen the inverse problem rather than removing it. Once geometry is represented in
more detail, uncertainty shifts toward dielectric treatment, electrically active area definition,
parasitic compensation, and parameter identifiability.

Across these modeling routes, the main difference is not simply geometric realism
but where uncertainty is located. Uniform-gap models compress most geometric complexity
into an equivalent thickness, region-decomposed models make off-Hertzian contributions
explicit but remain sensitive to region partition and dielectric assignment, and distributed
EHL-informed models retain greater physical detail at the cost of sharper identifiability
demands. The progression is therefore not a simple movement from less accurate to
more accurate models but from less explicit to more explicit treatment of geometric and
dielectric uncertainty.

4.3. Treatment of Dielectric Properties: Fixed, Identified, and Jointly Estimated Permittivity

Dielectric treatment is one of the clearest points of separation between weakly and
strongly constrained methods. In the simplest route, the permittivity is fixed from bulk
measurements or literature values. This is operationally convenient, but it shifts all mis-
match between model and measurement into the reconstructed film thickness quantity.
When confinement, mixed phases, interfacial polarization, or leakage alter the electrically
relevant response, fixed-permittivity reconstruction can become systematically biased.

A more general description uses a complex, frequency-dependent permittivity as
standard in dielectric spectroscopy [53],

e (w) = (w) —jé'(w) = ¢ (w)[1 — jtané(w)], (10)

where tand(w) is the dielectric loss tangent. This form makes clear that an apparent
“capacitance” obtained from frequency-dependent measurements may contain both storage
and loss contributions.

From a methodological standpoint, dielectric treatment in recent studies falls into three
broad classes: fixed permittivity, identified effective permittivity, and jointly estimated
dielectric parameters. In the first, ¢ is prescribed. In the second, an effective permittivity
€eff is identified under controlled reference conditions and then used in subsequent recon-
struction. In the third, dielectric parameters are treated as unknowns within the inverse
problem together with film thickness- or starvation-related variables.

The need for the second and third routes follows from the fact that the dielectric
parameter required in bearing-scale inference is rarely known in situ. This issue remains
central in recent discussions of lubricated bearings as electrical elements within larger
circuits and in newer bearing-scale interpretation frameworks [46,47]. Under thin-film,
starved, or grease-lubricated conditions, the electrically relevant dielectric response may
be altered by confinement, outlet-region oil-air mixing, leakage, and interfacial polariza-
tion [32,42,50,55]. Figure 4 illustrates this point at bearing scale. For all three lubricants,
the inferred e.¢ varies systematically with speed, load, and bearing type, with the strongest
deviations generally appearing at lower speeds and higher loads. In the present review,
such behavior is interpreted primarily as evidence that a fixed bulk dielectric input may
become inadequate under practical operating conditions; it should not be read directly as
proof of intrinsic material-property variation alone.
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Figure 4. Representative operating-condition dependence of an inferred effective dielectric-response
parameter in bearing-scale measurements. The figure illustrates that a fixed bulk-fluid permittivity
may be inadequate under practical operating conditions; the inferred variation should not be inter-
preted directly as intrinsic material-property variation alone. Original figure prepared by the authors
using their own experimental data.
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Figure 5 illustrates a generalized response to that difficulty. The workflow combines
operating conditions, lubricant properties, the measured electrical signal, and an EHL-
based mechanical model prior to defining a physically admissible gap-height reference.
The processed electrical response is then evaluated using a region-aware capacitance
model with background and parasitic compensation, and matching modeled and measured
responses yields an effective dielectric parameter for subsequent use under more complex
lubrication conditions.

Operating
conditions and
lubricant inputs

v v

Operla_tlng Lubricant properties
conditions ) ) Measured
(Viscosity, pressure- : .
(speed, load, . . - electrical signal
viscosity coefficient)
Temperature)

| T

v

Mechanical / EHL prior
(contact geometry,
fully flooded film-thickness
estimate,
gap-height reference)

Electrical response processing
(convert measured signal to
capacitance/impedance, compensate
background/parasitic branch)

[ ]

Region-aware capacitance model
(gap-height distribution, contact-region decomposition)

v

Model prediction of electrical response:
Omodel - CHertz + C’floocled + Ccav'itated

v

Parameter matching / identification
(compare measured and modeled response, update dielectric parameter)

v

Dielectric parameter identification
(infer effective permittivity from measured/model response)

v

Identified dielectric parameter(s)

Figure 5. Generalized workflow for identifying effective dielectric parameters in bearing-scale
capacitance-based film thickness measurements. Original schematic prepared by the authors for
this review.

