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ABSTRACT
Recently, there has been an uptrend in interest in adopting tilting-pad sliding bearings for wind turbine main bearing applica-
tions. Manufacturers have opted for designs with interchangeable pads, emphasizing the importance of ease of maintenance. 
However, effective monitoring technologies are essential to identify pads that require replacement. Additionally, full-scale test-
ing of these large bearings is costly, necessitating carefully planned instrumentation to maximize data yield. Consequently, this 
article explores the available sensing technologies for performance monitoring of tilting-pad sliding bearings. Parameters are 
critically evaluated and key findings summarized in a table that includes each parameter's measurement methods, limitations, 
accuracy, and technology readiness level. Given current limitations, a multisensor approach is recommended as integrating mul-
tiple sensing methods to measure a range of bearing parameters can maximize data yield and reduce uncertainty.

1   |   Introduction

Global energy demand is projected to increase in the coming 
decade, growing by an annual rate of 3.4% in the next 2 years 
primarily due to electrification of the transport and residen-
tial sectors as well as growing demand from data centers, AI, 
and cryptocurrencies [1]. Emerging markets are also expected 
to contribute up to 85% of the additional energy demand [1, 2]. 
ExxonMobil has projected that global electricity demand will 
double and energy demand for industry will increase by one-
fifth by 2050 [3].

To satiate global energy demand from renewable sources, wind 
capacity is expected to continue to trend upwards. In 2023, 54 
countries reported an increase in wind power capacity. The 
GWEC has recently revisited its 2030 growth forecast and in-
creased it by 10% up to 1210 GW [4]. In Europe, 18.3 GW of 

new wind power capacity was installed in 2023, with 260 GW 
forecasted to be in the pipeline by 2030 in an attempt to meet 
Europe's 2030 climate and energy targets [5]. As wind capacity 
increases, wind turbine designs have trended larger in size [6, 7] 
with an average rotor diameter projected to reach 270 m in 2030 
[6]. The increase in size has been suggested to have the highest 
impact in lowering the levelized cost of energy for offshore wind 
turbines [8].

Wind turbine drivetrains employ bearings to facilitate friction-
less rotation and support loading. Conventionally, these bear-
ings are of the rolling element variant, which operate through 
the principles of elasto-hydrodynamic lubrication [9, 10]. For 
wind turbine main shaft bearings, failures as high as 30% have 
been reported [11]. A recent study found that 22%–25% of the 
main bearings fail at year 20 [12, 13]. Of the failed bearings, a 
common failure mechanism was found to be spalling, suggested 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2025 The Author(s). Wind Energy published by John Wiley & Sons Ltd.

https://doi.org/10.1002/we.70063
https://doi.org/10.1002/we.70063
https://orcid.org/0000-0002-0901-3276
mailto:
mailto:gary.nicholas@sheffield.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fwe.70063&domain=pdf&date_stamp=2025-11-18


2 of 12 Wind Energy, 2025

to be from surface concentrations or insufficient lubrication. 
In addition, main bearings have also been reported to fail due 
to slip-induced micro-pitting [14]. Rolling contact fatigue thus 
is still considered to be one of the predominant failure mech-
anisms of main bearings. Additionally, as wind turbines grow 
larger, it is more challenging to manufacture bearings at the re-
quired size with the existing manufacturing setup and transport 
the components to the site.

Consequently, the wind industry is facing a paradigm shift away 
from rolling element variants toward sliding bearings that are 
predominantly used in higher rotational speed applications 
such as hydropower plants, marine propellers, and jet engines. 
Sliding bearings fundamentally operate through hydrodynamic 
lubrication, where the lubricant is entrained into the contact 
through rotational motion, and the shearing of the lubricant en-
sures low friction between the sliding surfaces. Patents for such 
designs have emerged as early as 2017 [15] and despite being 
a relatively new niche, companies such as Daido Metal [16], 
Waukesha Bearings [17], Renk GmbH [18], and Miba AG [19] 
have already established a presence within the market. A nota-
ble academic contribution comes from RWTH Aachen, which 
proposes a flexible, conical-shaped sliding bearing design for 
wind turbine main bearings [20].

