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Research in elastohydrodynamic lubrication (EHL) was, at its very beginning, essentially numerical, and even 
analytical. This area has, however, significantly evolved due to the necessity of validating the first models 
experimentally. Moreover, it soon became clear that the elastohydrodynamic (EHD) problem would be a topic of much 
more complex nature than the basic one involving perfectly smooth surfaces, Newtonian fluid, isothermal flow, etc. The 
experimental approach was the natural choice to make progress in offering the possibility of comparisons, first at the 
global level of the contact and, over time, at higher and higher spatial resolutions. The in situ analysis of 
elastohydrodynamic contacts was launched and everyone knows how much its contribution to the field has been and 
remains important. The present paper takes the task of reviewing the different in situ experimental techniques that 
have proven to be able to map the key-parameters in living EHD contacts. They are presented both in chronological 
order and according to the physical mechanism behind them, namely electrical, optical and acoustic methods. A last 
section presents some opportunities and recommendations for future works, with the aim to improve further our 
understanding of EHL.
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Introduction

Elastohydrodynamic lubrication (EHL) was dis-

covered through theoretical studies after the early

work of Ertel in 1945,1 and no quantitative experi-

mental approach existed by then. It was not until

1950s that the first electrical techniques started to

emerge. To date, different techniques have been devel-

oped and applied with more or less success. In paral-

lel, the arrival of powerful computing resources and

the development of specific numerical models have

made possible the calculation, at any location within

the film, of thickness, pressure, temperature and shear

stress in elastohydrodynamic (EHD) contacts. In this

context, it has been becoming necessary to compare

and to validate the models with experiment. The

agreement between the two approaches must be

sought not only on global parameters, like central

film thickness or friction, but also on the distribution

over the whole contact area of the physical character-

istics of the EHL regime as, for instance, film thick-

ness, pressure, and temperature. From this dual

methodology, it is possible to conduct a quantitative

physics-based research on EHD lubrication.

In situ techniques naturally appear as the most

interesting techniques to achieve this goal since they

allow the investigation of the EHL regime under real

conditions. However, their development is limited, or

in other words rendered difficult by the extreme phys-

ical conditions that occur within EHD contacts. Some

representative orders of magnitude are shown in

Table 1 and typical pressure and film thickness distri-

butions of an EHD contact are presented in Figure 1.

Indeed these methodologies must be not perturbative

to the phenomena under consideration to keep intact

all the mechanisms that can occur in EHL. Moreover,

considering the orders of magnitude reported in

Table 1, other complex challenges lay in the required
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P Vergne, Université de Lyon, INSA-Lyon, CNRS, LaMCoS, UMR5259,

F-69621, Villeurbanne, France.

Email: philippe.vergne@insa-lyon.fr

1

http://pij.sagepub.com/


spatial resolution and in the extremely thin thickness

of the material under investigation. Throughout the

paper, an historical overview on the existing know-

ledge and the application of these techniques will be

presented with more emphasis on recent developments

that not only aim to probe key parameters but also to

map them in EHD conjunctions. Generally speaking,

these techniques can be subdivided into three cate-

gories depending on the directly measured parameter

that is correlated to the sought characteristic in the

EHD contact: electrical, optical and acoustic methods

(as shown in Table 2). The content of the paper will

follow the same order as presented in Table 2 to

describe the in situ techniques and report their

major achievements. This article aims to be as repre-

sentative as possible of the field: due to the very large

number of the papers published over the last 60 years

it is, however, probably not fully exhaustive.

Electrical methods

Although optical methods are most widely used com-

pared to electrical methods, they were historically pre-

ceded by electrical ones.2 Electrical methods are

applied to measure film shape and thickness, pressure

and temperature. Different techniques have been

developed in this purpose, such as voltage discharge,

electrical resistance, and electrical capacitance.

Voltage discharge

Voltage discharge, alongside with electrical resistance,

were applied in the 1950s and 1960s to measure film

thickness in order to assess the validity of the avail-

able solutions of the EHD problem. The success was,

however, moderate because of some difficulties

encountered in the calibration processes prior to film

thickness measurements in a genuine EHL regime.

Several authors used voltage discharge technique in

EHL. Siripongse et al.3 studied, in 1958, the relation

between film thickness in line contact on one side and

the voltage/current characteristics on the other side.

MacConochie et al.4 investigated, in 1960, the effect of

load and oil viscosity on thickness variation of oil

films formed between straight spur gears’ teeth. Film

thickness variations were measured between 2.5 and

10.2mm, and were shown to be in the same order of

magnitude in comparison with theoretical results.

Using this technique Ibrahim et al.5 studied, in 1963,

the scuffing phenomena in gears.

In the previous works, calibration was the main

obstacle to obtain reliable measurements. The relation

between voltage discharge and film thickness was

found to be linear, independent of the oil, but unfor-

tunately very sensitive to surfaces’ roughness and con-

tact environment (presence of impurities for example).

Later in 1966, Dyson6 led a comparative study of film

thickness measured using voltage discharge technique

and the one obtained by an alternative method: elec-

trical capacitance. Dyson found, as stated in the pre-

vious works, that there was some relation between

discharge voltage and film thickness, but this relation-

ship was far from being linear, since it was dependent

on the slide/roll ratio and the temperature imposed or

generated within the contact. The author concluded

that this technique does not measure film thickness in

the simple ways suggested before his work.

Electrical resistance

Film thickness and rate of metallic contact

measurement. Measurement of film thickness is based

on the proportionality of electrical resistance with film

thickness between the rubbing surfaces. It was used in

the beginning of its application to validate EHL solu-

tions. It had been though a modest success. This is

due to the complexity of electrical resistance variation

within the contact, rendering difficult its calibration

Table 1. Typical orders of magnitude of the geometrical and

physical characteristics in EHL.

Parameter Order of magnitude

Film thickness < 0.5 mm

Contact zone diameter & 400 mm

Transit time of the lubricant

in the contact

10–5–10–3 s

Pressure 0.5–3GPa

Temperature rise Up to 100�C

Shear stress Some kPa to some MPa

Figure 1. Typical pressure and film thickness distributions in

an EHD contact: (a) pressure and film thickness 3D represen-

tations; (b) profiles along the contact central line (y¼0) in the

x-direction.
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with film thickness. However, when solid–solid con-

tact happen to increase the severity of the contact,

which may occur in many real engineering compo-

nents, electrical resistance has been used relatively

exclusively, due to its simplicity.7,8 Measurement of

film thickness is based on the proportionality of elec-

trical resistance with film thickness between the rub-

bing surfaces. When a metal-on-metal contact occurs

between surfaces’ asperities, this resistance tends nat-

urally to zero, whereas very high values are expected

when a lubricant completely separates the two sur-

faces. This ‘‘discontinuous’’ resistance variation can

be used as an indication of the degree of metallic

asperities’ interaction, and thus to establish the sever-

ity of a mixed lubrication regime.

The first work which applied electrical resistance

for the purpose of evaluating film thickness was the

investigation of Lane et al.,9 in 1952, on gear lubrica-

tion. Electrical resistance values ranged from infinity

to zero, and the authors expected that very small

resistances (few ohms) were indicative of metallic con-

tacts or of the presence of an extremely thin film of

molecular dimensions. They, however, seemed to be

cautious about determining absolute film thickness

through the variation of electrical resistance. Firstly,

because the conductivity of mineral oils varies quite

rapidly with temperature and is affected by moisture

and oxidation products present in some quantity in

the experiments. Secondly, very thin oil films do not

have necessarily the same electrical properties as bulk

oil. The authors cited in particular the work of

Needs,10 in which it was showed that thin films

begin to conduct at a thickness of 2.5 mm, and at

1.5 mm as well as a copper wire.

Furey11 in 1961, and then Tallian12 in 1964, were

the first to apply electrical resistance in the

quantification of the rate of metal-to-metal contacts

in the mixed regime. Furey developed a device to

study metallic contacts and friction between sliding

lubricated surfaces, in which a fixed metal ball was

loaded against a rotating cylinder. The values of

both the instantaneous and the average electrical

resistance between the two surfaces were measured.

The instantaneous resistance value was used, as in

Lane’s work, to detect the transition between metallic

contacts to full oil separation, and the average resist-

ance was used as a measure of the percentage of the

time that metallic contact occurs. Tallian et al.12

adapted Furey’s technique for a four-ball tester and

could observe the existence and interruptions of EHD

films through the variation of electrical resistance.