A critical distinction follows from this point. If discrepancies between model and exper-
iment arise from starvation, non-fully developed films, active-area mismatch, or simplified
contact geometry, it is not physically rigorous to interpret the resulting fitted dielectric
quantity as a material-property change alone. In such cases, a more defensible formulation
is to separate the inverse problem into at least two components: a dielectric-response
parameter and a geometry- or filling-related correction/state descriptor. The former may
be identified under well-controlled reference conditions; the latter should account explicitly
for departures from the reference regime.

A convenient way to express this separation is

Ymodel(“J) = T({Yk(w} hy, Eops Xk)}) +jwcbgr hy = xi hk,ref/ (11)
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where &5 denotes an operationally identified dielectric-response parameter, Gy is the cali-
brated background capacitance, and «y, is a correction/state factor accounting for deviations
from the reference gap or filling condition in branch k. In this form, dielectric identification
and geometry/filling correction are kept conceptually distinct.

From an inverse-problem perspective, dielectric identification improves identifiability
but does not eliminate ambiguity. Without independent constraints, a change in measured
electrical response may still be attributed either to film geometry h(x,y,t) or to dielectric
response ¢*(w, p, T). Effective permittivity is therefore best treated operationally, as a
constrained state parameter within a specified model and operating window rather than as
an independently validated property of the lubricated contact.

4.4. Bearing-/Component-Scale Electrical Network Models and Parasitic Compensation

In rolling bearings and other practical machine elements, the measured response re-
flects multiple lubricated contacts connected through the structure, together with parasitic
contributions from fixtures, wiring, and non-contact regions. Modern models therefore
represent the system as an electrical network of contact impedances and background
branches [33,68]. At component scale, network reduction determines how local contact
responses are weighted in the measured observable and therefore how much of the signal
can be attributed to contact physics rather than structural embedding. It also determines
whether the reported output corresponds to an inner-ring branch, an outer-ring branch,
or only an equivalent bearing-level quantity. This network-embedded view is also con-
sistent with recent studies that treat lubricated bearings explicitly as electrical elements
within larger circuits rather than as isolated tribological contacts [47].

Representative bearing-scale comparisons, including those reported by Jablonka [70],
show that capacitance-derived reconstructions can reproduce the expected increase in film
thickness with entrainment speed and can, under suitable network assumptions, distin-
guish between inner- and outer-ring contact branches. At the same time, agreement with
theoretical predictions should be interpreted mainly as support for trend consistency rather
than as fully independent proof of absolute uniqueness, because the result still depends on
branch partitioning, contact geometry assumptions, and background electrical treatment.

A compact network-level admittance representation, consistent with bearing-network
treatments in the literature, is [33,36,37,54]

1

Ymeas (W) = 7 ((U
meas

= T({Zk(w>}§£1) + jwCstray, (12)
where 7 (-) denotes topology-dependent series/parallel reduction, N, is the number of
electrically active contacts, and Csyray lumps background and wiring parasitics. Each contact
is then often parameterized, in effective form, as a lossy capacitor [36,37,54],

7N (w) = jwC(w) + Gr(w), (13)

where Cy(w) is linked to film geometry and Gy (w) denotes the electrical conductance of
the kth contact branch. In this form, the explicit frequency dependence of both Cy(w) and
Gi(w) is retained at the notation level. In practice, however, the valid frequency range of a
given empirical or semi-empirical model must be stated by the original study and should
not be extrapolated automatically beyond that range. Schneider et al. further developed
empirical and semi-analytical formulations relating measured bearing capacitance to the
underlying film thickness distribution within individual contacts [36,37].

From a practical standpoint, background and parasitic calibration should be treated
as an explicit experimental step rather than as an optional modeling refinement. If C,¢ or
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Cstray is of the same order as the contact-related contribution, background subtraction or
independent calibration should be performed before inverse interpretation.

