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ARTICLE INFO ABSTRACT

Keywords: The wider availability of low-cost sensing and data acquisition technologies means that real-time sensing of
Tribotronics tribological parameters is becoming increasingly viable. Consequently, the potential to use these technologies to
Industry 4.0 monitor in-service tribological components has increased significantly. This paper presents a review of a number
Blagt;tal of state-of-the-art in sensors for measuring friction, wear and lubricant properties. It also elaborates on the use of

sensor coatings as an emerging area for directly probing the tribological interface. It is concluded that sensors
will find ever increasing uses in condition monitoring” applications. However, sensing and tribology is beginning
to evolve towards “Tribotronics” where combining the sensing of machine elements that have conventionally
been passive with computational capability, or even embedded intelligence, along with actuation can create
active machine elements, optimised to operate with say minimum power loss in all situations of duty. Addi-
tionally, it is noted that by incorporating sensing and responsive capabilities, functional surfaces can also become
part of a bigger connected systems particularly in association with Industry 4.0. Increased use of sensors in
tribological components alongside machine learning and artificial intelligence, will also support the shift in
industrial tribological analytics.

1. Introduction

Tribology is recognised as a highly interdisciplinary subject bringing
together several research fields including mathematics, engineering,
chemistry, physics and materials science. This combination helps
tribology to extend beyond the realm of mechanics and have an influ-
ence on areas such as emissions, healthcare and sustainability [1]. Even
with its worldwide industrial impact, the word “tribology” is not
well-known. Ciulli [2] believes this is due to the limited diffusion of
linking the name tribology to friction and wear problems. However
Popov [3] believes a ‘golden age’ of tribology will be realised with the
development of new research areas, particularly with increasing de-
mands from high-performance machinery since modern society contin-
uously expects greater functionality, reliability, efficiency and longer
lifetimes from all machine components.

Tribological concepts have evolved with time from pre-history to the
modern era. A historical evolution of tribology from before and through
the industrial revolutions has been reported by Frene et al. [4], Dowson
[5], Bartz [6] and Ciulli [2].

Tribological practices have been successfully implemented into the
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design specifications of critical machine elements, helping to improve
their performance and durability whilst achieving significant economic
savings in relation to energy and material consumption. The impact of
tribology can be illustrated by many examples of machine development.
For example, hydraulic motors which have seen a fivefold reduction in
weight over 30 years without compromising on output performance [7].
Industry sees a continuous trend towards more compact mechanical
systems and components whilst pushing for higher power densities. To
achieve this, innovative solutions in the design and operation of tribo-
logical contacts must be constantly investigated. Current tribological
contact performance is now approaching limits as most machine ele-
ments are passive constrained by geometry, materials and lubricant
properties with pre-set capability, designed to perform in a specific
fashion under a range of operating conditions. To improve the perfor-
mance of tribological contacts it has been proposed that operating state
of machine elements could be modified in service using a concept
termed “Tribotronics” [7].

Tribotronics is a term initially coined at Lulea University of Tech-
nology in 2008 [7]. It involves the integration of tribology and elec-
tronics to form smart active tribological systems which utilise
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modelling, sensors and actuators to dramatically improve performance
Tribotronics are similar to mechatronic systems. However, the latter
uses information from inputs or useful outputs of a mechanical system
(torque, rotational speed, load etc.) to control its operation [8]. Tribo-
tronics utilises additional so-called “loss outputs” such as vibration,
wear, friction, etc. as feedback data to improve efficiency and perfor-
mance of the machinery [7]. This requires active condition monitoring
of a tribological system, where autonomous and self-adjusting algo-
rithms apply corrective actions through actuation to achieve best per-
formance [9].

This paper reflects on a state-of-the-art in sensor technologies for
measuring friction, wear and lubricant properties which have potential
for use for condition monitoring and use in tribotronic systems. It closes
by summarising observations and by suggesting possible future trends
for tribology and Tribotronics in particular.

2. Why probe tribological interface in real-time?
2.1. Friction and wear are a system response

During the 1960s, a “round robin” of experimental studies of friction
and wear were conducted under the auspices of the OECD. These ex-
periments demonstrated that even in apparently simple metal-to-metal
interfaces the reproducibility of friction and wear measurements on
controlled systems (in this instance pin-on-disc machines) tended to be
very poor [10]. Recognising the issue, further studies, co-ordinated
through the Versailles Project on Advanced Materials and Standards
(VAMAS), were conducted during the 1980s [11,12]. These latter
studies concluded that under more rigorously managed conditions,
experimental measurements of friction and wear could be more repro-
duceable. However, the reproducibility of friction data within a labo-
ratory was typically no better than + /- 13% and data from several
laboratories (inter-laboratory) doing similar tests was only reproducible
to around + /— 20%. Similar outcomes were found for wear measure-
ments, but with slightly better reproducibility for wear data for a single
laboratory. Considerations leading to better reproducibility were re-
ported to be related to several factors, including, choice of test equip-
ment, specimen preparation, operating conditions and environmental
conditions.

The results of these investigations demonstrate that even under
carefully curated conditions friction and wear data are unstable. This
arises because friction coefficients and wear rates are a system response,
rather than simply being a materials response. This system response is
dependent on many factors including the physical conditions at the
interface (e.g., contact conformity, roughness, sliding speed/load,
presence of debris, contact temperature), ambient environmental con-
ditions (especially temperature and humidity), interface stiffness, etc.
and they require careful management in laboratory investigations to
gain reproduceable data as they affect the physical phenomena occur-
ring at the interface in a fundamental way.

2.2. Scaling to component use

In addition to the considerations of environmental and operating
conditions, components in machines operating in the field are subject to
additional factors which are generally not reflected in laboratory tests.
These include changes in interface contact size due to variable contact
pressure, differences in contact repetition rate, the build-up of free and
adhered wear debris, contamination from external sources, and corro-
sion. These factors affect how experimental data needs to be “scaled” to
reflect additional “real world” influences when modelling contacts and
they introduce further time-based dependences for friction and wear
over and above those which may be investigated in laboratory testing.
The combination of the dependence of friction and wear on both system
parameters and real-life operating conditions, leads to degree of
complexity which makes modelling of the tribological behaviour of
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machine contacts highly challenging at best and unreliable at worst.
2.3. The move to real-time sensing

As reliable modelling of the life and performance of machine com-
ponents in service is so challenging, if the performance or lifetime of a
machine is to be established, it is desirable to measure friction and wear
as well as other tribological parameters directly and use this duty data
for predictions of future performance. The increasing availability of low-
cost sensing and data acquisition technologies means that real-time
measurement of these tribological parameters is becoming more
viable, and in recent years simple measurement technologies have been
integrated into commercially available tribological products. Examples
of the latter include rolling element bearings with integrated sensors to
measure a range of parameters such as vibration, temperature and speed
[13] as well as polymer bearings and chains with wear sensing capa-
bility [14,15].