Table 1 contrasts the various sliding bearing designs from dif-
ferent companies, based on openly available data. Most com-
panies opted for two separate sets of pads, one set to react to 
radial loads while the other for axial loading. This circumvents 
potential issues when scaling for larger capacity turbines as the 
axial and radial loadings do not increase proportionally with 
power capacity [21]. Tilting pads are employed to allow pads 
to attain their optimum load-carrying positions during opera-
tion, and pads have interchangeability to facilitate maintenance. 
Limited information is found on pad coating material. Daido 
and Waukesha employ polymer-based pads while no informa-
tion can be found for Renk and Miba. RWTH Aachen remains 
the outlier, opting for a soft metal-based coating for their unique 
flexible conical bearing design. Apart from Miba, all the afore-
mentioned product offerings are targeted at wind turbine main 
bearings.

Moreover, all companies have opted for interchangeable pads, 
emphasizing the importance of ease of maintenance in their 
product offerings. However, this is only one aspect of the chal-
lenge, as effective monitoring technologies are essential to 
identify which pads require replacement. Additionally, there 
is limited publicly available information on the performance 
of sliding bearings under the low speed, transient loading con-
ditions of wind turbines. Sliding bearing test programs, partic-
ularly when conducted at full scale, can be costly and, as such, 
yield from these tests need to be maximized. Consequently, 
this article explores all the suitable sensing techniques avail-
able for monitoring and evaluation of wind turbine sliding 
bearings.

The novelty of this study includes the following:

a.	 A critical review of sensing techniques based on their ad-
vantages, limitations, accuracy, and technology readiness 
levels (TRLs) for tribological monitoring of wind turbine 
sliding bearings

b.	 A market survey compiling publicly available data on 
emerging wind turbine sliding bearing designs

c.	 A discussion of trends in the literature, known challenges, 
and potential mitigation strategies

Despite the study focusing on tilting-pad journal bearings, the 
monitoring methods can typically be adapted for plain journal 
bearing applications.

2   |   Sliding Bearing Performance Parameters

Sliding bearing differs from rolling element bearing both 
in design and operation. As such, measurement techniques 
applied for roller bearings may not be suitable for sliding 
bearings. Tilting-pad sliding bearings function through hy-
drodynamic lubrication. Lubricant is entrained between the 
sliding shaft and tilting pads through the rotational motion 
of the shaft, enabling low friction operation with a friction 
coefficient between 0.005 and 0.015 [22]. The lubricant film 

TABLE 1    |    Publicly available data on emerging wind turbine sliding bearing designs.

Affiliation
Bearing 

configuration Type of pads
Interchangeable 

pads? Type of pad coating Targeted bearing

Siemens AG [15] Radial and 
axial pads

Not stated Yes Not stated Main bearing

Daido Metal [16] Radial and 
axial pads

Tilting Yes PEEK with filler Main bearing

Waukesha Bearings 
[17]

Radial and 
axial pads

Tilting Yes PEEK Main bearing

Renk GmbH [18] Radial pads Tilting Yes Not stated Main bearing

Miba AG [19] Radial and 
axial pads

Tilting Yes Not stated Gearbox bearing

RWTH Aachen [20] Double 
conical pads

Stationary but 
deformable

Yes Soft metal Main bearing
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thickness generated ranges between 5 and 200 μm with con-
tact pressures in the MPa range. For wind turbine main shaft 
application, the film generated is likely to be much lower, i.e., 
5–40 μm due to the low rotational speed and higher bear-
ing load.