In 1983, Palacios et al.13 conducted experiments

with a four-ball tester to study the influence of surface

roughness on oil films formation and their evolution

during running-in. This influence was described by the

parameter h/�h, where h is the film thickness and �h is

the composite r.m.s. roughness determined by corre-

lating the out-of-contact roughness measured via a

stylus apparatus, and the frequency of metallic con-

tacts measured by the variation of electrical resist-

ance. The authors could show in particular that

rough surfaces make thinner films than smooth ones

(in which film thickness can be predicted by classical

EHD theory), but if the above-mentioned parameter

was larger than 2, roughness will have only a negli-

gible effect.

Temperature and pressure measurement. Electrical resist-

ance has been also applied to temperature and pres-

sure estimation along the contact. The technique

derives advantage from the electrical resistance sensi-

tivity of some materials to temperature or pressure

Table 2. Past and recent in situ techniques applied to study EHD contacts.

Category of techniques Technique Measured parameter

First application

in EHL

Electrical methods Voltage discharge Film thickness 1958

Electrical resistance Film thickness

Rate of metallic interaction

Temperature

Pressure

1952

Electrical capacitance Film thickness 1958

Optical methods X-rays Film thickness 1961

Optical interferometry Film thickness 1962

Infrared emission Temperature 1974

Infrared spectroscopy Temperature 1975

Raman spectroscopy Pressure

Temperature

Film thickness

1983

Fluorescence Film thickness

Lubricant flow

1974

Acoustic methods Ultrasonic reflection Film thickness 2003
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variations. A transducer, manufactured with appro-

priate materials, is deposited on one of the rubbing

surfaces and in this way, after some suitable calibra-

tions, one can measure temperature or pressure by

monitoring the variation of its electrical resistance

when it passes in the contact.

A pressure transducer is usually made of manganin

(an alloy of Cu–Mn–Ni), and a temperature trans-

ducer is, in turn, made of titanium or platinum.

These choices are due to the high sensitivity of man-

ganin to pressure while being weakly sensitive to tem-

perature, and to the high sensitivity of titanium or

platinum to temperature while being weakly sensitive

to pressure. The sensitivity to one parameter rather

than both allows, in principle, for an accurate meas-

urement of the variable of interest, by eliminating the

error induced by the influence of the other one.

These thin-layer sensors are generally deposited

using vacuum techniques, and they typically consist

of three layers: (i) an isolating layer, which is directly

deposited on the mating surface, (ii) a suitably shaped

layer of a metal transducer, and (iii) a protective insu-

lating layer made of aluminum oxide (Al2O3) or sili-

con oxide (SiO). Figure 2(a) to (d) shows a schematic

of a thin-layer sensor deposited on one of the mating

surfaces, its two common shapes (symmetric and

asymmetric), and a cross section of it in which the

different layers can be distinguished. The thin-layer

sensor contraction is actually the active zone, and

the two wide parts are nothing else than electrical

leads.

Kannel et al.14 reported for the first time in 1964 on

the use of electrical manganin transducers for measur-

ing pressure profiles in EHD contacts. They found

that their measurements were reasonably reproducible

and consistent.

Next year, Cheng and Orcutt15,16 used separately a

manganin resistance gauge and a platinum resistance

gauge to measure pressure and temperature, respect-

ively, within lubricated cylindrical disks under rolling

and rolling-sliding conditions. The spatial resolution

was quite low and consequently, the sharp pressure

peak predicted by the theory at the contact outlet was

not observed. The resolution was, nevertheless, suffi-

cient to give some hint on its existence from the dis-

continuity in the pressure slope in that region. Under

rolling-sliding conditions, results were compared with

the most accurate EHD model available that included

thermal effects, and some improved analysis of the

inlet region and lubricant rheological model were sug-

gested based on these comparisons.

In 1971, Hamilton and Moore17 used an evapo-

rated manganin gauge to measure EHD pressure.

The active region was of the order of 0.5mm long �

0.04mm wide, and this allowed them to confirm the

theoretical existence of a pressure spike near to the

outlet. The peak was found in the correct position,

but it was attenuated to some extent (Figure 3).

Later in 1982, Safa et al.18 developed thin-film man-

ganin pressure transducers, sufficiently small (with an

active region of 1 mm width) to allow the resolution of

the pressure spike. In addition, they used the pressure

transducer in combination with a temperature titan-

ium transducer, developed by Kannel and Dow19 in

1980, to correct pressure influence on temperature

measurements. This transducer consisted of a titan-

ium thin-film temperature sensor deposited on top

of a manganin thin-film pressure sensor. Indeed,

thin film titanium (unlike bulk titanium) was found

to have a pressure sensitivity sufficiently large to

induce error in temperature reading. Clearly, this

means that titanium thin-film pressure coefficient

has to be preliminarily calibrated, so that the part of

the change in resistance due to temperature rise could

be determined with an acceptable confidence.

These were some pioneering examples of works on

the application of electrical resistance to the tempera-

ture and pressure mapping in EHL. The transducers,

or in certain cases microtransducers, began to become

widely employed in the 1980s. Later on in the 1990s

Figure 2. Design of a thin-layer sensor: (a) sensor in the two-disk system; (b) symmetric transducer; (c) asymmetric transducer;

(d) cross section of the sensor. Published by ASME, Figure 2 from Wilczek.23

4

http://pij.sagepub.com/


they became almost routinely used, thanks to modern

electronics and possibilities of miniaturization.7

In 2006, Höhn et al.20 studied the influence of sur-

face roughness on pressure distribution occurring in a

twin-disk test rig. For this purpose, the authors inves-

tigated different surfaces on top of which they depos-

ited, using a sputtering device, a thin film sensor made

of manganin. The authors could, for instance, meas-

ure pressure profiles on polished surfaces. In order to

prevent any damage of the sensors, the study was

restricted to pure rolling conditions and to film min-

imal thickness ranging between 2.5 and 3.5 mm, which

is not really representative of the encountered film

thicknesses in EHL.

In another experimental investigation conducted

by the same group, Miyata et al.21 measured for the

first time temperature rise in elliptical contacts under

high rolling speed and slight sliding conditions, such

as those found in toroidal CVT. Temperature rise

measurements were performed by means of a thin-

film sensor made of platinum deposited over an

Al2O3 insulating layer and applied to the disk steel

surface (see Figure 4(a)). The platinum is, even in

minute amount, sensitive to pressure. The sensor

was thus calibrated both in temperature and pressure.

Temperature calibration was performed in a con-

trolled-temperature oil bath, whereas pressure calibra-

tion was carried out in the same twin-disk test rig, but

under slow entrainment speed and zero-slip condition

(guaranteeing in this way that no significant tempera-

ture rise would occur). An example of results is shown

in Figure 4(b) in which temperature rise profile is

plotted for different values of slip. Considering all

the influencing factors, the authors assigned an overall

relative error of 8% to temperature rise

measurements.

As it can be noticed from the two last studies, the

spatial resolution was limited by the dimensions of the

active part of the microtransducers. Their width

ranged between 5 and 35 mm, and their length between

0.25 and 1.5mm. Temperature or pressure were thus

averaged over these dimensions. This is well adapted

for linear or elliptical contacts (with the major axis

oriented perpendicular to the entrainment speed)

where profiles along the central axis can be obtained.

However in point contacts were the diameter of the

contact is �400 mm, the resolution is no more satisfac-

tory and thus mapping temperature or pressure is no

longer possible.

Application of electrical resistance to measure tem-

perature and pressure in EHL contact has been quite

extensively developed since 1960. However, this

Figure 3. Comparison between theoretical and experimental

pressure distribution. Reproduced with permission of the Royal

Society from Hamilton and Moore.17

Figure 4. (a) Platinum temperature sensor; (b) Temperature rise along the center line in rolling-sliding-spinning conditions.

Reproduced with permission of Elsevier from Miyata et al.21
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technique presents some disadvantages or limitations,

especially those discussed in the paper of Marginson

et al.22 The authors introduced a new strain-related

model (that they could verify experimentally) of the

response of the transducers within the contact due to

the rise of temperature. This model had, according to

the authors, some profound implications on the

results obtained from this type of transducers. The

most important are the followings:

– Stress/strain regime encountered in an EHD con-

tact can have some influence on the response of the

gauge and this implies that calibrations must be

conducted in the same stress/strain regime to get

reliable results.

– Small variation of the mechanical properties

during gauge fabrication, relatively to those of

the bulk material, can have an important effect

upon the sensor response. This is actually the

case since the thin-film gauge do not have the

same properties as the bulk material and, more-

over, these properties depend upon manufacturing

processes.

– A significant proportion of temperature rise read-

ing can arise from the strain encountered by ther-

mal expansion of the insulating layer within the

contact, while temperature calibration gives

simply and only the intrinsic temperature coeffi-

cient of the electrical resistance of the transducer.

Additional difficulties exist, some of which were men-

tioned in the presentation of previous works:

– The zero sensitivity of titanium or platinum to

pressure is not anymore valid.