3. Probing friction
3.1. Measuring force in tribometers

Friction can be measured using a load cell, which is a sensor that
converts a load or force acting on it into an electronic signal. Tribometer
set-ups consist of a load cell which delivers an output voltage which
varies in proportion to the (friction) force so it can be captured by a data
logger and transmitted to a PC where it is scaled into a friction force [9].
There are different types of load cells available on the market [16]:

e Resistive load cells — With the application of a force/load/stress to
the sensor, the electrical resistance changes. A simple example of a
device of this type is a strain gauge in which small changes in the
resistance of an array of conductors can be determined using a bridge
type amplifier, which presents an output voltage proportional to
strain when a force is applied.

Capacitive load cells — Most commonly, these load cells use the ca-
pabilities of piezo electric materials. When a force is applied a dif-
ferential charge develops at the ends of the piezo-electric material
which is proportional to the applied force. This charge can be
measured using an appropriate charge amplifier giving an assess-
ment of the applied force.

3.2. Measuring cutting forces during machining

One area of engineering in which forces between components are
frequently measured is in manufacturing for the assessment of
machining and forming tools, work-piece materials and cutting fluids.

Cutting force measurement techniques can be divided into two cat-
egories: direct force measurements where the strain due to cutting forces
is measured directly on the tool, and indirect force measurements [17],
where forces are inferred by fully independent sensors.

3.2.1. Direct methods

e Table dynamometers — Typically these sensors are composed of a
thin layer of piezoelectric material assembled between two plates.
Piezoelectric sensors can be regarded as under-damped spring mass
systems, with a single degree of freedom for each of the measuring
axes [18,19]. When these sensors are used it is important to ensure
that the rate of drain of charge for measurement is very low to ensure
that any static component of force remains apparent in the output
signal. Therefore, such sensors are mainly used in dynamic applica-
tions where signals change rapidly, and a high frequency bandwidth
is required.

Strain gauges — To achieve measurement accuracy, greater emphasis
is required upon measuring the dynamic component of the cutting
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force. A strain gauge-based tool dynamometer and a piezo-film
accelerometer can be used to detect both dynamic and static cut-
ting forces [20]. Yaldiz et al. [21] utilised a dynamometer based on
strain gauge and piezo-electric accelerometer to take static and dy-
namic measurements of multi-axis cutting forces during turning. The
sensing system is expensive and has limited bandwidth [22].
Optoelectronic cutting force sensors — For dynamic machining ap-
plications optoelectronic sensing systems which measure deflection
using Fibre Bragg Gratings (FBG) can be utilised. FBG sensors utilise
wavelength division multiplexing techniques and are applied to the
cutting tool surface. The key advantages of optoelectronic cutting
force measurement are their wide measurement range, high reli-
ability, low weight and greater adaptability [23].

3.2.2. Indirect methods

Capacitive cutting force measurement — An alternative, less con-
ventional, form of capacitance transducer involves the use of two
parallel plates separated by a small distance. The capacitance of such
systems depends on the area of the plates, the permittivity of the
intervening medium and the separation of the plates. When a force is
applied the measurement system outputs can be obtained via
capacitive ac-bridges. Albrecht et al. [24] used capacitance
displacement measurements as an indirect cutting force sensor
(Fig. 1). The sensor was mounted onto the spindle and the gap
variation between the spindle shaft and sensor was measured. This
gap variation was proportional to the applied cutting force. Draw-
backs of this arrangement included complexities related to integra-
tion of the sensor system into the machine tool and the impact of
intrinsic temperature dependence [24].

Displacement-based dynamometers — Cutting forces can be measured
using a flexure-based dynamometer where flexure displacement is
measured, and the force is determined using structural deconvolu-
tion. This technique extracts force values by filtering the displace-
ment signal using the flexure’s displacement-to-force frequency
response. The procedure involves determining the excitation forces
through analysing the Frequency Response Function (FRF) using
single degree of freedom (SDOF) and multiple degree of freedom
(MDOF) flexure-based dynamometers. This is followed by applying

(target)

sensor

Charge Amplifier
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the structural deconvolution technique which involves applying a
filter developed on the flexure’s inverted FRF to the dynamic
displacement measured. From this filtered displacement, dynamic
force can be determined [25].

Motor current measurement — Recent studies have determined cut-
ting forces by detecting the drive motor load (Fig. 2) [17]. Shin et al.
[26] utilised current sensors to predict cutting force during
end-milling with an acceleration sensor and Hall-effect current sen-
sors. Li [27,28] used inexpensive Hall-effect current sensors and
models based on the spindle and feed drive of a turning machine tool
to measure three-axis cutting forces. An algorithm was used to pre-
dict the tangential and axial cutting forces. These studies showed this
method could measure multi-component cutting forces with errors of
less than 25%.

3.3. Measuring friction during metal forming

In metal forming friction is associated with high pressures, which

occur naturally as part of the deformation system.

3.3.1. Direct methods

Capacitive displacement

Sliding pin sensors — Several studies have utilised pin sensors
(Fig. 3a) which were connected to a transducer and implemented
within the holes in the work roll [29]. One pin would be mounted
radially and the other at a set angle. These pins pressed against load
cells within the rolls allow the cutting forces, which act along the line
of each pin to be measured. Using mathematical models and
assuming low sliding friction between the pins and the die hole, the
friction coefficient could be calculated. In similar set-ups the pin has
had direct contact with the workpiece surface [30]. The disadvan-
tage of this method is that imprints are produced at the die surface.
To measure strains with good accuracy, the sensors require a low
stiffness. This leads to a local deformation higher than in the sur-
rounding roll, which is typically stiffer, resulting in friction coeffi-
cient deviation in the contact [31].