Conversely, rolling element bearings function through elasto-
hydrodynamic lubrication with a much lower coefficient of fric-
tion of between 0.001 and 0.005 [23]. The lubricant film formed 
between the rolling contacts is also much thinner, between 1 
and 5 μm, with higher contact pressures (GPa range). For sliding 
bearings in wind applications, start-up is particularly challeng-
ing as the frictional torque is highest, which poses an elevated 
risk of wear between sliding surfaces. Industrial solutions in-
clude sacrificial, low-friction polymer, or soft metal coating on 
pads and/or jacking lubricant into the shaft/pad interface to re-
duce boundary friction [24].

Based on the literature, the following parameters are commonly 
used to evaluate the performance of tilting-pad journal bearings:

•	 Temperature [25–40]

•	 Lubricant pressure [41–46]

•	 Lubricant film thickness [47–64]

•	 Shaft center displacement [65–68]

•	 Bearing vibration [69–73]

•	 Acoustic emission [74–80]

Details pertaining to the capabilities, limitations and practical-
ities for each measurement parameter are summarized in the 
following subsections.

2.1   |   Temperature

Historically, temperature measurements have been a common 
way of detecting faults in machine components, as rapid tem-
perature changes are highly correlated with failures [25–28]. 
Such an approach has been successfully used for anomaly iden-
tification [28–31] in sliding bearings. The temperature increase 

beyond operating norm is a consequence of the frictional heat 
generated from asperity contacts, usually indicative of lubrica-
tion issues.

Measurements are commonly acquired either through thermo-
couples (J/K-type) or resistance temperature detectors (RTDs). 
Figure 1a illustrates the various thermocouple installation meth-
ods for soft metal tilting pads [32]. Details pertaining to their 
positioning, installation, and threshold settings for Babbitt-lined 
sliding bearings are comprehensively described in [32, 33].

As polymer pad coatings alter the pad's thermal conductivity, 
methods established for white metal sliding bearings may not 
be suitable for polymer-coated variants. Despite this, multiple 
literatures exist demonstrating its success on polymer-faced 
sliding bearings [34–39]. A sample of such measurement is il-
lustrated in Figure 1b. Lubricant film temperature provides the 
fastest response and is independent of coating; however, it typ-
ically necessitates machining of pad to accommodate sensors. 
Measuring pad metal temperature maintains the integrity of 
the sliding surface, but this incurs an error between the surface 
temperature and measured temperature.

The advantages of thermocouples are low cost and simplicity to 
implement. Alarm thresholds can be assigned to detect anoma-
lies, and preventive maintenance can be scheduled when tem-
peratures exceed the norm. However, limited information can 
be gained, and numerical modelling [40] is often required to 
further infer bearing parameters such as displacement angle, 
eccentricity, and oil film thickness. Consequently, temperature 
sensors are often employed in addition to other sensors during 
testing or monitoring of sliding bearings.

2.2   |   Lubricant Pressure

Measurement of lubricant pressure is achieved through pressure 
transducers which convert applied pressure into electric signals. 
Structurally, they typically consist of an elastic material designed 
to deform under pressure and an electrical device, which senses 
the deformation and converts it to electrical signals. The most 
common types are capacitive, piezoresistive, piezoceramic pres-
sure transducers, and bourdon-gauges as illustrated in Figure 2.

FIGURE 1    |    a) Thermocouple installation methods [32] and b) variation of bearing surface temperature with increasing load [37].
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Historically, researchers have utilized both piezoresistive [41, 42] 
and piezoceramic [43] pressure transducers and bourdon gauges 
[44] for tilting-pad test rig instrumentation. Measurement pa-
rameters range from oil inlet pressures [44] to pressure distribu-
tion across individual tilting pads [41–43]. The latter is of higher 
value but with the increased instrumentation challenge of em-
bedding sensors either in the tilting pads [41] or within a hollow 
shaft through a slip ring [43].