– The purity of the lubricant is a common default of

electrical methods since the passage of the electrical

current through the lubricant is greatly influenced

by the presence, nature and size of impurities.

– Transducer thickness has to be extremely low

(between 0.03 and 0.15mm) in order to reduce its

influence of the lubricant flow within the contact.

Since this effect cannot be completely eliminated,

the technique is to some extent intrusive regarding

the typical EHL film thickness range.

– Lifetime of deposited transducers is a major issue

because of the severity of the operating conditions

in EHD contacts. The presence of sliding between

the rubbing surfaces makes the situation worse

and, whenever this happens, lifetime is consider-

ably reduced. This signifies that the technique is

limited to pure rolling or, at best, to only relatively

small sliding conditions.

Recently, in 2011 and 2012, Wilczek23,24 conducted

theoretical and experimental studies on the influence

of some additional parameters on the accuracy of

pressure measurement in EHD line contacts using

electrical resistance. Herein, two interesting implica-

tions and/or recommendation are mentioned:

– Thin-layer sensor design, and its shape in particu-

lar, can have a significant influence on the accur-

acy of the measurements. For example, an

asymmetric transducer affects much more signifi-

cantly the measurement accuracy than symmetric

ones, and the latter were proved to be optimal.

– Measurement accuracy can be improved by redu-

cing the resistance and capacitance of the sensor,

and increasing its pressure coefficient of resistance.

It could be noted from the description of different

works on the technique that its main advantage is

its applicability to contacts formed between two

metallic bodies. This allows, in particular, for the

investigation of temperature and pressure conditions

experienced in real machine components. As we will

discuss it later, this is not a common feature between

the different in situ experimental methods used in

EHL. Optical methods, namely, require one of the

surfaces to be transparent to the employed radiations.

Electrical capacitance

Electrical capacitance technique was developed in the

end of the 1950s, and it became widely used in the

study of EHL. It confirmed, alongside with optical

interferometry, EHD theory predictions with respect

to the film thickness shape, and its dependence upon

operating conditions and lubricant rheology.7 This

technique is based on the measurement of the elec-

trical capacitance between the rubbing surfaces, con-

sidering each one of them as a part of an electrical

capacitor (Figure 5(left)). As the capacitance is dir-

ectly related to the distance between surfaces, this

technique can be applied to measure film thickness.

For calibration purposes, parallel-plate capacitor

approximation can be used2

C ¼ "0"r

A

h
ð1Þ

where C is the capacitance for two parallel conducting

metallic plates of area, A, separated by a material with

dielectric constant, "r, of a thickness, h, and "0 is the

dielectric constant of vacuum. This formula has two

important implications:

– The less is film thickness, the more important will

be the detected electrical capacitance, and this

makes electrical capacitance suitable for studying

thin films.2

– The accuracy of electrical capacitance method

rests upon the knowledge of the dielectric proper-

ties of the lubricant and its variation with tempera-

ture, pressure and other influencing factors.
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In order to gain in resolution, a microtransducer can

be deposited on one of the surfaces. In this case, the

electrical capacitance variation between the micro-

transducer and the other surface is monitored while

the former (noted Cx in Figure 5(right)) passes across

the contact.

Electrical capacitance technique was initially devel-

oped by Crook25 in 1958, who evaluated EHD film

thickness in the contact between two parallel lubri-

cated disks. The motivation behind this new method

was the fact that the only technique available by then,

i.e. voltage discharge, suffered from an important

weakness: it attributed to the oil film under a genuine

contact the electrical behavior observed in a static

calibration experiment where greatly different phys-

ical conditions can be experienced. Electrical capaci-

tance method does not suffer, to the same extent, from

this weakness since it relies only upon dielectric con-

stant of the oil, which is essentially a function of pres-

sure and temperature within the contact. Prior to film

thickness measurements using electrical capacitance,

Crook made use of unloaded contacts between the

disks and stationary pads to perform his calibration.

This choice was made in order to avoid additional

errors induced when the true shape of the contacting

surfaces was not used during the calibration.

In 1961, Crook26 developed his own technique and

used microtransducers to measure film thickness. This

improved, as mentioned above, the resolving power of

the measurements. The contact under investigation

was formed between two disks, one of which was of

glass and carried the evaporated chromium electrode,

and the other was made of hardened steel. A typical

result can be seen in Figure 6, in which the potential

(proportional to "/h) is found to vary as a function of

the time and thus represents film thickness across the

contact. The parallel section in the middle, in which

film thickness is about 1 mm, and the existence of a

constriction, in which film thickness falls by approxi-

mately 10%, could confirm quantitatively the theor-

etical features predicted by Dowson and Higginson27

and Archard et al.28

Dyson and Wilson29 pursued the validity assess-

ment of EHL theory predictions, especially those of

Dowson and Higginson.27 They compared the predic-

tions with measurements obtained with a twin-disk

machine lubricated with a wide variety of lubricants,

and close agreement was found over the range 0.03–

1 mm for most of the tested fluids.

Hamilton and Moore30 designed, in 1974, a very

small flat capacitive gauge (of 1.25mm in diameter)

adapted to the conditions of a working engine in

order to evaluate film thickness between a piston

ring and the cylinder. The authors could observe

film thicknesses in the range 0.4–2.5 mm under differ-

ent conditions of speed, load, and temperature.

In the years following these first developments,

electrical capacitance technique has been employed

in various applications. For instance, Wilson31 carried

Figure 5. Application of electrical capacitance method to measure the mean film thickness (left) or the film thickness profile (right).

Figure 6. Oscilloscope trace (representing the inverse of film

thickness) as a function of time. Reproduced with permission of

Macmillan Publishers Ltd from Crook.26
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out, in 1979, a comprehensive study on grease film

formation between the rollers and the rings of rolling

element bearings. Thinning of grease films was

observed, and attributed to partial starvation.

Another application was conducted by Sherrington

and Smith32 in 1985 on a low-pressure system. The

authors performed film thickness measurements

between a piston ring and the cylinder, and they

designed accordingly a capacitive transducer which

could generate a signal proportional to the gap separ-

ating the two bodies.

More recently, Chua et al.33 measured dynamic

thickness of organic films between sliding metallic sur-

faces. The experimental setup was a ball-on-disk trib-

ometer. Film thickness was measured using the

parallel-plate capacitor formula, in which the real

contact area of the contact was taken into account.

This latter area is proportional to the load and the

apparent surface area for a given constant surface

roughness. The authors discussed the factors that

could affect the measurement accuracy through their

influence on the dielectric constant of the film, mainly:

– The presence of water in the contact.

– The change in the molecular structure of the

boundary film, especially during sliding, by

means of tribochemical reactions.

– The adsorption onto the surface of species of a

different chemical nature from the bulk fluid,

such as additives.

– The polarization of the boundary film due to cap-

acitance generation between the metallic surfaces.

The correct evaluation of the real contact area is also

crucial, and the assumption of this area being inde-

pendent of sliding, as it was made by the authors, is

not valid under excessive wear and could generate

erroneous film thickness estimations. This was not a

concern in that study since the oil film was relatively

thick, in such case significant wear is not likely to

occur.

In 2012, Jablonka et al.2 used a new approach to

extract thin film thickness from the measurement of

electrical capacitance. They first applied this approach

simultaneously with optical interferometry technique

using a steel ball loaded on a chromium-coated glass

disk. Subsequently, a steel-on-steel contact was stu-

died where optical interferometry is no longer applic-

able. In this approach, the measured capacitance, Ctot,

was regarded as the sum of the capacitance of the

Hertzian contact, Ccontact, that of the region outside

the contact, Cout, and finally a background capaci-

tance as shown in Figure 7(a). The background cap-

acitance was evaluated by measuring the capacitance

of the system without the ball connected and was

found to be negligible. The outside of the contact cap-

acitance was calculated after dividing it into two

regions: the flooded and the cavitated regions

(Figure 7(a)). The capacities in both regions depend

on the profile of the deformed surfaces outside the

contact and also on film thickness within the contact.

The former was estimated based on Hertz’s theory,

and the latter was either measured by optical interfer-

ometry or calculated by Hamrock–Dowson equation

(depending on the disk being used). The contact cap-

acitance was next evaluated by simply subtracting the

outside capacitance from the total measured capaci-

tance, and it was finally converted into film thickness

by assuming a parallel-plate geometry approximation.

Using this procedure the authors found, for the inves-

tigated lubricants, film thicknesses in good agreement

with the ones measured by optical interferometry or

predicted by Hamrock–Dowson formula in the range

between 15 and 200 nm (see Figure 7(b)).