Methodologically, the main benefit of explicit network modeling is clearer attribution
of signal origin. The main risk is that topology assumptions themselves become part
of the inverse problem. If the number of electrically active contacts, branch reduction,
or background correction is poorly constrained, the inferred film thickness or effective
permittivity may be biased even when the contact-scale model is otherwise reasonable.
Where this is not controlled independently, the reported output is better regarded as
topology-conditioned rather than as an intrinsic contact quantity.

4.5. Starvation, Grease Lubrication, and Transient Operating Conditions

A representative engineering example is a grease-lubricated deep-groove ball bearing
operating under stepwise speed changes or repeated start-stop motion. During continuous
running, the raceway track may become progressively depleted because the EHL contact
consumes more oil than the surrounding grease can replenish. During standstill, part of
the bled oil can flow back toward the track, so the film thickness immediately after restart
may differ from that measured before stopping, even at the same nominal speed and load.
In an electrical measurement, this history dependence appears not only as a change in film
geometry but also as a change in the filling state and effective dielectric response of the
electrically active region.

This example illustrates a broader limitation of classical capacitance-based interpreta-
tion under grease-lubricated and starved conditions. In such regimes, starvation, replen-
ishment, and transient operation introduce coupled variations in film geometry, filling
state, phase distribution, and dielectric environment [43,46,48,71,72]. The inferential target
therefore shifts from thickness alone toward a thickness-related state coupled to supply
and dielectric behavior. In this regime, simplified geometry-only models may misattribute
supply-driven or dielectric-driven changes to an apparent thickness signal.

Two observations are particularly important. First, after prolonged running, grease-
lubricated bearings commonly enter a starved regime in which normalized film thickness
decreases with increasing speed, indicating that lubricant supply becomes progressively
insufficient and can no longer be treated as a secondary correction. Figure 6 illustrates
this behavior [43]. Second, the electrical response is history-dependent: after a stop,
the normalized film thickness measured immediately after restart increases with stop
time before approaching a plateau, indicating progressive replenishment during standstill.
Figure 7 shows this transient behavior [72]. Together, these results show that the same
nominal operating point may correspond to different electrical responses depending on
supply condition and prior operating history.

Additional studies further show that starvation behavior can be collapsed using local
contact parameters such as unb, indicating that replenishment is governed more by local
supply conditions than by speed alone, and that initial grease filling can also modify
starvation severity [44,71]. The main review-level point, however, is not the detailed form
of each trend but the methodological consequence: in grease-bearing conditions, the same
nominal capacitance shift may correspond to thickness change, filling change, dielectric
change, or some combination of all three.
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Figure 6. Representative steady-state starvation behavior in a grease-lubricated ball bearing. The nor-
malized film thickness h¢ /¢ measured after prolonged running decreases with increasing speed,
showing that the lubricant supply to the rolling track becomes increasingly insufficient at higher
entrainment speeds. Physically, this means that the measured electrical response is affected not
only by the EHL film thickness but also by the amount of oil available in the inlet and surrounding
electrically active regions (adapted from [43] with permission).
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Figure 7. Representative transient replenishment behavior in a grease-lubricated deep-groove ball
bearing. The normalized film thickness measured immediately after restart increases with stop time
before approaching a saturated level, indicating progressive track replenishment during standstill.
This example shows that two tests performed at the same speed and load can produce different
capacitance-derived film thickness responses if the prior operating history is different (adapted
from [72] with permission).
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A convenient generalized way to incorporate starvation into electrical interpretation is
to introduce a filling-factor field x(x, y, t) € [0,1], following the physical logic of starvation-
aware electrical models [42,43,71,72]:

CenL(t) = //A th(%?/,t)[)(%ﬂ(w’ p,T)+(1—%) Sfmx(w)}df‘/ (14)

*
mix
for oil-air or cavitated regions. Shetty et al. developed an improved electrical capacitance

where €, is the confined-oil permittivity and e} ; (w) represents an effective permittivity
method that explicitly accounts for starvation by coupling contact-scale modeling with
bearing-scale electrical networks [42]. Modern inversions are therefore often formulated,
at a generic review-framework level, as constrained optimization problems [42,54,69],

M
min Y | Zmeas (W) — Zmodel(wm; 0)* s.t. € Q, (15)
m=1

where 6 may include film thickness, starvation, and dielectric parameters, while () imposes
physical bounds such as positivity, plausible permittivity ranges, and temporal smoothness.