Cantilever pin sensors — In this approach, the cantilever frictional
force pin sensor (Fig. 3b) is usually in contact with the workpiece
surface whilst the rest of the sensor is buried within the die. This
allows the normal force and frictional force on the tip to be

Spindle front flange

ADC Computer

Fig. 1. Spindle integrated displacement sensor system from the top view (after [24]).
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Fig. 2. Schematic illustration of current-sensor-based cutting force sensing technique (after [17]).
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Fig. 3. a) Sliding pin sensor, b) Cantilever pin sensor, ¢) Manganin line sensor designed by Kannel and Dow (after [32]).

calculated. In this configuration, the sensor works well with the
application of low normal pressures. At high normal pressures the
workpiece material extrudes and reduces the gap between the pin
sensor and workpiece. Due to this extrusion the sensor stops oper-
ating and the product is also marked [29].

Integrated friction sensors — There are several sensor designs which
utilise line sensors to measure the friction force across the roll face.
Kannel and Dow [32] deposited thin strips of manganin and titanium
on the roll face which were then protected by a layer of silica
(Fig. 3c). Titanium is affected by temperature but unaffected by
pressure. However, for manganin the phenomena are reversed.
Temperature measurements were successfully taken during rolling
experiments. However, due to the difficulty of separating the normal
force from the friction force it was not possible to take pressure
measurements.

3.3.2. Indirect methods

Indirect friction sensors — The approach involves considering the roll
as a sensor. By measuring elastic strains at various positions inside the
roll during rolling, friction at the roll-strip can be determined by
applying a mechanical inverse analysis or analysing normal and shear
stresses at the roll-strip interface. Indirect friction sensors avoid direct
contact with the strip, helping to avoid the formation of markings [33].

4. Probing surface degradation

Understanding wear behaviour is crucial for material selection and
machine element design. Due to the many influencing factors, it is
difficult to predict in-situ wear trends, so laboratory-based trials with
similar materials and representative contact conditions are carried out.
Following the experiments, wear analysis is carried out, with traditional
methods including mass-loss measurements. Other analysis techniques
involve surface profilometry, where measurements of the surface shape
around areas of wear can be registered using image processing tech-
niques then subtracted to estimate the lost material volumes. A key
drawback of these approaches, however, is their inability to provide an
instantaneous wear rate, only absolute wear volumes and average wear
rates can be provided post-test [34].

Other wear measurement techniques include linear potentiometers,

eddy current and laser displacement sensors which can measure position
and displacement. These sensors can be mounted at a fixed position
allowing the measurement of displacement of the moving component
and the inferring of wear measurement by the change in component
thickness. Some tribometers have a transducer fitted to measure the
vertical movement of the pin component relative to a fixed datum,
providing an indication of wear. However, wear debris, thermal
expansion and transfer of material can influence the displacement
measured and compensation for these effects should ideally be incor-
porated [35]. Overall, these sensors measure the position of the speci-
mens and allow the net wear of both components to be inferred [34].

The methods of real-time wear monitoring can be classified into
direct and indirect. Direct methods might involve using fibre optics or
other optical methods, whereas indirect methods measure factors such
as vibrations, acoustic emissions (AE), or surface roughness to infer wear
[36].

4.1. Fibre optical sensors

Fibre optic sensors are used to detect changes in the physical char-
acteristics of surfaces and interfaces. Changes in the output of these
sensors can be correlated with the changes in surface physical charac-
teristics using the light transmitted through the optical fibre. This
methodology depends on the sensor geometry and measurements of
either transmission at an interface or intensity loss. These sensors can
establish a relationship between the level of surface degradation and
intensity loss as a function of time [37].

There are two broad fibre optic sensor categories: intensiometric and
interferometric. Intensiometric sensors are based on the amount of light
detected through the fibre. Failure or damage is detected by a break in
the fibre that leads to the termination of the light signal to a detector.
Optical time domain reflectometry can be utilised to identify the loca-
tion where the fibre has broken. Intensity variation caused by micro-
bending losses are measured by strain sensors, however this technique
is deemed inaccurate and insensitive by some investigators [37,38].

4.2. Debris monitoring

Four debris features: concentration, morphology, size and
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composition can highlight different wear behaviours [39-41]. Debris
size and concentration are influenced by the degree of wear and can
reflect wear severity and wear rate [39]. The debris size can also help to
indicate the type of wear and its morphology is also related to wear type
and severity [42].

Particle counters can be utilised to measure particle debris concen-
tration and size [43]. Bowen and Anderson’s [42] study investigated the
relationship between wear type and debris size. By analysing debris
formed from five typical wear types: cutting, rubbing, rolling fatigue,
sliding and combined rolling and sliding, they found that the debris size
can indicate the wear type with debris over 15 ym being formed by
particularly abnormal wear.

Optical methods involving utilisation of a light transmitter and
receiver (Fig. 4), where debris blocks the light and the change in light
intensity reflects the size of the debris particles, is seen as a sensitive
method and can detect debris particles above 5 um [44-46].

4.3. Acoustic emission

The application of acoustic emission (AE) sensors (Fig. 5) is
increasingly popular, partly because it uses very high-frequency signals
which reduces its propensity to be interrupted by surrounding noise. AE
is a type of transient elastic-wave (stress wave) produced by the release
of energy from a localised source within the material [47,48]. With the
application of a certain level of stress to a material leads to the rapid
release of strain energy in the form of elastic waves which can be
detected by transducers. AE signal frequencies are typically within the
range of 20 kHz and 1 MHz [49]. Dornfield [50] highlighted several
sources of AE due to the stress waves formed through the deformation of
material during metal cutting, including: (a) chip shearing, (b) work-
piece plastic deformation during cutting process, (c) flank wear due to
the frictional contact between the workpiece and tool flank face, (d)
fracture of the tool, and (e) chip breakage. Acoustic emissions from
sources (a)-(c) produce continuous AE signals which can be associated
with plastic deformation, while sources from (d)-(e) generate transient
AE signals.