No justification can be found on pressure transducer type se-
lection, with some publications [45, 46] opting to omit the pres-
sure transducer type used. However, utilizing the inappropriate 
pressure transducer for testing is likely to result in poor mea-
surements. Piezoceramic pressure transducers, typically used 
to measure transient pressure in explosions, do not require an 
external excitation, have extremely high sensitivity, and are in-
sensitive to electromagnetic interference. However, they are also 
sensitive to vibrations and temperature fluctuations. Conversely, 
piezoresistive variants are less sensitive to temperature fluctu-
ations (typically with integrated temperature compensation), 
possess good sensitivity and responsiveness but require external 
power. For wind turbine tilting-pad main bearings, which oper-
ate at a maximum of 20 RPM, with large temperature fluctua-
tions across the hot and cold seasons, the latter is deemed more 
suitable and cost effective.

2.3   |   Lubricant Film Thickness

As separation of sliding surfaces is crucial in maintaining low 
friction and consequently preventing wear during bearing oper-
ation, direct measurement of lubricant film thickness remains 
the most desirable parameter. Film thickness measurement 
informs on the bearing lubrication regime during operation. 
However, this is difficult as the films are typically less than 
50 μm and the oil film is entrapped within an interface of a com-
ponent. As a consequence, no standardized method for measur-
ing sliding bearing oil film exists to date.

Multiple measurement techniques have been developed, which 
include eddy current, capacitance, and ultrasound. Such tech-
nologies are widely used in research and product testing; how-
ever, they are rarely implemented beyond that.

2.3.1   |   Ultrasound Method

Ultrasound is mechanical vibrations propagating within a me-
dium beyond the audible range of human hearing (> 20 kHz). 

Piezoelectric ultrasonic sensors bonded onto a component gen-
erate and receive wave reflections. The reflected signals, if in-
cident on the lubricant film, will contain information on the 
film thickness [47, 48]. This has successfully been exploited for 
hydrodynamic oil film thickness measurement in mechanical 
seals [49], thrust bearings [50], piston skirt internal combustion 
engines [51], and journal bearings [52, 53].

The primary advantage of the technique lies in its noninva-
sive capabilities, relative low cost, good measurement range 
(1–50 μm) and accuracy, and universality (method applicable to 
both soft metal and polymer coated pads). Measurement error is 
highly setup-dependent and will be influenced by sensor band-
width and calibration, signal noise, and processing algorithm 
used. Consequently, the method requires specialist under-
standing as well as computational and data storage capabilities 
if high sampling rates are desired (for accurate measurements 
at 1–5 μm). Instrumentation is also complex, as illustrated in 
Figure 33; however, this is comparable to other film measure-
ment techniques. Additionally, calibration will be required 
when instrumenting and measuring from multilayered tilting 
pads, as shown in Figure 3a.

2.3.2   |   Electrical Capacitance Method

Capacitive, noncontact gap sensors operate through parallel-
plate theory where the capacitance change within the projected 
field is influenced by the measurement area, electrical proper-
ties of the material within the field, and the gap between the 
sensor and the ferrous measurement target. They have been suc-
cessfully employed to measure hydrodynamic oil film thickness 
formed in tilting-pad journal bearings [54–58]. Both stationary 
pad and dynamic shaft installation options have been pursued, 
as illustrated in Figure 4. The former is easier; however, instru-
mentation disrupts pad sliding geometry and does not provide 
circumferential film thickness measurements across all the 
tilting pads. As the film measurements require the relative per-
mittivities of the materials between the sensor and target, the 
method is more suited for soft metal-coated tilting pad bearings 
if instrumented within the shaft. Measurements are still possi-
ble for polymer-coated bearings, provided that coating thickness 
is known (negligible deformation under load, no wear, uniform 
coating thickness across) [57]. Capacitance sensors possess a 
good measurement range (50–500 μm) and resolution (< 1 nm) 
[59]. However, the sensors are costly, and any changes to the 
relative permittivities of the lubricant (contamination, water 
ingress) and coating (wear, damage) will introduce measure-
ment error.