Figure 8 summarizes the corresponding electromechanical interpretation framework.
The measured electrical response is jointly shaped by contact mechanics and EHL film geom-
etry, thermo-rheological state, dielectric response, and bearing-level electrical topology with
parasitic branches. The lower identification block emphasizes that recent reconstruction
routes are therefore not single-parameter calibrations but constrained inference procedures
in which film-, filling-, and dielectric-related parameters must be matched simultaneously
to electrical data.
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Figure 8. Schematic summary of a modern electromechanical interpretation framework for capacitance-
based film thickness determination. The framework links contact mechanics, thermo-rheology, dielec-
tric response, electrical topology, parasitic contributions, and multi-frequency electrical measurements
in practical machine elements. The diagram is a synthesis-oriented summary proposed in this review
rather than a single universal inversion recipe.

In practice, inverse formulations often attempt to constrain several parameter classes
simultaneously, including a reference film thickness measure, an effective permittivity,
dielectric loss descriptors, starvation- or filling-related variables, and parasitic/background
terms. Different parts of the electrical response constrain these quantities differently, so suc-
cessful inversion depends not only on model form but also on whether the measured data
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contain enough independent information to separate the targeted unknowns. A common
failure mode is underdetermination masked by apparently good fit quality.

4.6. Comparative Summary of Modern Methodological Routes

The comparisons above make one point explicit: modern capacitance-based methods
should not be compared only by instrumentation but by inferential structure. In particular,
four questions need to be aligned before values reported by different studies can be com-
pared meaningfully: what was measured, what was assumed known, what was actually
inferred, and what validation basis supports that inference.

Table 3 highlights a point that deserves emphasis: the phrase “film thickness” is
not methodologically uniform across these routes. Depending on the assumptions im-
posed, the reported quantity may function as an equivalent indicator, a contact-scale proxy,
a branch-resolved bearing quantity, or a jointly inferred state descriptor. Comparing values
across studies without first aligning inferential target, prescribed assumptions, and valida-
tion basis is therefore potentially misleading.

Table 3. Representative methodological routes in modern capacitance-based film thickness determination.

Prescribed a Main Inferred  Dielectric Validation Main Interpretive
Route Observable Priori Quantity Treatment Basis Risk Key Refs.
Gap model, ¢, . Geometry—dielectric
Single-frequency limited para- Equlvalen.t Trend/calibration confounding; equiva-
. C o thickness indi- Fixed ¢ ’ [20,26,50]
capacitance sitic assump- level lent value over-read
. cator .
tions as local thickness
Region par- Partition and dielec-
. tition, active Contact-scale Contact-scale tric dependence;
Region-aware S . . . S .
. C area, simpli- thickness Effective € trend compari-  limited uniqueness [32,70]
capacitance . . .
fied dielectric proxy son even when trend
assignment agreement is good
Network struc- Topology-
Bearing-network ture, active Branch- Effective/ Bearing-scale conditioned output;
g C,Y contacts, back- resolved effec- frequency- trend valida- hidden bias from [33,36,37]
methods . - .
ground branch  tive thickness aware ¢ tion structural assump-
model tions
Circuit form,
Impedarice- Z(w), bgndw1dth Thlckngss + ]omltly con- Spectral-fit Qverpa.rameterlzatlon; /
. . window, reg- dielectric/loss strained . fit quality may ex- [39,54]
aware inversion Y (w) o . N consistency . e D
ularization descriptors e +loss ceed identifiability
assumptions
Starvation-aware S}lpply model, Thickness + fill- . . Trend + tran- Thlckpess/.ﬁlhng )
. filling-factor . . Oil/mixture . : coupling; history [42-44,71,
grease-bearing C, Z(w) ing/starvation e sient consis- .
structure, net- permittivity dependence compli-  72]
methods state tency .
work model cates uniqueness
Training do- Transferability
Hybrid physics— math, Surro- Mpmtorlng— Identified in Model-transfer .and 1nte.rpreta.b il-
C, Z(w) gate structure, oriented state . . ity outside train- [70]
data workflows f . inversion dependent . a
eature as- estimate ing/calibration
sumptions space