Attempts have been made to correlate AE signals with wear trends
through the varying of statistical AE parameters in dry sliding condi-
tions. McBride et al. [51] study suggested that AE signals characterised
by high amplitude, correlated with material removal, whereas
running-in wear and plastic flow correlated with lower amplitude
(longer rise time signals). Jiaa and Dornfeld [52] [13], found that with
sliding metal-on-metal contacts, the AE signals correlated with different
wear mechanisms and AE root mean square (RMS) signals. They also
suggested that by analysing the frequency domain of the raw AE signal
the possibility of stick-slip in a sliding contact could be detected.
Additionally, Hanchi and Klamecki’s [53] study demonstrated that the
transition of the wear rate from mild to severe during dry sliding was
reflected in the variation of AE count rate. It has been suggested that a
combination of AE, vibration analysis and chip formations (as described

Light Source
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earlier) could determine tool condition and wear reliably without
interrupting the machining process. AE analyses the internal changes of
a material (as it contains high frequency components), whilst physical
vibrations reflect the external changes (they contain low frequency
components) during the machining process, allowing the tool condition
to be investigated [47].

4.4. Electrostatic sensing

Electrostatic sensing technology involves monitoring changes in the
static charge level within a system which reflects changes in the con-
ditions of the dynamic system, for example the pumping of a highly
aerated flow [54,55]. This monitoring system is composed of a passive
sensor connected to a charge amplifier with an output voltage signal
which can be recorded and processed. When a charged particle passes
the electrostatic sensor face, an opposing charge will be induced on the
sensor surface. There is a redistribution of electrons in the sensor to
balance the presence of additional charge close to the sensor face
creating a current flow that can be measured. This technique provides a
direct measurement of the volume of debris produced by contact
degradation [49,56]. A study by Wang et al. [56] found correlation
between specific wear rates of contact materials and electrostatic charge
levels (Fig. 6).

4.5. Ultrasonic sensors

Ultrasonic sensors provide an in-situ method for evaluating wear
severity in a contact. With ultrasonics there are two basic types of waves:
longitudinal and shear waves. Ultrasound is used as a non-destructive
evaluation technique which can be used for the identification of invis-
ible sub-surface microcracks or defects. The technique can also be used
to monitor material loss from a sliding surface that undergoes wear,
using a normal-incident compressional wave to detect sub-surface
lateral cracks [57]. Ahn and Kim [58] investigated the capability and
sensitivity of ultrasonic pulse-echo technique as an in-situ continuous
wear measurement method (Fig. 7). A close relationship between sur-
face and subsurface damage and the maximum echo amplitude of the
compressional waves was determined. With increasing surface damage,
the maximal amplitude of the ultrasonic wave decreased. By calculating
the change in Time of Flight (TOF) of the ultrasonic signals the in-situ
wear depth could be measured. This technique can effectively assess
the level of severity of wear in a contact surface in real time.

4.6. Vibration measurements

During machining operations, it is desirable to monitor tool wear and
the parameters impacting it. Using indirect methods flank wear can be
estimated by relating it to a measured variable such as cutting force,
spindle motor current, vibration and surface roughness. Previous studies
have highlighted surface roughness and vibration give a strong insight

Pipe Cross-Section

W
®

Oil Flow
—

Photosensor

Fig. 4. Schematic diagram of an optical sensing method (after [46]).
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Fig. 7. Ultrasonic sensing method (after [58]).

on tool wear [59]. Ghani et al. [36] monitored vibrations and surface measuring the vibration in direction of the main cutting force and the
roughness during cutting to monitor tool wear progression. The study second in the direction of the radial cutting force. Vibration signals were
used two accelerometers attached to the tool holder, with the first monitored and analysed before machining was stopped to permit flank
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wear and surface roughness measurement. The study highlighted an
increase in the amplitude of vibrations with increasing flank wear. Vi-
brations were observed to decrease at increasing speeds and at constant
feed rate and depth of cut. Vibration amplitudes increased with
increasing flank wear, but at a slower rate at higher cutting speeds.

5. Probing lubricant properties

Lubricating oil analysis is important for monitoring the wear,
lubrication and condition of oil-wetted moving-pairs and can provide an
early warning of the potential damage or failure of mechanical com-
ponents. For decades, various monitoring techniques have been devel-
oped in both academia and industry, mainly based on measuring
viscosity, total acid number (TAN) / total base number (TBN), lubricant
debris, content of water and aeration, and element concentration in
lubricants.

5.1. Viscosity

The laboratory measurement of lubricant viscosity is achieved using
a range of approaches involving displacement, vibration and changes in
acoustic signals in devices such as falling ball, rotary and capillary vis-
cometers. [60]. These principles have also been used in the development
of on-line sensors. However, as these types of laboratory equipment can
be rather bulky and complex with larger scale moving components these
approaches have sometimes been found to be unsuitable for in-situ ap-
plications. [61].

Consequently, bespoke vibration and acoustic sensors have been
developed for monitoring of viscosity. Heinish et al. [60] proposed a
technique to monitor the density and viscosity of lubricant through the
response of electromagnetically driven tuning forks which achieved
measurement accuracies in the order of 0.01% in density, and 1% in
viscosity, respectively. However, these devices were still bulky. Among
all the sensors for monitoring the lubrication system of vehicles, acoustic
solid-state sensors appear to be the most promising solution [61]. Quartz
crystal microbalances (QCMs) are used widely in viscosity sensing and
acoustic waves, generated by an alternating electrical field have been
found to allow viscosity to be monitored reliably through the resonant
frequency of the QCM [62].

5.2. Total acid number (TAN) and total base number (TBN)

The TAN of an oil reflects its level of acidity while TBN reflects the
capability of an oil to resist the development of acidity in a context of
“reserve alkalinity”. An increase of TAN is usually caused by oxidation of
an oil introducing acid contamination into lubricants, while the decrease
of TBN is caused by the consumption of additives in lubricants formu-
lated to resist the development of acidity. An increase in acid contami-
nants and the consumption of additives represents degradation of a
lubricant and it may also reduce viscosity causing excessive wear due to
loss of lubricating film thickness or corrosion. The electrochemical
behaviour of lubricants is changed by their acidity so various techniques
with immersed electrodes used for on-line condition monitoring of
lubricants.