FIGURE 2    |    Types of pressure measurement devices: a) Capacitive, b) Piezoresistive, c) Piezoelectric pressure transducers, and d) Bourdon-gauge.
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2.3.3   |   Eddy Current Method

An eddy current sensor, as illustrated in Figure 5a, consists of a 
coil that, when subjected to an alternating current, generates an 
alternating electromagnetic field. When this field cuts through 
a ferrous object, an eddy current is induced, which alters the 
impedance of the sensor's electrical circuitry. The change in 
impedance is then converted to gap/lubricant film thickness.

As with capacitance probes, they are small-sized, noncontact-
ing, have good accuracy and range with the added benefit of not 

being affected by the electrical properties of the material within 
the measurement zone. Modern eddy current sensors also typ-
ically come with in-built temperature compensation [60]. As 
such, they are particularly suited for lubricant film thickness 
measurement in metal-faced sliding bearings [61].

For polymer-coated bearings, when instrumented within the 
shaft, the measured gap contains both the thickness of the lubri-
cant and the polymer coating. As such, thickness of the coating 
needs to be known to convert gap measurements into lubricant 
film thickness. Consequently, all of the previous literatures 

FIGURE 3    |    a) Ultrasonic sensor calibration setup for b) multilayered tilting pads [50] and instrumentation methods for journal bearing, c) hollow 
shaft with instrumented puck [52], and d) printed circuit board integrated sensors [53].

FIGURE 4    |    Capacitance sensors embedded within a) tilting-pad [54] and b) hollow shaft [58].

FIGURE 5    |    Eddy current sensor a) internal structure and instrumentation methods: b) embedded within [61] and c) attached to the side of a 
tilting-pad [62].
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[61–64] have opted for pad-side instrumentation. Such instru-
mentation (Figure  5b), especially for polymer-coated pads, 
would affect the hydrodynamic film formation due to differ-
ence in stiffness between the sensor bulk material and the pad 
coating. Sensor instrumented on the side faces of the tilting-pad 
(Figure  5c) circumvents this, however, does not exactly mea-
sure the hydrodynamic film thickness that forms within the 
tilting-pad.

One major issue affecting eddy current measurements is elec-
trical runout. This error arises because of the variation in the 
electrical properties across a sensing object [81–83], that is, 
around the shaft circumference. The exact root cause is not well 
researched [84], with possible causes attributed to structural in-
homogeneity, surface roughness, residual magnetism and resid-
ual stresses present within the measurement target [84], which 
could incur errors up to 20 μm. As such it is critical that these 
effects are mitigated through experimental calibration and pre-
test treatments such as demagnetizing the measurement object 
and ensuring a roughness of < 0.3 μm.

2.4   |   Shaft Displacement (Proximity Probes)

Where it is unfeasible to modify the sliding bearing to accom-
modate eddy current displacement sensors, two or more eddy 
current sensors can be positioned at distinct locations around 
the shaft circumference (Figure 6a) to measure shaft displace-
ment [65, 66]. Bearing eccentricity and oil film thickness can 
subsequently be inferred from the measurements. Additionally, 
the shaft displacement in the X and Y axes can be utilized for 
condition monitoring purposes as shown in Figure 6c. The shaft 
displacement pattern deviates from the norm when the journal 
bearing is damaged [67], and algorithms can be written to auto-
matically detect this. This technique has also been commercial-
ized [68]. However, it is prudent to note that for measurements 
to yield meaningful results, thermal expansion of components 
and vibration need to be accounted for.

2.5   |   Vibration

Component vibration is commonly measured for nondestructive 
purposes. This is typically achieved through the use of acceler-
ometers, which convert tiny surface deflections (vibrations) into 
electric voltage.

In tilting-pad journal bearings, accelerometers are often attached 
to the bearing housing, deployed alongside eddy current shaft dis-
placement sensors and load cells to measure the bearing dynamic 

coefficients (damping, stiffness, and virtual mass) [69–71]. Their 
primary advantage lies in their capability to characterize dynamic 
coefficients and diagnose dynamic operational issues such as rotor 
imbalance [72] and pad flutter [50]. Through monitoring the bear-
ing natural frequency and damping ratio, it is also feasible to iden-
tify bearing starvation [73].