Although much recent development has focused on rolling bearings, similar interpre-
tive issues arise in gears, journal bearings, piston-ring assemblies, and other machine ele-
ments, where non-uniform film geometry, dielectric uncertainty, dynamic loading, and par-
asitic contributions likewise shape the measured response [18,22]. The broader point is
therefore not that one universal model applies across all components but that the same
interpretive dimensions recur across them, including the nature of the measured observable,
the assumptions imposed a priori, the quantity actually inferred, and the independent
evidence available to support that inference. Although these interpretive questions arise
across lubricated machine elements, the most explicit methodological development has oc-
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curred in rolling bearings, where multi-contact topology, grease lubrication, and starvation
effects are especially well documented. Similar impedance-aware interpretation strategies
are beginning to extend beyond bearings into other machine-element configurations.

4.7. Uncertainty, Validation, and Reporting Considerations

A useful way to make the uncertainty discussion operational is to distinguish four
broad levels of evidential claim. Trend-level evidence supports the use of capacitance-
derived quantities as monotonic indicators of lubrication-state change but not as unique
film thickness estimates. Proxy-level evidence supports a model-conditioned contact-
scale quantity whose physical meaning depends on region partition, dielectric assignment,
and mechanical priors. Branch-level evidence supports separation of different contacts
within a component-scale network but still remains conditional on topology and back-
ground treatment. Joint-state inference evidence is the strongest and most demanding
level: it refers to studies that attempt simultaneous inference of film-, dielectric-, and filling-
related parameters from richer observables such as broadband impedance spectra or
transient responses.

Under this scheme, a study based only on single-frequency capacitance measurements
and supported mainly by trend agreement with EHL theory would usually fall at the trend-
level evidence category, or at most at the lower end of proxy-level evidence if a region-
aware physical model is also imposed. Its main limitation is that such evidence is generally
insufficient to support a claim of absolute local film thickness measurement, because geometry,
dielectric response, and parasitic contributions remain only weakly separated.

Modern capacitance-based methods have become more physically realistic but also
more explicit about uncertainty and identifiability limits. A first major difficulty is
geometry—dielectric non-uniqueness: similar electrical signals may arise from different
combinations of film thickness, dielectric response, leakage, and filling state. A second is
parasitic and topology uncertainty: the measured signal is rarely generated by the lubri-
cated contact alone. Wiring, shielding, fixtures, and non-contact regions may contribute
capacitances comparable to the contact-related signal, while different assumptions about
electrically active contacts and network reduction may change the inferred film thick-
ness or effective permittivity [33,54,69]. Table 4 has introduced the main uncertainty and
identifiability challenges in electrical film thickness reconstruction.

Table 4. Main uncertainty and identifiability challenges in electrical film thickness reconstruction.

Challenge

Main Consequence Typical Mitigation What May Still Remain Unresolved Key Refs.

Geometry—dielectric

Film/dielectric confound-

Reference calibration; multi- Ambiguity in how much of the signal

non-uniqueness ing if;i%;lse;;y data; bounded shift is geometric versus dielectric [3742]

. Explicit networks; back- . .
Paras1t1.cs/topology Bias in thickness or e ground tests; broadband Incmjrect inter nal branch' allocation [33,54,69]
uncertainty . despite plausible global fit

constraints
Restricted interpretable Window selection; broad- Model invalidity outside the fitted
Bandwidth limitation frequency win dI())w band fitting; bandwidth window; frequency-specific conclu- [39,54]
q y reporting sions
Global signal/local No unique local-film R.eglon decomposition; dis- Output may remain a proxy rather
N . tributed models; careful . R [32,36,70]
state mismatch mapping - than a unique local thickness
target definition
Validation under realis-  Trend agreement stronger Cross-method benchmark- Limited proof of uniqueness under
tic conditions than ab;golute roof & ing; sensitivity analysis; real starvation, grease, or transient [10-12,37]
P transparent reporting conditions

Bandwidth introduces a further constraint. At low frequencies, leakage and interfacial
polarization may dominate the apparent capacitance; at sufficiently high frequencies, lead
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inductance, phase delays, and distributed effects may invalidate simple lumped-element
models [54]. At the same time, electrical measurements remain global observables, whereas
the lubrication state is spatially heterogeneous and often time dependent. Even region-
decomposed and distributed models do not remove this mismatch; they only constrain it
more explicitly [32,36,70].