Jablonka et al.34 completed their work using the

same approach to study the influence of the lubri-

cant’s polarity on the accuracy of capacitance meas-

urements, and this by using liquids of different

Figure 7. Capacitance measurement: (a) schematic indicating the Hertzian contact area, the outside of contact region, and the

assumed spatial distribution of oil around; (b) example of agreement between theoretical and experimental film thickness measure-

ments (using a chromium-coated glass disc). Reproduced with permission of IOP Publishing from Jablonka et al.2
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polarities. For polar liquids, the film thickness derived

from electrical capacitance deviated from the one

measured optically. The authors suggested a three-

layer model taking into account the formation of a

‘‘dead-layer’’ by adsorption of the polar liquid mol-

ecules on the contacting surfaces. This layer leads to a

lower polarizability of the lubricant within the contact

and thus smaller effective dielectric constant which

decreases, in turn, the measured capacitance and

results in an overestimated film thickness. This study

showed, inter alia, that it is possible to get a more

complete picture of the behavior of the lubricant in

thin films by combining electrical and optical

methods.

In short, as it can be noted from the description of

the different papers on film thickness measurement

using electrical capacitance, two main trends are still

persisting. The first one consists in measuring the elec-

trical capacitance between the surfaces in contact, and

the other in measuring it between an electrode, depos-

ited on one of the surfaces, and its counterface.

Although the first trend suffers from a lower spatial

resolution, it has the advantage of not being as vul-

nerable with regard to the severity of the contact as

the second one.

Optical methods

In the following, optical methods must be considered

in a broad sense, thus covering a significant part of the

electromagnetic spectrum, i.e. from X-rays to infrared

and, in between, visible radiations. When necessary,

and especially for specific techniques that are not in

routine use in lubrication, a brief description of the

underlying physical phenomena will be provided.

X-ray transmission

X-ray transmission technique has been used a few

times in the 1960s for film thickness measurement. It

consists basically in measuring the amount of X-ray

beam that passes through the lubricant within the

contact when the latter is irradiated with collimated

X-rays, provided that metallic bodies absorb largely

such radiations whilst oils are essentially transparent

to them.

This method was initially developed by Sibley and

Orcutt35 in 1961 to measure the thickness and shape

of oil films formed between the surfaces of hardened

steel rollers under rolling, or rolling and sliding con-

ditions. To do so, a square, monochromatic beam of

X-rays was directed at the contact parallel to the axes

of rotation of the rollers, and then detected by a radi-

ation counter at the rear of the rollers. Film thickness

was obtained after calibrating disks centers’ separ-

ation (measured with a dial indicator) with X-ray

counts. Film thicknesses ranging between 0.1 and

1 mm were measured. Given the diameter of the

X-ray beam, and the mechanical precision of the

test-rig, film thickness profiles were obtained with

a spatial resolution of 0.8mm, and with an estimated

accuracy of about 60 nm.

In 1965, Kannel et al.14 used film thickness and

disks deformation, measured via X-ray transmission

technique, to infer pressure distributions in the con-

tact formed between two rolling steel disks.

Essentially the same technique was used as in

Sibley’s work35 with some technical improvements.

First, in order to improve by an order of magnitude

the spatial resolution, the radiation passed through a

76.2mm wide vertical slit before illuminating the con-

tact. Second, X-ray count rate was calibrated by com-

paring the known profile of the disks in an unloaded

static condition with the profile recorded by the trans-

mitted X-ray radiation.

This method could never impose itself, and this is

maybe because other techniques, much more simple,

less expensive, and more powerful and accurate

became able to measure film thickness, such as elec-

trical capacitance, as described above, or optical inter-

ferometry, as we will discuss in next section.

Optical interferometry

Optical interferometry is undoubtedly the most

powerful technique for in situ film thickness measure-

ment, and even in EHL experimental research more

generally. The major and almost unique constraint/

drawback lies in the use of a transparent material

which presents a perfectly smooth surface. Optical

interferometry was initially developed by Kirk36 in

1962, but the subsequent 30 or 40 years have wit-

nessed the succession of many developments, which

permitted the gain in resolution, measurement range

and accuracy.

Conventional optical interferometry. When a lubricated

contact, formed between a transparent disk (glass or

sapphire) and a steel ball, is shone by a monochro-

matic light, the latter splits essentially into two beams

of approximately equal intensities. One reflects at the

glass–oil interface, and the other at the ball surface.

These different optical paths results in interference of

the two beams. Depending on the optical path differ-

ence (OPD) in a given point, which itself depends

upon the separation between the ball and the disk at

that point, this interference will be either completely

or partially constructive or destructive. If the two

beams after reflection are in phase, or equivalently

the OPD is a multiple of light wavelength, this inter-

ference will be constructive, and destructive in the

opposite case. However, the separation between the

ball and the disk varies as a function of the two

bodies’ respective initial geometries and their

deformation due to the different stresses within the

contact. This leads to the formation of the so-called

interference fringes with all their possible patterns as

shown in Figure 8(a) and (b). These patterns can be
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regarded as a contour map of film thickness, in which

each iso-line represents a constant film thickness

whose value can be determined by using appropriate

formulas or after some calibrations.

In fact, if the illumination is monochromatic, as

illustrated above, different formulas can be used,

such as two-beam or multiple-beam interference equa-

tions. Conversely, if a chromatic beam is used, much

more complicated physical and optical phenomena

occur, which can be roughly regarded as some kind

of combination of interference processes of each

wavelength, and no simple mathematical formula

exists to describe it quantitatively. Naturally, the

interference pattern, or the interferogram, will be col-

orful and film thickness determination will require

some preliminary calibrations (under static condition

for example). Chromatic illumination offers, however,

a higher resolution in film thickness measurements.

Duochromatic illumination has been an alternative

in order to obtain images with a better contrast and a

measurement resolution comparable to that obtained

with chromatic illumination.37,38 Moreover, it pro-

vides an extended measuring range compared to chro-

matic interferometry and, for this reason, has been

used to study the mechanisms responsible for the

occurrence of dimples39,40 in EHL. Table 3 compares

the performances of conventional interferometry

obtained when the different possible illuminations

are used.

Optical interferometry was primarily developed in

EHL to validate theory. Figure 9 shows one of the

first comparisons between theoretical predictions and

experimental results obtained by Cameron and

Gohar41 in 1966, using monochromatic light in con-

tacts formed between a steel ball loaded against a

fixed glass plate. In 1968, Foord et al.42 improved

the method in terms of fringes contrast. Actually

transparent materials used for the disks (such as

glass) have a refractive index approaching that of

the lubricant. This leads to a relatively low light

reflection at the interface between the disk and the

oil and, consequently, poor image contrast. In order

to solve this problem, the authors introduced the use

of semi-reflecting, 100 Å thick, chromium coating of

Figure 8. Interference fringes using monochromatic illumination under (a) static conditions, and (b) dynamic conditions, from Foord

et al.37 Reproduced with the permission of the Institution of Mechanical Engineers and SAGE Publications Ltd.

Table 3. Comparison between the different modes of

illumination for conventional interferometry.

Technique

Minimum

thickness

Maximum

thickness

Measurement

resolution

Monochromatic & 50 nm Several mm & 100 nm

Duochromatic & 50 nm Several mm & 40 nm

Chromatic & 80 nm 1 mm & 40 nm

Figure 9. One of the first comparisons between theoretical

predictions and experimental results from optical interferom-

etry. Reproduced with permission of the Royal Society from

Cameron and Gohar.41
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high refractive index on the transparent disk surface

in contact with the lubricant. Various improvements

were proposed afterwards making possible to achieve

extremely high levels of both sensitivity and resolution

(spatial and temporal). This is certainly for these rea-

sons that the interferometric methods are more than

ever used today in EHL, and are still being developed

further. The next sections give an overview of these

evolutions.

Spacer layer. Despite the improvement offered by the

employment of the semi-reflecting coating, film thick-

ness measurement using conventional optical interfer-

ometry, both with monochromatic or chromatic

illumination, suffered from some other limitations.

These limitations rendered the measurements inaccur-

ate to study very thin and/or relatively thick films, and

the sensitivity became no more satisfactory.

The first limitation was imposed by interference

rules, namely the necessity of having an OPD at

least equal to half the wavelength of light, for such

an interference to occur. Film thickness measurement

is then limited to 50 nm at best (see Table 3). The

second limitation is related to the color contrast

decrease with increasing interference order, because

of the fast decrease of reflected light intensity away

from the center of the contact, and because the EHD

contact forms an optical system that is not so perfect;

beyond the sixth-eighth order, pastel shades prevail

and colors become no more discernible. This pre-

vented the mapping of wide-range film thickness vari-

ations. The third limitation is due to the fact that

colors were identified by eyes and then compared to

Newton’s color scale for example, and eyes capabil-

ities to distinguish colors limit film thickness measure-

ment resolution to about 20 nm, in the best cases.