Smiechowski and Lvovich [63] fabricated chrono-potentiometric
sensors based on iridium oxide film deposited on electrodes to
monitor lubricant acidity. Ion-selective electrodes (ISE) fabricated by
thick-film screen printing technology [64,65] and solid-state sensors
based on ion-sensitive field-effect transistor technology with a
cation-conducting polymer film [66] have also been used to detect
changes in oil acidity, exploiting the fact that the voltage between
electrodes has a negative correlation with acidity. In addition to tech-
niques based on electrochemistry, CO, pressure sensors have also been
explored to monitor lubricant TBN. This approach relies on the fact that
CO4 is produced through a chemical reaction between acid contami-
nants and CaCOs3 an alkaline additive sometimes used in oils. [67]. The
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consumption speed of additives in lubricants wase reflected by changes
in the partial pressure of COs.

5.3. Water and aeration content

Water contamination in oil is a major issue in lubrication systems. It
is typically caused by the condensation of water from ambient envi-
ronment, or the leakage of coolant. Water contamination leads to
increased wear debris formation and more severe oxidation of lubricants
[60].

Schuller et al. [68] proposed a method to measure the concentration
of water in an oil/water dispersion using a circular single-electrode
capacitance probe based on the change in frequency of an oscillator
due to the dielectric property of the lubricants. However, the dielectric
property of the lubricants can also be influenced by other factors
including wear debris, acidity, etc. [69], and this makes it difficult to
reliably measure water content in lubricants using this method in
complex systems.

Recently, sensors based on optical methods have been proposed to
monitor the water content in a fast and simple way. Optical fibres sensor
which use a sensing technique based on evanescent-field absorption
combined with dielectro-phoresis has been proposed to monitor the
water content in lubricants [70]. The approach has been found to be
applicable even for oil highly contaminated with soot. A monitoring
system based on visible-near-infrared spectroscopy technology which
was able to determine the water content quickly and accurately was
proposed [71].

In addition to contamination by water, air can also get into the
lubricant systems, especially in high-speed machines. This effect can
also lead to increased wear and oil oxidation. An image analysis method
[72] and X-ray adsorption [73] have both been proposed to monitor oil
aeration, but the stability and accessibility of these approaches still
needs further improvement.

5.4. Debris analysis

Wear debris in lubricants generally has a strong negative influence
on the tribological behaviour of moving contracts. The concentration of
wear debris, as well as the size and morphology of wear debris particles
can be used to evaluate the wear rates and the health of machine ele-
ments [41,74].

Various techniques have been proposed for the real-time monitoring
of wear debris. These can be divided according to their principle of
operation into acoustic, electrical, optical, and magnetically based
methods.

An ultrasonic pulse sensor with a flow recess structure was proposed
by Du and Zhe [75], which ensured all the wear debris (metallic and
non-metallic) could be counted and sized. Ultrasonic sensors with three
transducers were developed by Nemarich et al. [76], which were able to
distinguish between wear debris and air bubbles by comparing the re-
flected pulse echoes received by different transducers. Edmonds et al.
[77] found that the acoustic reflection coefficient for wear debris and air
bubbles are different, thus allowing them to be distinguished by the
polarity or the waveform of the echoes. Acoustic-based sensors can
successfully differentiate between wear debris and air bubbles, but the
type of material that solid wear debris is formed from is hard to
distinguish as solids tend to have similar acoustic reflection coefficients
[75].

Electrical-based sensors have also been proposed for wear debris
monitoring. A microfluidic sensor based on the capacitance Coulter
counting principle was proposed by Murali et al. [78]. It was found to be
able to distinguish wear debris with different sizes through the strength
of the pulse signal. However, it was not able to detect dielectric debris,
and water droplets were also found to generate a strong signal, which
suppressed the value of the sensor for wear debris detection in engi-
neering applications. Electrostatic sensors have also been developed
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based on detecting the positively charge characteristics of adhesive wear
debris [79-82].

Optically-based oil debris sensors can be mainly divided into pho-
toelectric sensors based on the light extinction / light scattering phe-
nomena, and imaging sensors. Light extinction sensors which employ a
uniform light source [44,83], and light scattering sensors which use a
laser light source [84] have been proved capable approaches for the
on-line monitoring of oil debris larger than 5 um. However, the results
are influenced by air bubbles, the transparency of oil, and the over-
lapping projections of wear debris outlines [85].

Imaging sensors can provide information that is hard to obtain from
other monitoring methods, but imaging is limited in practical applica-
tions because lubricating oil tends to turn increasingly opaque in service.
In addition, the mobility of wear debris is limited, and this can influence
the reliability of a debris image. Aiming to address these shortcomings,
studies have been carried out on an on-line visual ferrograph to obtain
images of wear debris precipitated by a magnetic field [44,86,87], but
the approach is still restricted by the overlapping of wear debris and
image quality. Magnetic-based oil debris sensors (Fig. 8) have attracted
attention for decades and magnetic chip detectors, which have been
widely used in industrial applications, can detect ferrous wear debris in
lubricant flows generating a pulse signal ostensibly for each particle
[88]. By using the differing responses of ferromagnetic, paramagnetic
and diamagnetic materials to external magnetic fields, the use of
inductive sensors has been extended to classify ferromagnetic debris and
non-ferromagnetic debris [89], and this approach has been improved by
utilizing a triple-coil structure [90].

Microfluidic devices based on the inductive Coulter counting prin-
ciple have also been investigated [91-93]. They have been found to have
high sensitivity, high throughput, and high capacity for the monitoring
of individual wear particles along with high accuracy in detecting the
particle size.
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5.5. Element concentration

Changes in the concentration of differing elements in lubricating oil
and wear debris can reflect the condition of lubricants and the wear of
components. Various spectroscopic strategies have been used to monitor
the condition of lubricants. Infrared (IR) spectrometry has been used to
provide information about lubricant “pollutants”, additives and oil
quality. However, there are limitations on the elements that can be
detected and the data processing can be time-consuming, limiting the
application of IR [94]. Infra-red Fourier transform spectroscopy (FTIR)
is more suitable for on-line monitoring because the data can be more
easily processed [94-96]. X-ray fluorescence (XRF) systems have also
been developed to detect quantitative information about the elemental
content of wear debris [97]. Although the elemental analysis techniques
are commonly applied in used oil analysis, real-time element monitoring
is still unusual in industrial applications due to the complex structure of
the equipment and the relatively high cost.