Validation is correspondingly difficult under realistic lubrication conditions. Optical
interferometry remains a powerful benchmark at contact scale [10-12], and recent direct
optical work in rolling bearings further underscores both the value and rarity of such
benchmark data under realistic grease-lubricated conditions [48]. As a result, many re-
ported reconstructions are validated only against EHL predictions, other indirect methods,
or limited reference conditions. Such comparisons are useful, but they do not necessarily
show that film geometry has been cleanly separated from dielectric variation, parasitics,
or starvation-related filling effects [37,42—44,46,48,71]. In many cases, trend agreement is
easier to establish than absolute quantitative uniqueness.

These limitations arise from different sources and should not be treated as a single
class of measurement error. Some reflect instrumental uncertainty, others incomplete ob-
servability, model-form approximation, topology uncertainty, or validation difficulty under
realistic operating conditions. Collapsing them all into “measurement error” obscures the
main methodological challenge, which is not only noise but interpretive ambiguity.

These considerations also affect reporting practice. Quantities labeled simply as “film
thickness” may correspond to different observables, dielectric assumptions, topology reduc-
tions, and levels of parasitic compensation. For meaningful comparison across studies, authors
should state clearly the measured observable, excitation frequency range, dielectric treatment,
parasitic-compensation strategy, target of inference, quantities prescribed a priori, validation
basis, and the key bounds or regularization assumptions used in inverse formulations.

Taken together, modern capacitance-based methods represent a transition from em-
pirical electrical indicators toward more strongly constrained electromechanical inference
tools. Their main differences lie not only in the observable used but also in the treatment
of geometry, dielectric response, topology, starvation, and parasitic effects. Progress de-
pends not merely on adding model complexity but on improving identifiability, validation
strength, and reporting transparency under realistic lubrication conditions.

4.8. Practical Interpretation and Reporting Guidance

Building on the evidential levels and uncertainty sources discussed above, this subsec-
tion translates the interpretation framework into reporting guidance. The purpose is not to
introduce another classification scheme but to specify the minimum information needed
for readers to judge the physical status of a capacitance-derived film thickness result.

First, background and parasitic capacitances should be measured or calibrated before
inverse interpretation. These contributions should not be left implicit when they are of
the same order as the contact-related signal. Second, the electrical topology of the sys-
tem should be stated explicitly, including whether the reported quantity is contact-scale,
branch-resolved, or only an equivalent component-scale indicator. Third, the dielectric
treatment should be declared clearly: authors should distinguish independently measured
bulk properties from model-conditioned identified parameters. Fourth, where starvation,
replenishment, or mixed filling are relevant, these should be represented explicitly through
filling /state descriptors rather than absorbed silently into dielectric fitting. Fifth, the re-
ported film thickness quantity should be named according to its actual inferential status,
for example equivalent indicator, contact-scale proxy, branch-resolved estimate, or jointly
inferred state descriptor.
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In practical bearing measurements, the following reporting items are therefore rec-
ommended: measured observable (C, Y, or Z(w)), excitation frequency or bandwidth,
background-calibration procedure, assumed electrical topology, geometric/contact model,
dielectric treatment, whether inner- and outer-ring branches are separated, whether star-
vation/filling effects are modeled explicitly, and the validation basis used to support the
reported inference.

For practical implementation, the interpretation path may be summarized as follows:
(1) measure the raw electrical response; (2) calibrate the background/parasitic branch;
(3) define the network topology and the target of inference; (4) select a contact model
consistent with the operating regime; (5) identify dielectric and state parameters under
clearly stated constraints; and (6) report the inferred quantity together with its inferential
status and validation basis.