The first of these limitations was overcome after

the work of Westlatke and Cameron43 in 1967–1968,

who proposed the deposition on top of the semi-

reflective chromium coating of the so-called ‘‘spacer-

layer’’, a thin transparent silica layer. Thanks to its

refractive index very close to that of the oil, it permits

the formation of interference fringes even in the

absence of a lubricant oil. By subtracting the known

thickness of the spacer layer from the total measured

thickness (of the lubricant and the spacer layer thick-

ness altogether), one can shift the lower limit of con-

ventional optical interferometry down to very small

values (10 nm typically).

Further developments permitted to shift even more

this lower limit, and also to overcome the other two

limitations. These developments became possible

thanks to the large growth of technological capacity

to store information and the availability of fast image

capture equipment and image analysis methods. They

permitted the emergence of three competing tech-

niques (i) ultra-thin film interferometry (UTI), (ii)

techniques based on image analysis and (iii) tech-

niques based on fringes count.

Ultra-thin film interferometry. The principle was firstly

developed by Israelachvili44 in 1973 for its application

in surface force apparatus (SFA). It is based on multi-

ple-beam interferometry in which fringes of equal

chromatic order (FECO) are analyzed. The author

used a spectrometer for a more precise and objective

analysis of the interferograms, rather than by simple

eyes identification. These interferograms were

obtained by transmission through thin films trapped

between two transparent deformable sheets, and then

read on a spectrogram. Using this system and a dedi-

cated optical model, the author was capable to study

thicknesses ranging between zero and few hundreds of

angstroms, with a thickness resolution of 1 Å, and

also to measure the refractive index of the fluid

under investigation.

Whilst Israelachvili had developed this technique

for SFA, Spikes et al.45 extended and later applied it

to film thickness measurements in the ball-on-disk

test-rig configuration. They used the UTI term for

the combination of a spacer layer with spectrometric

analysis of the reflected light from a single location in

the contact. This technique has been, and is still being

used, in very different applications such as, for

instance, the study of base oils46 or polymer solu-

tions47 at high confinement. More recently, the UTI

method was further refined48 to allow film thickness

measurements down to 0.3 nm, with a standard devi-

ation of 0.15 nm. The detailed description of these

works would be beyond the scope of this survey on

in situ techniques in EHL; interested readers can refer

to reviews on the subject, such as the one from

Spikes.7

Image analysis. The alternative technique, based on

image analysis techniques, was first developed by

Gustafsson49 in 1994. The availability of high reso-

lution 3CCD detectors, low-cost frame grabbers,

and image analysis softwares enabled (i) the problem

of biased and insufficiently sensitive eyes reading to be

overcome, and (ii) considerably more information

(than naked eyes) about film thickness to be achieved

in an automated way. This technique has the add-

itional advantage of being much easier for full film

thickness mapping than UTI which is generally

applied to measure film thickness at individual loca-

tions. In this approach, colored interferograms are

digitalized, and each pixel intensity and color infor-

mation are converted into film thickness value at the

corresponding point, via some calibrations obtained

with known geometric shapes in static or steady-state

conditions.

Gustafsson et al.49 showed that this image process-

ing method could be applied for ranges of film thick-

ness between 90 and 700 nm. This approach was later

applied in conjunction with spacer layers to measure

film thicknesses down to 10 nm by Cann et al.,50 who

called this technique spacer layer imaging method

(SLIM). A similar methodology was proposed by
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Hartl et al.51 called differential colorimetric interfer-

ometry (DCI), but based on a different calibration

procedure and a different color space representation.

They directly used the RGB signals (Red Green Blue)

delivered by the camera against (Hue Saturation

Intensity, or Lab) color transformation in previous

works. Film thicknesses were measured between 5

and 800 nm, with a resolution of about 1 nm, and a

spatial resolution close to 1 mm.

The works based on the advanced interferometric

techniques described above proved the existence and

validity of the EHL regime down to very low film

thicknesses, of the order of a few tens of molecular

dimension,45,48,51 under very specific operating condi-

tions: perfectly smooth surfaces, pure lubricants, inert

relatively to the other used materials. They turned out

also appropriate to establish the conditions under

which the behavior of the lubricant was not predicted

anymore by the classical EHD models. For instance,

based on these methodologies, Dalmaz et al.52 have

improved and extended some EHD minimum film

thickness expressions, a crucial point for estimating

the actual lubrication regime.

Methods based on fringes count. The third technique,

based on fringes count, was initially presented by

Luo et al.53 in 1996, and further refined by Guo and

Wong.54 Luo proposed an alternative approach,

called relative optical interference intensity (ROII),

to measure film thicknesses less than a quarter wave-

length without requiring a spacer layer. In this

approach, intensity variation of the reflected mono-

chromatic beam is used, and the author reported a

spatial resolution of 0.5 � 1.5mm2, a film thickness

measurement resolution of 0.5 nm, and a minimal

detectable film thickness of less than 1 nm.

In Luo’s approach, two-beam interference approxi-

mation was used. In 2002, Guo and Wong54 improved

the accuracy of this technique by carrying out a the-

oretical analysis taking into account the occurrence of

multiple reflections within the film in addition to the

absorptive nature of the metallic bounding surfaces

(see Figure 10).

Infrared techniques

Generally speaking, Infrared (IR) radiation is used to

investigate in situ physical and chemical phenomena

thanks to the rich information that it contains.

Through a careful analysis of the IR radiation ema-

nating from the system under investigation or inter-

acting with it, physical parameters (such as film

thickness, temperature and pressure) can be mea-

sured, and chemical data (such as the actual chemical

composition, chemical bonding of molecules, molecu-

lar orientation and alignment, and the tribochemical

reactions) can be deduced.

IR spectroscopy or IR thermography? IR radiations can be

studied both spectroscopically (IR absorption or

emission spectroscopy), or simply by counting the

total number of photons emitted from the material

(IR thermography). Clearly, spectroscopic methods

yield much more information than thermography.

Each spectrum reflects indeed all the vibrational

energy states within the material under investigation

and their sensitivity to chemical or physical condi-

tions, and they can thus be used to quantify or qualify

these chemical bonds and the different parameters

that have some of influence on them. Thermography

can be used on the other hand, to measure the total IR

emission which represents the total amount of vibra-

tional energy in the material, or equivalently its

temperature.

Both kinds of analysis have been used to

investigate EHD contacts. However, even though IR

spectroscopy provides physical information such as

temperature, pressure and film thickness, it had

less success than optical interferometry, Raman

spectroscopy, and IR thermography. Indeed, it is a

much complex technique with a limited spatial

resolution.

Figure 10. Model taking into account the multiple reflections and the absorptive nature of the bounding surfaces, from Guo and

Wong.54 Reproduced with the permission of the Institution of Mechanical Engineers and SAGE Publications Ltd.
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IR spectroscopy. IR spectroscopy was initially devel-

oped in EHL by Lauer and Peterkin55 in 1975. First

experiments were conducted under static conditions in

a high-pressure diamond cell. In a subsequent study,56

they applied the method to a sliding EHD contact

formed between a steel ball rotated over a small dia-

mond disk. They showed that emission from the fluid

and the ball surface could be separated in order to

measure their respective temperature after some

appropriate calibrations. Information such as phase

and structural changes, viscosity and temperature

could be deduced.

In 1991, Cann and Spikes57 applied Fourier trans-

form infrared (FTIR) spectroscopy to study lubricant

films in and around an EHD contact formed between

a steel ball rotating against a stationary disk transpar-

ent to IR radiation (diamond or CaF2). An IR radi-

ation, emitted by a conventional IR microscope, was

focused within the contact, and its reflection at the

lubricant/steel ball surface interface was collected

with the same camera for a subsequent signal analysis.

Film thickness is related to the amount of the reflec-

tion absorbed by the lubricant film, and pressure dis-

tribution is deduced from the spectrum bands shifts.

For both measurements, some preliminary calibra-

tions are necessary. Because of the limited spatial

resolution of 100 mm, film thickness and pressure pro-

files were not sufficiently resolved (Figure 11).

IR thermography. The first application of IR thermog-

raphy to study EHL was carried out by Winer and co-

workers in the 1970s. The authors presented a series

of papers in which they successfully applied this tech-

nique to map the temperature over the contact. In

1974, Turchina et al.58 studied a sliding EHD point

contact formed between a rotating steel ball loaded

against a sapphire flat. They used an IR radiometric

detector allowing the measurement, with a spot size

resolution of 35.6mm, of the ball surface and the

lubricant film temperature rises within the contact.