2.6   |   Acoustic Emissions

Acoustic emissions (AEs) are sound waves generated as a loaded 
material redistributes its internal stresses [74]. These are mea-
sured with a broad-band piezoelectric AE sensor as shown in 
Figure 7a and b. The generated bursts (Figure 7c) have a spec-
tral content of typically less than 1 MHz. Their primary advan-
tage lies in their high sensitivity, enabling detection of acoustic 
bursts from asperity contacts and subsequently inferring the 
lubrication regime of the sliding contact [27, 75–79]. An active 
patent [80] exists for the instrumentation of AE sensors on slid-
ing bearings for monitoring purposes.

Because AE sensors are often instrumented far away from the 
source of interest (sliding contact) [75–78], measurements often 
contain noise from undesired sources. Consequently, to maxi-
mize yield, advanced data processing techniques such as de-
composition [75] and machine learning [27, 76, 77] algorithms 
are required. One of the challenges with AE sensors is the large 
amount of data generated as a consequence of the high sam-
pling rates needed. Efficient postprocessing of these data will 
require adequate computational power, especially if employing 
advanced processing algorithms.

2.7   |   Strain

Strain measurements are widely used to assess the stress state of 
a component. This is typically achieved using strain gauges, as 
illustrated in Figure 8a. Strain gauges measure changes in elec-
trical resistance within their circuitry when subjected to strain. 
These resistance changes are then converted into strain values 
using a gauge factor.

Despite their widespread adoption in many engineering applica-
tions, they are not commonly instrumented on journal bearings 
[85–87]. The most relevant approach [85], as shown in Figure 8b, 
utilizes strain gauges instrumented on the pivot pins of indi-
vidual tilting-pads to measure surface strain of the pivot pins. 
The measured strain is then converted into radial pad loading 
through a calibration experiment. Disadvantages include deli-
cate and time-consuming instrumentation. Additionally, for 

FIGURE 6    |    a) Eddy current setup for b) shaft displacement measurements [81]. c) change in shaft displacement pattern with bearing damage [83].
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reliable measurements, effects of bearing preload [86], lubri-
cant ingress onto strain gauges and temperature fluctuations all 
need to be mitigated. Conversely, an expired patent [88] exists 
for using strain gauges to detect journal bearing failure. Strain 
gauges are installed on the bearing housing to measure fluctua-
tions in frequency spectrum of the fluid film pressure. An alarm 
would then be assigned for shutdown when the fluctuations are 
excessive. In summary, the advantages of strain gauges are their 
low cost, simplicity, and widespread adoption for stress mea-
surement. Challenges, however, include sensitivity to tempera-
ture fluctuations, calibration requirements to convert strain into 
meaningful loading, and a zero reference/datum requirement.

3   |   Discussion

3.1   |   Trends in Literature

Table  2 summarizes the various tilting-pad performance pa-
rameters, sensing techniques available to monitor them, their 
advantages, limitations, and development stage.

Based on available literatures, the most popular and well-
established measurement is temperature, owing to its low cost, 
simplicity to implement, and interpret the results. Tilting-pad 
bearings are often specified with grooves to accommodate retro-
fitting of thermocouples or RTDs. While temperature data pro-
vide a basic indication of normal operation, its utility is limited 
unless combined with thermal models [40] to infer tribological 
parameters.

Conversely, despite being commonly utilized in engineering, 
strain is the least established method for tilting-pad journal 
bearing sensing. Strain gauges are possibly deemed not sensitive 

enough to measure the tiny surface strains resulting from the 
low hydrodynamic pressures in small-sized bearings. However, 
they have found success in large hydropower tilting-pad bear-
ings and present an attractive adoption for large wind turbine 
main journal bearings. Strain gauges instrumented on the pivot 
pins of individual pads can inform on asymmetric pad loading 
and, with sufficient understanding of baseline normal strain 
values, be used to indicate abnormal operation for maintenance 
interventions. As demonstrated with thermocouples, bearing 
manufacturers can easily include grooves or features within 
their design to integrate strain gauges and elevate their product 
offerings.