To make this interpretation route more concrete, consider a bearing-scale measurement
in which a raw capacitance signal Cray is first recorded. Before any film thickness-related
interpretation is attempted, an independently calibrated background contribution Cpg
should be removed so that the corrected contact-related response is written as

CCorr = Craw - Cbg- (16)

If the corrected response is then interpreted using a simplified equivalent-gap model
with a prescribed electrically active area A,t and an operational dielectric-response param-
eter £qp, an equivalent thickness indicator may be written as

__ €0€op Aact

feq (17)

CCOI’I‘

Table 5 provides an illustrative tabulated case for bearings 6204 and 6209 at selected
operating speeds. In this example, the identified dielectric constants are taken from the
Ester dataset represented in Figure 4. The Hamrock-Dowson (HD) fully flooded central film
thickness is then used as the mechanical reference quantity, while the inverse film thickness
is the thickness-related output obtained from the interpretation route discussed in this
review. Presenting these quantities side by side makes the practical inference chain more
explicit and avoids over-reading a very limited number of points as a fully established
trend law. At the same time, this example should be read as an illustrative closure of
the inference chain rather than as a full validation dataset, because the HD values are
mechanical reference values and not independent optical benchmarks.

Table 5. Illustrative comparison between identified dielectric constants, Hamrock-Dowson (HD) fully
flooded central film thickness, and inverse film thickness for bearings 6204 and 6209 at selected speeds.

Bearing Speed (rpm) Dielectric Constant HD Film Thickness (um) Inverse Film Thickness (um) hinv/haD
6204 1000 3.216 0.280 0.430 1.540
6204 2000 3.261 0.441 0.585 1.326
6204 3000 3.423 0.564 0.683 1.212
6209 1000 3.442 0.336 0.377 1.120
6209 1500 3.299 0.435 0.465 1.067
6209 2000 3.161 0.515 0.539 1.045

Several observations may be noted from Table 5. First, for both bearings, the inverse
film thickness increases with speed, consistent with the increase in the Hamrock-Dowson
fully flooded central film thickness. This comparison suggests that the inverse output
retains the expected first-order speed dependence of the lubrication state within the present
illustrative case. Second, the inverse film thickness remains systematically higher than
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the HD central film thickness at all listed points. This difference is especially pronounced
for bearing 6204 at 1000 rpm, where hin, /hyp =~ 1.54, and it decreases as speed increases.
For bearing 6209, the deviation is smaller overall, with hin, /hp decreasing from about
1.12 at 1000 rpm to about 1.05 at 2000 rpm. However, these differences should not be
interpreted as validation error in a narrow sense, because the two quantities are defined
at different interpretive levels and are not independent benchmark measurements of the
same physical observable.

This comparison clarifies an important methodological point. The inverse film thick-
ness reported by an electrical interpretation route should not automatically be regarded as
identical to the Hamrock-Dowson fully flooded central film thickness. The two quantities
belong to different interpretive levels. The HD value is a mechanically defined reference
descriptor under fully flooded assumptions, whereas the inverse value is the outcome of
an electrical measurement conditioned by dielectric identification, background correction,
contact modeling, and network reduction. Their difference therefore does not necessarily
indicate error in a narrow instrumental sense; rather, it reflects the fact that the electrically
inferred quantity is a model-conditioned thickness-related output rather than a direct
one-to-one reading of the HD central film thickness. Moreover, the discrepancy between
inverse and HD thickness should not be attributed to the identified dielectric parameter
alone, because it may also reflect simplifications in contact modeling, active-area defini-
tion, background correction, network reduction, and the difference between an electrically
inferred equivalent quantity and a mechanically defined central-film descriptor.

The comparison between bearings 6204 and 6209 is also consistent with this interpre-
tation. The dielectric constant does not exhibit the same monotonic behavior as the film
thickness quantities, and its variation alone does not determine the final inverse result.
Instead, the final output depends on the full interpretation route, including the corrected
electrical response, the adopted forward model, and the chosen inferential target. This
is precisely why capacitance-based film thickness determination should be reported and
interpreted as a constrained electromechanical inference problem rather than as a direct
capacitance-to-thickness conversion.

This illustrative case is intentionally limited in scope. Its purpose is not to establish a
universal quantitative law from a small number of points but to demonstrate the practical
correspondence among dielectric identification, mechanical reference thickness, and inverse
thickness-related output. In more realistic bearing-scale applications, the reported quantity
may remain an equivalent indicator, a branch-resolved estimate, or a jointly inferred state
descriptor rather than a uniquely determined local film thickness. Even so, presenting
these quantities explicitly in one table helps make the inference chain more transparent
and reduces the risk of over-interpreting electrically inferred thickness values. Within the
evidential scheme adopted in this review, this illustrative case should be interpreted at
most as proxy-level support for a model-conditioned thickness-related output, rather than
as validation of a unique local film thickness measurement.