An analytical approach, combined with the use of

an appropriate filter and some suitable calibrations,

was applied to separate the four sources of radiations

composing the total thermal emission, namely, the

background, sapphire, steel ball and lubricant film

emissions. The approach was slightly refined in 1976

by Ausherman et al.59 who used a narrow and a wide

band filters.

Temperature mapping was further developed in

2004 by Spikes et al.60 who studied a rolling-sliding

contact formed between a steel ball and a sapphire

disk. Using a custom-built IR camera with an InSb

detector, the authors were able to improve the reso-

lution and to read temperature over approximately

11 mm non-overlapping spots. They applied different

coatings to the disk—made from chromium and

aluminum (see Figure 12(a))—in order to measure

the temperature on both contacting surfaces. They

could perform these measurements by considering

that:

– Some small proportion of the IR radiation is

emitted from the lubricant, but it can be removed

with a long wave filter.

Figure 11. (a) A schematic of the arrangement used for temperature measurement by IR spectroscopy; (b) film thickness and

pressure profiles obtained in an EHD sliding contact from IR spectroscopy. Reproduced with permission of Taylor & Francis from Cann

and Spikes.57

13

http://pij.sagepub.com/


– Most of the emission passing through the

uncoated sector originates essentially from the

steel ball surface and from bulk sapphire.

– Chromium is a fully reflective material to IR radi-

ation, thus when the chromium-coated sector

passes through the contact, the detected emission

emanates from the chromium layer (or the sap-

phire disk surface) and also from bulk sapphire.

– Aluminum is a poor emitter material, and allows

the radiation from the bulk sapphire to be

detected.

The emission emanating through the uncoated and

the chromium sectors can yield the temperature of

the surface of the steel ball and the bottom surface

of the sapphire disk, respectively. But prior to that,

these emissions have to be corrected by removing the

sapphire hot body emission, detected from the alumi-

num-coated sector.

Temperature maps were obtained using this method

with a spatial resolution of 11 mm and for various slid-

ing conditions. Figure 12 shows some examples of tem-

perature rises over the ball (Figure 12(b)) and the disk

(Figure 12(c)) surfaces at a slide-to-roll ratio of 100 %

(ball moving faster). From these data used as boundary

conditions, the authors derived shear stress maps and

local friction coefficients within the contact, using

moving heat source theory.

In 2005 Yagi et al.61 conducted IR emission meas-

urements with a better sensitivity with the aim to

clarify the mechanisms of dimple formation under

sliding conditions in EHL. For this purpose, a contact

was formed in steel-ball / sapphire-disk device

equipped with a new generation of IR camera.

Depending on the employment of uncoated or chro-

mium-coated disk, the ball surface temperature or the

disk surface temperature were measured, respectively.

Temperature profiles were estimated by assuming a

parabolic variation through the oil film and, more

remarkably, temperature distribution through film

thickness were obtained. Some examples are shown

in Figure 13.

In 2009, Reddyhoff et al.62 improved the sensitivity

and spatial radiation (compared to the one obtained

by using stepping microscope techniques) to 6 mm,

and this by employing a high specification full-field

IR camera and a custom-built microscope lens. A

rectangular area of 2.0 � 1.61mm was covered in

each temperature map. By inspiring from Spikes

work57 (see Figure 12(a)), a similar approach was

applied in order to separate the different components

of the IR emission. In order to remove any compres-

sion heating or cooling and, in this way, isolate tem-

perature heating arising from shearing, the authors

subtracted temperature rise maps obtained under

pure rolling conditions from sliding temperature

maps. According to the authors, this approach

removes in the same time some optical aberrations.

With these new facilities, Reddyhoff et al.62 were

able to achieve temperature profiles under more

Figure 12. (a) Different coatings used by Spikes et al.62 to map temperature by IR thermography. Reproduced with the permission of

the Institution of Mechanical Engineers and SAGE Publications Ltd. (b) and (c) Typical temperature rises obtained by IR thermography.

Reproduced with kind permission of Springer Science and Business Media from Spikes et al.60
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representative conditions of pressure, slide-to-roll

ratio, nature of the lubricant than those Spikes

et al.57 imposed 5 years before.

Raman spectroscopy

A brief description of the physical origin of Raman

diffusion is first proposed. The illumination of a

sample with a monochromatic light is followed by dif-

ferent processes. While almost all the light is reflected

or transmitted without any light-matter interaction, a

small fraction of the absorbed light is re-emitted in all

directions without any change in frequency. This pro-

cess is thus an elastic light diffusion and is called

Rayleigh scattering. An even weaker fraction of light

is scattered with some energy change, and this change

is due to some variation of excitation energy within the

sample molecules, in the form of vibrational energy.

This light diffusion is therefore inelastic, and is called

Raman scattering. These energy changes can be either

positive or negative, in which the case the diffusion is

termed Stokes or anti-Stokes, respectively. The Stokes

and anti-Stokes diffusion peaks are located symmet-

rically around the Rayleigh peak. This symmetry is

due to the transition in opposite directions between

the same upper and lower vibrational energy states

in the Stokes and anti-Stokes shifts. In contrast,

their intensities are different, as they depend on the

population of the different energy states prior to exci-

tation. Following thermodynamic equilibrium, an

upper state is less populated than a lower one, which

results in a higher rate of Stokes transitions (towards

the upper states) compared to the rate of anti-Stokes

transitions (towards the lower states). A more detailed

description of the Raman effect can be found in the

literature, e.g. in the two books by Long63 and Ferraro

et al.64

From this description, Raman spectrum is directly

related to the vibrational energy of the sample, and is

consequently characteristic of the material under

investigation. It can yield qualitative or quantitative

information about its chemical structure and bonds.

Furthermore, the influence of some physical

parameters can extend to the molecular scale of the

matter and this allows Raman spectroscopy to be

used to measure them. In what follows, only the meas-

urement of film thickness, pressure and temperature

via Raman spectroscopy will be considered, as it is

directly related to the aim of this review. Each param-

eter can be theoretically determined by an independ-

ent procedure:

– The intensity of the Raman peaks is proportional

to the number of shone molecules, which itself is

proportional to film thickness. This allows film

thickness to be measured after an appropriate

calibration.

– The application of an external pressure reduces the

equilibrium inter-atomic distances, which induces

some changes in vibrational energy within the mol-

ecules and results in the shift of the corresponding

Raman peaks. The knowledge of the energy shift

dependence on pressure allows for pressure meas-

urements in pressurized lubricated contacts, as

those found in EHL.

– The relative population between an upper and a

lower energy state depends on temperature, which

implies the dependence of the relative intensity of

Stokes and anti-Stokes peaks on this parameter,

and permits the temperature to be measured.

The application of Raman spectroscopy in tribology

has been pioneered by Gardiner et al. in 1980s. They

first employed it to measure the pressure in a static

entrapment between a ball and a flat.65 In another

study, the authors applied it to a realistic EHD con-

tact formed between a rolling ball and a flat.66 In both

studies, as well as the most of those presented in this

section, the polyphenyl ether fluid 5P4E was used as

lubricant, for different reasons:

– A highly Raman scattering material is required

because of the intrinsic weakness of Raman

signal and, for the same reason, this material

should be capable to form a relatively thick film

under EHD conditions.

Figure 13. Temperature rise and film thickness (measured via duochromatic interferometry) profiles in dimple zone (a.) through-

thickness temperature map (b.) Published by ASME, Figure 10(b) from Yagi et al.61
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– At the same time, using an intense light source to

produce a stronger Raman signal is not an appre-

ciated alternative as it can induce undesirable heat-

ing and even the collapse of the lubricant film.

– Many lubricants, and particularly mineral oils, are

not suitable since they have a strong fluorescence

signal capable of hiding the Raman bands.

The use of Raman spectroscopy to probe film thick-

ness in EHD contacts encountered actually no

marked success, on the one hand because it requires

the same constraints as interferometry (presence of a

transparent material) but the latter is much simpler to

implement, faster and fully validated. On the other

hand, Raman spectroscopy presents in the best case

an extremely low signal-to-noise ratio: combined with

film thicknesses of a few hundred nm, the intensity

measurement and its quantitative calibration become

tedious and again, the interferometric techniques are

by far more efficient. When it comes with the tempera-

ture measurement, it turns out that this method does

not yield sufficient measurement sensitivity regarding

temperature rises expected to occur in EHD contacts.

As an illustration, in the best case a temperature reso-

lution between 5�C and 20�C was theoretically pre-

dicted by LaPlant et al.67

Despite these limitations, Raman technique offers a

clear advantage in terms of spatial resolution against

IR spectroscopy. Gardiner et al.66 obtained pressure

distributions in agreement with theoretical predictions

and they could, in particular, observe qualitatively the

Petrusevich pressure spike located at the exit of the

contacts. In 1995, Hutchinson et al.68 used Raman

spectroscopy to measure film thickness around a

static contact formed between a steel ball and a dia-

mond window. After establishing a relation between

film thickness and Stokes peak intensity, the authors

measured film thicknesses ranging from 0.1 to 10 mm,

with a spatial resolution of 7 mm.