3.2   |   Rotating Versus Stationary Instrumentation

For any tilting-pad journal bearing testing or monitoring instru-
mentation, a decision needs to be made on whether to embed the 
sensors within the rotating shaft or onto the stationary compo-
nents (tilting-pads, housing). Shaft-side instrumentation allows 
dynamic measurement around the bearing circumference and 
maintains the structural integrity of the bearing components. 
However, this typically involves more complex instrumentation 
and requires a solution to transmit data from rotating cables to 
stationary data loggers (i.e., slip ring, telemetry). Additionally, 
some measurements such as temperature are unsuitable for 
shaft-side instrumentation, while other sensors such as eddy 
current require additional calibration.

Stationary instrumentation either within or on the bearing sub-
components is easier to implement; however, it typically requires 
modifying the bearing to accommodate sensors and cables. This 
is usually not feasible for small-sized tilting-pad journal bear-
ings but would be less of an issue for large-sized wind turbine 

FIGURE 7    |    a) Photo and b) internal structure of an AE sensor and c) a sample AE signal [75].

FIGURE 8    |    a) Typical single-element strain gauge and b) strain gauge instrumentation on a pivot pins of a tilting-pad hydrogenator journal bear-
ing [85].
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main shaft tilting-pad journal bearings. This is especially feasi-
ble if manufacturers consider integrating sensors in their bear-
ing design, as demonstrated with thermocouples for aero engine 
tilting-pad bearings.

3.3   |   Challenges in Measuring Hydrodynamic Film 
Thickness

It is undeniable that optical interferometry [94] is the estab-
lished standard for measuring elasto-hydrodynamic films in 
rolling bearings. However, no equivalent method exists for hy-
drodynamic sliding bearings. As light ceases to penetrate sol-
ids, its use is limited for testing and monitoring on unmodified 
bearings. Sound waves, governed by similar wave physics, cir-
cumvent this issue and present an attractive alternative, with 
good advancements made on the ultrasonic hydrodynamic film 
measurement method [47–53]. As the sliding contact geometry 
is not affected by ultrasonic instrumentation, the measurement 
has higher confidence.

Despite this, challenges exist with complex calibration and 
setup, issues also faced by other film measurement techniques 
such as eddy current and capacitance. Eddy current sensors suf-
fer from electrical run-out, while electrical capacitance requires 
dielectric permittivities of the contact layers as measurement 
prerequisites. Further studies are required to quantify variabil-
ity and improve sensor performance. Comparative studies eval-
uating these methods for oil film thickness measurement would 
also be valuable.

At its current state, for bearing product testing, where within 
budget, a multisensor measurement approach, employing multi-
ple sensing technologies to measure various bearing parameters, 
would be the most sensible approach to reduce measurement 
uncertainty and maximize yield.

4   |   Conclusions

Parameters to monitor the performance of tilting-pad journal 
bearings include temperature, lubricant pressure, film thick-
ness, shaft displacement, vibration, AE, and strain. Temperature 
is by far the most established and adopted parameter, while 
strain is the least adopted. Among these, lubricant film thick-
ness and pressure provide the most valuable insight, with mul-
tiple sensing technologies available. However, film thickness 
measurement techniques still face reliability and accuracy chal-
lenges. In contrast, lubricant pressure measurement is easier, 
with advancements in integrated piezoresistive or piezoelectric 
(IEPE) pressure sensors, with the former being more suitable for 
wind turbine main bearings. Shaft displacement is straightfor-
ward and well developed, while vibration and AE sensors offer 
alternative insights but require further interpretation to extract 
meaningful tribological parameters.

Given current limitations, a multisensor approach is recom-
mended for bearing product testing where the budget allows. 
Integrating multiple sensing technologies to measure various 
bearing parameters can help minimize uncertainty and maxi-
mize data yield.Pa
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