6. Coatings as sensors

The failure of components in mechanical systems leads to a reduction
in efficiency and economic loss for commercial organisations. For
example, it has been indicated that 6.8% of the downtime of machining
centres is caused by the failure of machining tools [98]. Monitoring the
damage and wear of components is essential for reducing the downtime
of the machines, and as a result, coating sensors have been developed to
directly monitor the real-time condition of the machine parts. They can
be sub-divided into contact and non-contact arrangements. In this sec-
tion, we also touch on the triboelectric nanogenerators as an emerging
area in in-situ sensing.

<+— Air/Oil/Debris

Mounted Sensor

Oil Outlet

Debris

Fig. 8. Vortex separator of a quantitative debris monitoring sensor (after [88]).
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6.1. Contact sensors

6.1.1. Wear measurement

Coating sensors, consisting of a thin film of Ni-Fe, were developed for
the magnetic recording industry in the 1980s addressing a high demand
to accurately monitor the very small amounts of wear in recording heads
[99]. The sensors consisted of thin metal films deposited onto
non-conductive substrates. The resistance of these films changed with
the wear of film, making it possible to evaluate wear by monitoring
changes of resistance. However, the monitored resistance could also be
influenced by changes of temperature. Consequently, materials with
lower temperature sensitivity, such as tungsten and molybdenum, could
be adopted to improve the accuracy of the wear sensors which use the
resistive technique, while materials such as zinc and aluminium, which
have higher temperature sensitivity, could be used to measure temper-
ature [99]. Various vacuum deposited coating sensors consisting of thin
films of aluminium, platinum, tantalum, aluminium oxide, tantalum
oxide, and borosilicate glass were fabricated by Kreider and Ruff in
1990s to monitor wear and temperature in bearing applications [100,
101]. The laminated sensors had one or more insulator / metallic layers
and were directly deposited on the surface of bearing. The sensors were
designed to have a similar wear behaviour to the bearing materials and
were deposited into a small area embedded into the bearing contour. It
was found that coating sensors could continuously monitor the wear
depth and surface temperature of sliding bearing. Challenges in adopt-
ing this approach more widely involve developing an adequate hard-
ness, toughness and low ductility for the conducting film, while the low
conductivity, hardness and strength are the key aspects for the insu-
lating film. High adhesion between the conducting films and the insu-
lating films is also needed to ensure the high performance of the
deposited coating sensors.

Wear sensing using a sacrificial organic layer was considered by
Sakka et al. [102]. The temperature underneath the organic layer during
friction tests was recorded, and the wear depth was found to correlate
with the temperature. The parameters for the most accurate correlation
between wear depth and temperature was optimized by numerical
simulation. It was found that the thermal gradient induced by the dif-
ference between the thermal conductivity of the epoxy sacrificial layer
(less than 0.4 W/mK) and the substrate (more than 4 W/mK) allowed
heat dissipation and produced a thermal regime enhancing effective
wear sensing.

6.1.2. Load measurement

When sensor coatings are deposited on the component surface, the
wear resistance of the sensor materials is an important factor in main-
taining a long service life for the sensor. Amorphous diamond-like car-
bon (DLC) has been used in high performance components in some
industrial equipment due to its the excellent lubrication and wear-
resistance capabilities. Biehl et al. [102] found that DLC films showed
a noticeable piezoresistive behaviour in addition to having excellent
tribological properties, making them suitable for direct load
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measurement on the friction surface of machine parts. In contrast to
traditional strain gauges as load sensors, thin film coating-based sensors
can be used in both static and dynamic load measurements.

Developments in the structure of thin film sensor systems has
generally involved the addition of further layers. Biehl et al. [103] have
investigated using a Cr layer deposited onto piezoresistive DLC with a
wear-resistant silicon doped DLC layer on top as protection (Fig. 9). The
layered sensor layer was deposited on a spindle shaft and had a mini-
mum resistance when the shaft lost the contact with the workpiece. This
arrangement made it suitable for monitoring both the applied load and
the effectiveness of the machining process [103]. In other study, the
function of the coating sensor system has been further developed by
adding a Cr element for temperature monitoring to a DLC layer for
measuring the load [104].

6.2. Non-contact sensors

Coating sensing technologies based on optical methods have been
developed to monitor wear in non-contact mode. One approach has been
to fabricate a double layer or multilayer coating with different optical
properties in each layer to determine the wear condition of those coat-
ings. Rasmussen et al. [105,106] fabricated a double layer coating on a
steel substrate with a TiAIN layer on the top of a TiN layer. It was found
that when the top layer TiAIN coating was worn out, the exposed TiN
coating could be easily identified by a simple optical imaging system.
This was achieved by measuring the optical appearance of TiN & TiAIN
coatings.

Muratore et al. [107] fabricated an MoS; coating with embedded
erbium-doped and samarium-doped yttria stabilized zirconia (YSZ) at
the interface between the MoS; coating and substrate for coating health
monitoring using the principle of luminescence. When the YSZ layer was
exposed, the YSZ sensor layer could be activated by laser light to provide
signals for wear monitoring. The mid-layer erbium-doped YSZ coating
and the interfacial samarium-doped YSZ coating exhibited different
signals so the wear depth could be directly obtained. The embedded YSZ
layer was also found to extend wear life in comparison to a single layer
of MoS; coating by more than 30 times due to the MoS; transfer layer
formed on the surface of YSZ layer. Fang et al. [108] fabricated an
Al/AIN multi-layered coating system with an erbium-doped AIN layer as
luminescence sensor [107]. Fang et al. [109] further investigated the
influence of substrate temperature on the photoluminescence properties
of the erbium-doped AIN film. It was found that with the substrate
temperature at 300 °C, the photoluminescence of the Er3 + was
enhanced.

Another commonly used approach in thin film sensor design is to
dope sensory materials which have specific optical properties into
coating. Salee et al. deposited an epoxy resin coating containing lumi-
nescent ZnS:Cu powder [108] and silica/CdSe/ZnS quantum dots [109]
in the amorphous carbon coating for wear monitoring. The retained
thickness of the amorphous coating could be estimated by the lumi-
nescent intensity. Wear estimates compared well with data measured
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Fig. 9. Schematic of the thin film sensor system deposited on a spindle using the PVD coating process (after [103]).
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with a profilometer [109]. He et al. [112] doped MAIl;O4: Eu2 +,
Dy3 +, M=Sr, Ba into composite coatings with different cop-
per-aluminium alloy matrixes as luminescent layer for coating health
monitoring. When the top sensory layer was worn out during wear, the
luminescence disappeared in the wear track region, but was still
observable in the unworn regions. The disappearance of the lumines-
cence indicated the damage to the deposited coating. The sensory layer
was also used as a mid-layer between the top functional layer and the
substrate. In this arrangement, the luminesce appeared when the top
functional coating was worn out. With both strategies, the luminescent
layer was found to successfully monitor the wear condition of the
coatings.