Jubault et al.69 published several studies in which

pressure mapping was achieved by coupling an EHD

tribometer with a high-resolution Raman spectrom-

eter. They showed that under specific conditions, an

EHD contact in pure rolling can be considered as a

high-pressure cell: the frequency shift dependence on

pressure of another fluid (a 8CB liquid crystal) was

calibrated up to 1.4GPa from in situ test performed

with a ball-on-disk tribometer. Pressure measurement

sensitivity and spatial resolution were then improved

to reach around 30MPa and 10 mm, respectively.70

They obtained pressure profiles and maps in which

Petrusevich pressure spike and its variations with

load and speed were clearly evidenced (Figure 14).

In further works, the authors obtained pressure pro-

files under various normal load and rolling-sliding

conditions.71 They also succeeded in carrying out

measurements of pressure distributions within artifi-

cially dented contacts72 or in the presence of the so-

called dimple phenomena.73

Fluorescence methods

Photoluminescence (PL) is light emission by a mol-

ecule (or by any form of matter) after being electron-

ically excited with photons. Figure 15 shows a
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Figure 14. Pressure profiles (dimensionless variables) obtained by Raman microspectrometry, compared with numerical solutions.

Reproduced with permission of Elsevier from Jubault et al.70
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simplified form of Jablonski diagram74 that can be

used to illustrate the different forms of PL. In this

diagram, the energy levels are schematically depicted

as horizontal lines. The thicker lines are represen-

tations of the limits of electronic energy states

(S0, S1, S2) whereas the thinner lines represent the

multiple vibrational states associated to each elec-

tronic state.

Following light absorption, an electron of the mol-

ecule is excited from ground state S0 to one of the

excited vibrational levels of the first or the second

electronic levels, S1 and S2. The relaxation of this

electron to its ground state is accompanied by

energy dissipation following different mechanisms.

One of these mechanisms is the emission of a

photon: fluorescence. It is worthy to note that the

energy of fluorescence photons is generally less than

that of the exciting ones. This property, called Stokes

shift, takes place due to the amount of energy gener-

ally lost through internal conversion before fluores-

cence emission. It is a valuable feature for

spectroscopic studies: it allows the separation of the

excitation background from emission band without

reducing the sensitivity of fluorescence-based

techniques.

Film thickness measurement. Smart and Ford75 were the

first to apply fluorescence in tribology in 1974. The

aim of their work was to measure free lubricant film

thickness on roller and raceway surfaces. UV mer-

cury-vapor lamp wavelength of about 365 nm was

used to shine the contact (see Figure 16(a)). The nat-

ural intensity of the fluorescence of the oil, or the

fluorescence of suitable particles dispersed in the oil,

emitted in the range of visible light and proportional

to the number of fluorescence molecules was then

measured to deduce film thickness (see Figure

16(b)). Later in 1978, Ford and Foord76 improved

the previous arrangement by replacing the mercury

lamp with a He–Cd laser simplifying the associated

optics and increasing the working distance. They

also compared UV excitation and visible blue excita-

tion, and found that the latter can be a promising

alternative. These works were the initiation of the

so-called LIF, or laser-induced fluorescence tech-

nique, in which the fluorescent specie is excited with

a laser at some wavelength and the emission at

another wavelength is detected due to the Stokes

shift property of fluorescence emission. Film thickness

is then measured after separating emission from exci-

tation by using some filters (see Figure 16).

The use of a CCD video camera (instead of a

photomultiplier) with a personal-computer-based

signal analyzer permitted to measure,77 in a single-

cylinder research engine, the oil film thickness distri-

bution around the piston under various operating

conditions.78 The results indicated that oil film was

thinner near the edges of the bearing than at the

center in all tested conditions. However, these

works, dedicated to automotive applications, were

successful in measuring film thickness but only for

higher ranges (typically from 0.5 up to a few tens of

micrometers) than those of interest in EHL. The

works of Sugimura et al.79 clearly confirmed the limi-

tation of fluorescence to large film thicknesses, espe-

cially because of the presence of internal interferences.

This drawback can, however, be transformed into an

opportunity for studying high-thickness and soft-

EHD contacts in which one counterface can be

made from polymer, elastomer or from any material

found in natural joints for instance.

Flow measurement. Fluorescence imaging has also been

applied in the measurement of fluid flow within lubri-

cated contacts. Different techniques exist, the simplest

consist of:

Figure 16. (a) Optical arrangement in the earliest development of film thickness measurement by fluorescence; (b) film thickness vs.

speed. Reproduced with permission of Elsevier from Smart and Ford.75
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– Flooding the contact with doped or undoped

lubricant and, in the latter case, fluorescent dyes

are added on demand at the inlet of the contact,

– Monitoring the motion of the doped lubricant as it

crosses the contact zone.

An application of this technique was conducted by

Reddyhoff et al.80 who studied the lubricant flow in

a rolling contact formed between a steel ball and a

glass disk. In this study, the advancing forehead of a

droplet, containing Eosin dye (at a concentration of

0.04wt%) previously deposited upstream the contact,

was recorded over time. A pulsed laser with a wave-

length of 532 nm and a high-speed intensified camera

were used. The dye progression through the lubricated

ball-on-disk contact (Figure 17(a)) was monitored,

and an increasing mean speed along the contact

main direction was derived (Figure 17(b)).

Another study of interest for EHL has been con-

ducted in 2014 by Ponjavic et al.81 aiming to measure

through-thickness velocity profiles by inspiring from

optical techniques devised by Leger et al.82 and called

fluorescence recovery after photobleaching

(FRAP). This in situmethodology includes the follow-

ing steps:

– Dissolve a fluorescent dye in the lubricant.

– Focus an intense blue laser of a wavelength of

473 nm in order to bleach a small column, called

photobleached plug, within the lubricant.

– Excite the lubricant by a low intensity cyan laser

of 488 nm.

Figure 17. (a) Dye progression from the inlet (top) to the outlet (bottom) of the contact, and (b) lubricant speed along the contact.

Reproduced with kind permission of Springer Science and Business Media from Reddyhoff et al.80

Figure 18. (a) Schematic of the FRAP arrangement; (b) position and shape of the photobleached plug as observed in the x,y-plane

and derived in the x,z-plane. Reproduced with kind permission of Springer Science and Business Media from Ponjavic et al.81
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– Map the fluorescent intensity of the lubricant to

observe the motion and the shape of the photo-

bleached plug, eventually determine the velocity

profile after some mathematical and physical con-

siderations (see Figure 18(a) and (b)).

This approach has been validated in a simulated

Couette flow in which a linear velocity profile was

expected, and applied to an EHL contact where sig-

nificant deviation was observed.

Advantages and disadvantages. To end our brief descrip-

tion on the application of fluorescence technique for

in situ measurements, we can point out some of its

advantages and disadvantages.

The main advantage is that it does not require

reflective coating of the contacting surfaces. These

coatings are liable to wear, particularly when the con-

tact is formed between rough surfaces, and this allows

film thickness to be monitored under these conditions.

Also, a higher upper limit than optical interferometry

to film thickness measurement is expected, since the

fluorescence emission intensity can be controlled by

the extent of lubricant doping, but this potential

advantage does not really concern EHL.

The common disadvantage of optical methods is

the necessity of employing at least one transparent

surface, which is also true in the case of fluorescence

imaging. The other limitation is related to the fact

that the emission intensity is proportional to the

amount of lubricant present in the gap between the

two surfaces. This implies that under thin film EHL

regime or in cavitation conditions film thickness

cannot be quantitatively determined.

Particle image velocimetry

Another technique that can be classified among opti-

cal methods is particle image velocimetry. This

technique is being progressively applied over the last

decades in flow visualization in different scientific and

technological contexts. It is based on illuminating suf-

ficiently small particles doping the fluid under inves-

tigation to make instantaneous velocity

measurements. These measurements assume that the

local particle velocity is identical to the local carrying

liquid velocity, or in other terms, the particles are

supposed to faithfully follow the fluid flow. This con-

dition has to be satisfied by a proper choice of tracers’

properties.

PIV has been applied in 1993 by Bair et al.83 to

elucidate the mechanisms leading to the intriguing

phenomena of limiting shear stress observed in con-

centrated lubricated contacts and which lacks solid

theoretical foundations. A test cell has been designed

for this purpose allowing the fluid to be sheared under

high pressure and the local velocities to be visualized

(see Figure 19(a)). A particle concentration of

0.1wt% was used in all the tests, and different tracers

were tested:

– Carbon black particles with 0.3mm diameter.