5. Conclusions

This review has argued that capacitance-based film thickness determination in lubri-
cated machine elements is not a methodologically uniform conversion from capacitance to
gap height. The measured electrical response is shaped jointly by film geometry, dielectric
response, electrical topology, and parasitic/background contributions, so the meaning of a
reported “film thickness” depends fundamentally on what is measured, what is prescribed,
what is inferred, and what validation basis supports that inference.

A central conclusion is that dielectric quantities identified from bearing-scale measure-
ments should not automatically be interpreted as intrinsic material properties. In many
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cases, they are better understood as operational parameters within a specified forward
model and operating window. Where deviations from model predictions arise from star-
vation, geometry mismatch, filling effects, or unresolved topology, these effects should be
represented explicitly rather than absorbed silently into dielectric fitting.

The review also shows that the most informative distinction among methods is infer-
ential rather than purely instrumental. Some approaches support trend-level monitoring,
some support physically informed contact-scale or branch-resolved proxies, and only the
most strongly constrained methods can plausibly support partial joint inference of film-,
filling-, and dielectric-related states. Even then, the resulting estimates remain conditional
rather than absolute.

Future progress depends on four linked directions: stronger separation of dielectric
and geometric uncertainties; more explicit treatment of branch-resolved and starvation-
dependent states; wider use of multi-frequency and broadband observables; and more
rigorous reporting of background calibration, topology assumptions, inferential target,
and validation basis. Under these conditions, capacitance-based methods can be used more
consistently as constrained electromechanical inference tools rather than as oversimplified
direct thickness meters.
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Nomenclature

Symbol Meaning Unit/note

Latin symbols

A Effective area in the simplified capacitance model m?

Aact Electrically active area m?

C Capacitance F

Cog Background capacitance F

Ceorr Background-corrected capacitance F

CgHL Effective capacitance of an EHL contact F

Cmeas Measured /apparent capacitance F

Craw Raw measured capacitance before background correction F

Cstray Stray/parasitic capacitance F

G Dimensionless material parameter in EHL -
Effective conductance term in the local contact impedance

Geond S
model

Gy Conductance of the kth contact branch in a network model S

h Uniform dielectric-gap thickness in the simplified model m
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h(x,y) Spatially varying film thickness distribution m

he Central or reference film thickness m

" Equivalent thickness indicator obtained from a simplified m

e« capacitance interpretation

hg Film thickness under grease lubrication m

hyg Fully flooded film thickness m

h; Inner-ring contact film descriptor m

ho Outer-ring contact film descriptor m

B ref Reference film thickness descriptor in branch k m

Kk Geometry/filling correction-state factor for branch k -
Ellipticity parameter in the Hamrock-Dowson film

ka : ) -
thickness relation

M Number of sampled frequency points in the inverse ~
formulation

Ry Reduced radius in the rolling direction m

t Time s

u Entrainment speed ms~!

u Dimensionless speed parameter in EHL -

W Dimensionless load parameter in EHL -

Y(w) Complex admittance S

Ymodel (W) Modeled complex admittance S

Yy (w) Admittance of the kth contact branch S

Z(w) Complex impedance (9]

Zy Impedance of the kth contact branch Q

Greek symbols

X Filling-factor/starvation descriptor 0<x<1

Xk Filling/state descriptor of the kth branch 0<xr <1

) Vacuum permittivity Fm™!

& Relative permittivity -

e (w) Complex permittivity -

Eoff Effective permittivity used in reconstruction/inversion -

€op Operationally identified dielectric-response parameter -

EF i Effective complex permittivity of oil-air/cavitated mixture -

e Complex permittivity of confined oil phase -

Ui Dynamic viscosity Pas

tand Dielectric loss tangent -

0 Parameter vector in inverse model -

(@) Feasible parameter set/constraint set -

w Angular frequency rads~!

Wi Angular frequency at the mth sample point rads™!

Operators/notation

T() Topology-dependent network reduction operator -
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