6.3. Triboelectric nanogenerators

Recently, the concept of the “self-powered” sensor has been proposed
(Fig. 10), providing a maintenance-free and sustainable operation which
has potential application in a wireless sensor network [110,111], as
robot system [112] or condition monitoring arrangement [113].
Triboelectric nanogenerators (TENGs) were first proposed by Wang in
2012 [114] as devices which can convert mechanical energy into elec-
tricity through electrostatic induction and the triboelectric effect [115,
116] thus forming a device potentially suitable to support “self--
powered” sensor systems. Li et al. [117] fabricated a ball-bearing
structure based TENG with Cu interdigital electrodes deposited on a
glass epoxy substrate. The output of the TENG sensor was attributed to
the rolling electrification between the bearing balls and interdigital
electrodes. Using the output signals, an arrangement for damage
detection of the PTFE balls was realized without demounting the
bearing. In addition, the rotational speed could be calculated using the
timing of the periodic output signals.

Using the concept of the TENG, a triboelectric rolling ball bearing
(TRBB) was developed by Han et al. [118], which exhibited
self-powering and self-sensing properties. The electrode was placed on
the surface of the outer ring of bearing to avoid the direct contact be-
tween the bearing balls and electrode. The service life of the TRBB was
significantly extended, and the changes in frequency and output current
with rotational speed made it possible to monitor the rotational speed.

In summary, it is apparent that coating sensors have been widely
used to monitor the condition of mechanical parts. The further devel-
opment of multi-functional coating sensors offers a significant potential
for the development of sensors which can be used more widely in in-
dustrial applications. The recent development of TENGs and their use in
conjunction with sensing has demonstrated that there is potential to
form relatively compact and autonomous sensor systems within ma-
chine elements. With the development of more powerful TENGs, the
possibly arises to communicate measurements from these sensors to

Tribology International 189 (2023) 108965

external control systems using wireless connections.

7. Discussion

The prediction of tribological failure in machine elements is typically
achieved by costly trial-and-error testing using model contacts. In an
attempt to understand tribological systems many analytical models have
been developed for wear and friction. However, they can only be used
with a limited degree of confidence in a narrow window of operating
conditions [119]. New approaches are needed to truly realise a vision
which leads to the increased reliability of machine elements and,
improved performance of critical assets.

Condition monitoring is currently one of the main applications for
sensors in machine components. Encoder bearings which measure
speed, number of rotations, etc., have long been available, but at least
one major rolling element bearing manufacturer now supplies a range of
bearings which use wireless communication technology to enable
bearing to measure and communicate their operating state [120]. This
system uses internally powered sensors and data acquisition to measure
rotating speed, operating temperature, vibration levels and bearing load
for condition analysis. A well-known polymer bearing manufacturer also
supplies a range of simple “sensorised” polymer bearings [121] in which
wear of a sensor layer in a polymer bearing is used to relay data which
can be displayed on a “traffic light” system to indicate the wear status of
both rotating and linear dry bearings.

A second area of application is in the control of many millions of
tribotronic devices already in common daily use. They have conven-
tional feedback systems, actuators and sensors, but they are not recog-
nised as “tribotronic”. They include familiar arrangements such as anti-
lock braking systems and active clutch management in automatic
transmissions widely used automotive applications as well as active
electromagnetic bearings which are common in vacuum systems.

Closed loop control as it is employed these latter systems above does
not require a detailed theoretical understanding of the system it man-
ages, in the same way that thermostatic control of a domestic home does
not require a detailed model of the thermal characteristics of a house in
order to manage the internal temperature effectively. The authors
anticipate that the first tribotronic systems will manage the operation of
machine elements in a similar fashion. Developments including
controlled thrust pad bearings [122], tilting pad journal bearings [12.3]
and seals [124] are already being developed in research projects with
the aim of improving various aspects of their performance. For example,
to control bearing stiffness to mitigate rotational instability and to
improve operational efficiency.

One of the main technical challenges in developing active tribolog-
ical components is to design suitable actuation mechanisms. There are
several types of actuators. Mechanical components can obviously be
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Fig. 10. The prototype of an integrated self-powered system by using a nanogenerator as an energy harvester (after [111]).
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adjusted using electro-mechanical/pneumatic/hydraulic arrangements
[125]. However, stimulating the properties of lubricants and additives
requires chemical and/or energetic stimulation which may be externally
initiated, for example by an electric/magnetic field [126] or more
conventional mechanically initiated [127] and the replenishment of
functional coatings requires on-board re-coating arrangements [128]. A
second challenge of tribotronic control is that in order to implement
effective feedback adjustment it is essential to have some kind of
knowledge of the time constant of the system. For example, changing the
contact pressure in an elastomeric lip seal does not result in an instan-
taneous change in its operating conditions as polymers are visco-elastic.
In many cases the response time of these components is of the order of a
few minutes. Similarly, other large systems such as bearings and their
lubrication supply also take a period of time to respond to actuated
changes due to the “thermal inertia” of the system. The challenges posed
by actuator design and system response are the subject of existing
research programmes and in cases where the progress of these studies
informs the solution of industrial challenges, investment in development
and practical implementation will follow.

The term ‘fourth Industrial Revolution’, introduced in 1988 [129], is
commonly referred to as Industry 4.0. It loosely involves the emergence
of connectivity of computing systems, the development of the internet
and the widespread use of sensors. Many think that this will rapidly
evolve to incorporate the use of artificial intelligence (AI)/machine
learning (ML), personalisation of goods, collaborative use of robots and
big data and there is a discussion about whether this evolution may
constitute yet another industrial revolution (which some refer to as In-
dustry 5.0). Irrespective of the nomenclature, all these technologies and
developments will inevitably arise with AI/ML, wireless communication
combining with sensors to boost industrial productivity and efficiency.
In particular, the Fourth Industrial Revolution fosters what has been
referred to as the "smart factory", a system involving people, machines
and resources communicating and collaborating in a social network of
sorts to allow optimal usage of resources. Industry 4.0 also involves
using automation systems in industry that will help to manage value and
supply chains and their connected processes.