– Polystyrene tracer spheres with fluorescent dye.

– Glass spheres of 2 mm diameter visible in the

model lubricant 5P4E.

Velocity profiles were obtained by determining the

ratio of particle displacement to the measurement

time (which varied between one to two seconds). A

set of velocity profiles are shown in Figure 19(b).

Good correlation to wall velocities were obtained

when the measured velocities were extrapolated in

the proximity of the wall (extrapolation was needed

since the liquid at 20 mm from the wall was obscured).

More recently, Horvat and Braun84 performed flow

measurements in hydrostatic journal bearings. A high

intensity YAG laser, combined with a specific optical

system, was used to create a thin planar sheet of light

Figure 19. (a) High-pressure visualization flow visualization cell; (b) typical set of velocity profiles obtained under different condi-

tions in 5P4E. Published by ASME, Figures 3 and 6 from Bair et al.83
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in which the seed particles were tracked in a

Lagrangian fashion, allowing in this way the instant-

aneous flow pattern to be constructed in any desired

plane (see Figure 20 for an example of comparison

between numerical and experimental flow patterns).

Alternative methods

Acoustic method

The application of acoustic method in film thickness

measurement in tribological systems is still in its

infancy as it dates back to the beginning of the

2000 s. It combines two main advantages: (i) it is a

noninvasive method and (ii) it does not require a

transparent material and can thus be applied to real

machine components.

It was first applied by Dwyer-Joyce et al. in 200385

in different systems: fluid layers between flat plates,

fluid layers between eccentric rings, an EHD lubricant

sliding contact formed in a ball-on-flat device, and

finally a rolling element bearing. An ultrasonic

pulse-receiver (UPR) was used to generate a high-vol-

tage pulse. A piezoelectric transducer in mechanical

resonance is excited with this pulse and emits a broad-

band pulse of ultrasonic energy. This pulse is received

by the same transducer after being reflected from the

lubricant layer. The reflected pulse is amplified and

finally modeled by a spring-model method or a con-

tinuum method to deduce film thickness value (see

Figure 21(a)). The investigation of the two first sys-

tems proved the feasibility of the newly proposed

approach (Figure 21(b)). Good agreement between

measurements and theoretical predications was

found in the two other systems working under EHL

regime (Figure 21(c) and (d)). In the latter, the

authors could record film thicknesses ranging between

50 and 500 nm. A lower limit of about 2 nm was esti-

mated for these measurements and the authors

expected that there is no upper limit (see Figure

21(b)).

In another paper86 presenting the operating limits

of film thickness measurement via acoustic method,

Dwyer-Joyce et al. used the following formula to esti-

mate the spatial resolution obtained by a focused

transducer

df ð�6dBÞ ¼
1:028Fc

fD
ð2Þ

where df is the diameter of the spot size (the signal

being reduced to -6 dB of its peak value), F the trans-

ducer focal length, c the speed of sound in the focus-

ing medium, f the wave frequency, and D the diameter

of the piezo element.

Figure 22, plotted for a typical transducer, shows

the value of the frequency that has to be selected to

get the desired spot size. A minimal physical value to

the spatial resolution is dictated by the wavelength

(l¼ c/f) of the ultrasonic pulse. In the frequency

range between 10 and 50 MHz of an ultrasonic

pulse moving in steel, this minimal value is between

590 and 118 mm, respectively. It is clear that this spa-

tial resolution can only provide an averaged value of

film thickness, and this is the major drawback of the

acoustic approach.

Other possible in situ techniques

There are many techniques that have been reported

in the literature allowing for the measurement of

all the above-mentioned parameters in other scientific

and technological contexts such as in biology, micro-

electronics and microfluidics. The principle of some

of these methods is briefly recalled in Table 4 with

some metrological features, namely their resolutions.

The possibility of implementing any of these tech-

niques (or others) in EHL can be examined by con-

sidering some general criteria, in particular:

– The accessibility of the interface has to be ensured.

– The technique’s inevitable interference with in situ

conditions has to be negligible or corrigible.

– The sensitivity of the technique to the investigated

parameter should be sufficiently large for the

Figure 20. Example of flow patterns obtained numerically and experimentally in the pocket of a hydrostatic journal bearing.

Reproduced with permission of Taylor & Francis from Horvat and Braun.84
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detection of the variations occurring to this par-

ameter under EHD conditions.

– Measurement timescale offered by the technique

should be much shorter than characteristic times

encountered in EHL.

– Besides the sensitivity to the investigated param-

eter has to be unaffected to the other (external or

internal) parameters, or at least, any deviation

induced by undesired sensitivities has to be corri-

gible or measurable.

– The technique should be unaffected by the extreme

conditions occurring in EHL, or at least, suffi-

ciently resistant allowing measurements to be

carried out properly within the time required for

these measurements.

Depending on the measurement requirements for a

given application, metrological features can determine

whether or not a technique is suitable, or can help

favoring a technique over another, for example:

– The spatial resolution,

– The sensitivity to the investigated parameter,

– The minimal and the maximal measureable values,

– The timescale of the measurement if transient

effects can occur.

To give some examples, high spatial resolution is

required if a careful mapping has to be carried out,

or if some sharp variation (such as the Petrusevich

pressure spike) has to be observed. Slight temperature

variations due to compression need obviously very

sensitive measurements. The minimal measurable

film thickness is of crucial importance in the selection

of an adapted illumination for interferometric meth-

ods (monochromatic, duochromatic, or chromatic).

And finally, the study of the influence of vibrational

effects occurring in some mechanical components

requires sufficiently small response times.

Although some of the methods presented in

Table 4 yield interesting measurement features, their

applicability in tribological context is out of the scope

of this document and will not be discussed in detail.

However, in order to illustrate the importance of the

above-mentioned general criteria some examples can

Figure 21. (a) Schematic of the acoustic measuring device. Comparison between the measured and the theoretical film-thickness

value in (b) an annular oil-film apparatus, (c) a ball on disc EHL apparatus (d) a rolling bearing. Reproduced with permission of the Royal

Society from Dwyer-Joyce et al.85

Figure 22. Spot size dependence on frequency (for a trans-

ducer of spherical focal length of 25mm and a diameter of

7.5mm). Reproduced with permission of Taylor & Francis from

Dwyer-Joyce et al.86
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be given. All near-field techniques, i.e. those requiring

an extremely close proximity between a sensor fixed

on a tip and the sample (such as SThM and NSOM

for temperature measurement, and atomic force

microscopy for flow measurement) seem not suitable

for in situ investigation of EHL because of accessibil-

ity restriction. As regards the feasibility of tempera-

ture measurement by using liquid crystal coating or

temperature/pressure measurement by employing

fluorescent particles or molecules, the resistance of

these sensors to temperature, pressure, and sliding

conditions typical of the EHL regime is probably

one of the first issues to be considered. Finally with

the current emergence of nanotechnologies87–90 every-

where around us, it would not be surprising in the

very near future that these techniques can be adapted

for the in situ analysis of EHD contacts.

Conclusion and recommendations

Different relevant in situ methodologies for investigat-

ing EHD contacts have been described and some

important results have been presented. It appeared

from this review that the evolution of each of these

techniques was guided by technological advances. To

summarize on what can be considered as the most

successful approaches, we can conclude that optical

interferometry, IR thermography, and Raman spec-

troscopy are techniques that have enabled, with high

levels of resolution and sensitivity, to map film thick-

ness, temperature, and pressure, respectively. Among

these parameters, film thickness and temperature were

the most studied.

Unfortunately, these performing methodologies

provided a single information only. In other words,

no technique was found allowing for in situ quantita-

tive temperature and pressure, or thickness and tem-

perature, or pressure and thickness measurement in

EHL through a single experimental bench.

Other techniques exist that can be exploited, espe-

cially for temperature and pressure measurement. The

effort in developing new or more efficient or accurate

in situ methodologies must be pursued. Beyond assist-

ing in the knowledge of the physical parameters acting

at the micro- or nanoscale within the contact, they

offer a unique opportunity for (i) improving the

understanding of some unresolved questions (limiting

shear stress, slip at wall, amplitude and transport of

shear heating) and (ii) validating the numerical mod-

eling not only at a single location but also on the

whole contact area. From this, the complementarity

between experimental techniques and numerical

models is more than ever desirable.

Finally, there exists a further need in exploring

EHD contact, mostly related to the above-mentioned

unresolved questions. It concerns the mapping of not

only the velocity field across film thickness as some

groups currently try to achieve but the in situ meas-

urement of the shear stress over the contact surfacesT
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and in between. But in the end, is the correct predic-

tion of friction not the first concern (or the Graal) of

any tribologist?
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