Sensorised and / or active tribological components can be crucial in
Industry 4.0, as they could play a role in several key areas such as cyber
physical systems, electronic maintenance monitoring and diagnostics,
technologies for energy saving and manufacturing solutions. The most
direct connection between Industry 4.0 and tribology lies in the asso-
ciation between information and communication technologies, when
tribological data is transferred and shared between numerous devices
using the internet and wireless connections. This is where sensors play a
central role and there is a strong need for reliable and affordable on-line
sensors to provide real-time data related to the condition of both, ma-
chine components and lubricants. The existence of integrated industrial
automation systems helps to develop even more innovative features
through networking with stakeholders horizontally and vertically,
which helps to create connections between the cyber and physical
worlds.

Today, there is a high demand for extending the service life and
maintenance interval of machines while reducing the volume of lubri-
cants used to suppress the harm to environment. Collecting information
with multiple sensors to improve detection of lubricant degradation is
central to extending the lifecycle of effective lubricant use. However,
novel data processing solutions are also needed for the reliable
deployment of multiple sensor systems. Although on-line sensors for
monitoring oil degradation have been used in aircraft, automotive ap-
plications and other areas, the more general application of on-line
lubricant condition sensors is still at an early stage and far from wide-
spread. In the future, a higher demand is anticipated for low-cost min-
iaturised sensors which have enhanced reliability and capability to
promote their use for oil condition monitoring.

Engineers understand the limitations of wear models and recognise a
need for a shift from physical modelling-based approaches to
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establishing a new data-driven frameworks for tribology research and
management. Instead of feeding sensor data into analytical models,
future approaches will also employ machine learning algorithms to
establish the performance of tribological systems. Large data sets will be
generated from multiple sensors, and machine learning algorithms will
analyse this large pool of real-time tribological data to identify subtle
relationships between multi-sensor signals to define failure signatures
that can be used to define the footprint of the lifecycle of a tribological
system. This will provide a semantic insight and allow operators to
distinguish effectively between “normal-operation” and “pre-failure”
signals. A combined approach involving supervised machine learning
(for known tribological conditions) and unsupervised learning (for the
unknown tribological conditions) is likely. With extended use, these
machine learning models will have the potential to be fine-tuned, to
establish increasingly reliable recognition of the tribological process in
operation to recognise early catastrophic damage warning signs.

Machine-learning to analyse big data sets from multiple online sen-
sors, is of course already widely researched as a tool for establishing
digital signatures to indicate inherent failures. In some cases, these are
failures of tribological interfaces. Further use of sensors in tribological
components will support the shift in industrial tribological analytics. For
example, by transforming traditional ‘passive’ surfaces into ‘active’
devices to facilitate the availability of (digital) data on component
condition and duty.

Machine learning and sensor fusion is already finding application in
commercial settings for the monitoring of production equipment. One
example is the approach to Industry 4.0 adopted by a major machine
supplier [130] in which connectivity is deployed on client machines
operating in the field along with machine learning to gather data and
“learn” to identify machine status for fault finding/prediction.

The value of sensors and ML for condition monitoring applications is
obvious, but these technologies can also support predictive capability.
For example, evaluation of the remaining useful life of a bearing could
be based on an accurate historical record of its real duty allowing in-
dividual bearings to have estimated remaining life data available to
operators. Additionally, sensors and ML may be a critical element in
facilitating the incorporation of intelligence and actuators for autono-
mous feedback-based control of tribological components in Tribotronics
[131]. Such components have significant potential in applications where
machines operate in remote or inaccessible locations, such as offshore
wind turbines, or where they are used in safety critical applications such
as aircraft engines. The potential for application within the concept of
Industry 4.0 means that applications for tribotronic components are
likely to grow and sensors for tribological parameters will be a critical
part of this expansion.

8. Conclusions

This paper reflects on the state-of-the-art in sensors for tribology. The
purpose of this work was to summarise examples of methods for
measuring friction, wear and lubricant properties. As digitalisation is
increasingly affecting all technological sectors, it is important to take
stock of the measurement methods currently used. Tribology is begin-
ning to evolve towards Tribotronics by combining machine elements
and electronic components to create active systems and this offers the
potential for deep integration with a broader Industry 4.0 environment
by continuous monitoring and adjustment of tribosystems, resulting in
increased reliability, machine efficiency and lifetime.

Sensors will become more reliable, smaller and cheaper. As this
happens, they will become more ubiquitous and readily available for
engineers designing tribological systems. Sensor coatings in particular
are an exciting development, where sensing capability is embedded
within the surface, allowing for better integration within the tribological
interface.

This paper has reviewed some established sensing methods for
measuring friction, wear and lubricant properties. However, it is not
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intended to be an exhaustive review of sensor capability. It also does not
aim to address the measurement of all tribological parameters. For
example, important parameters such as the measurement of lubricating
film thickness/extent, lubricant leakage and tribofilm development are
not covered here (but are covered in other literature [127,132,133]).
The point of the paper is that field of sensing in tribology is evolving
quickly and new discoveries in surface science, materials, signal pro-
cessing, as well as the rapid development of increasingly sophisticated
approaches in additive manufacturing along with the capability of
TENGs, will allow the development of new approaches in tribological
monitoring and control. As the surfaces become part of a bigger con-
nected systems, they need to incorporate more sensing, active and
responsive capabilities. Therefore, tribological surfaces cannot be
designed and exploited in isolation from the context of connected
cyber-physical systems.

In order to stimulate progress and further scientific discoveries, we
propose the development of national and international thematic groups
and networks focusing on the subject of digital tribology and sensing.
This could take a form of a national special interest groups, dedicated
international conference sessions, journal special issues, and dedicated
online seminars. A good example of such initiative is the UK based
NetworkPlus in Digitalised Surface Manufacturing [134]. The network
has been funded by the UK Research Council and it brings together the
diverse expertise and capabilities in UK academia to enhance digital-
isation in surface manufacturing and to move the sector forward to meet
the Industry 4.0 challenges.
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