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Abstract
This paper describes a unique experimental set-up constructed for studies of lubricant behaviour in an operating rolling ele-
ment bearing including in situ quantitative measurements of film thickness in and around the element-raceway contact. The 
set-up is based on a deep groove ball bearing in which the outer race is made of sapphire to allow full optical access to the 
zone in which the rolling elements are loaded against it. This allows direct imaging of lubricant films under both steady-state 
and transient conditions and at contact pressures and rotational speeds representative of those present in real rolling element 
bearings. Optical interferometry is used to measure thin EHL films inside the ball–raceway contacts while a specific laser 
induced fluorescence approach, referred to as ratiometric fluorescence, is implemented to observe the lubricant distribution 
and quantify its thickness ahead of the ball–raceway contact. Results are presented to validate the accuracy of the method 
and to investigate the influence of bulk lubricant viscosity and bearing speed on contact film thickness, inlet starvation and 
lubricant distribution around the ball–raceway contact. To the best of our knowledge, the work described here is the first to 
directly measure lubricant distribution and EHL film thickness in a ball–raceway contact in an operating radial rolling bearing.
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Graphical Abstract
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1 Introduction

The thickness of the elastohydrodynamic film [1–5] formed 
between the rolling elements and raceways of a rolling bear-
ing is a key parameter determining the performance and 
durability of the bearing. It determines the extent to which 
the rolling elements and raceways are separated by a lubri-
cant film and hence plays a major role in determining the 
friction, wear and rolling contact fatigue life of rolling bear-
ings. In consequence, numerous experimental techniques 
have been developed to measure film thickness in rolling 
bearing-type contacts, with the most widely used being opti-
cal interferometry [6–8], capacitance [9, 10], ultrasound [11, 
12] and fluorescence [13–16]. These techniques are normally 
applied to a single contact configuration where the contact 
itself is stationary, commonly a ball-on-disc set-up, rather 
than an actual rolling bearing, since this makes it relatively 

straight-forward to access the contact, to control the surface 
speeds and applied load, and to extract and interpret meas-
urements. The optical interferometry-based techniques of 
ultra-thin film interferometry [7, 17] and the relative opti-
cal interference intensity [8, 18] have been widely used to 
measure the film thickness in ball-on-disc contacts down to 
2 nm with a precision of ± 1 nm. Laser induced fluorescence 
has also been employed relatively extensively to measure 
film thickness present between two surfaces, again in single 
contacts [16, 19]. Its main advantages over interferometry 
techniques is that it can measure much thicker films, in the 
range of a few microns as opposed to the maximum of a few 
100 s of nanometres for optical interferometry, and requires 
no reflective coating on specimens; however, it suffers from 
a major disadvantage of being unable to measure the very 
thin films of 10 s of nanometres and less which commonly 
occur in non-conformal tribological contacts such as those in 
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rolling bearings. Given their respective measurement ranges, 
these two techniques are complementary and together they 
cover film thicknesses from a few nanometres to a few 
microns.

Studies of lubricant film thickness in actual rolling bear-
ings where there are multiple, moving element-raceway 
contacts are much rarer. Ultrasound reflection method 
has been used to measure film thickness in real bearings 
[20–22]; however, measurements were only possible at rela-
tively slow bearing speeds since the element-ring contact 
must be in position long enough for an ultrasound pulse 
to reflect. Capacitance has also been employed to measure 
film thickness in deep groove ball bearings by replacing all 
but one of the steel balls by electrically-insulating ceramic 
balls [23–25]. Thin film sputtered transducers have been 
developed that are able to measure capacitance between an 
individual ball and raceway during bearing operation [26], 
but these are quite difficult to apply to surfaces, are fragile 
and require local electrical access. A few studies have used 
optical interferometry to measure film thickness in rolling 
bearings. Badahoran et al. [27] employed interferometry to 
measure film thickness in a cylindrical roller bearing at low 
loads using a quartz glass outer raceway while Ohno et al. 
[28] measured the film thickness in a thrust ball bearing 
where one of the washers was made of sapphire and was 
flat. Both studies used counter-rotation where the raceways 
were driven in opposite directions, so as to fix the positions 
of the rolling elements in space so that a stationary or very 
slow-moving individual contacts could be studied.

Clearly, the ability to measure film thickness in actual 
rolling element bearings under realistic operating conditions 
would offer an important step forward in our understanding 
of bearing lubrication given that several factors are at play in 
an operating bearing that are not present in a single-contact 
configuration. In addition to the EHL film thickness in the 
element-ring contacts, it is important to be able to study the 
actual distribution of lubricant in a bearing. It is well-known 
that in-contact elastohydrodynamic film thickness is deter-
mined by the amount of lubricant present in the contact inlet 
region and that when this is constrained starvation can ensue, 
leading to a reduction of elastohydrodynamic film thickness 
[29–34]. In fact, our understanding of EHL film behaviour 
when the contact inlet is fully flooded is well developed so 
that determining the inlet supply conditions is arguably the 
biggest challenge in practical situations. In rolling element 
bearings, the lubricant distribution and hence this inlet sup-
ply is thought to depend on several factors including the 
lubricant properties, cage design and the number and spac-
ing of rolling elements, since there is limited time for lubri-
cant reflow into the raceway tracks between over-rollings. 
Noda et al. [35] applied X-Ray CT imaging to explore the 
distribution of grease in a rolling bearing made from resin, 
while Franken et al. [36] used fluorescence spectroscopy to 

map the circumferential distribution of grease around a bear-
ing using optical access from the side, but apart from these, 
very little experimental data exists concerning the distribu-
tion of lubricant in operating rolling bearings.

In this article, we describe a novel experimental set-up 
that enables a direct observation of lubricant distribution 
and measurement of lubricant film thickness in a model ball 
bearing at realistic bearing speeds and loads. To achieve 
this the set-up employs a deep groove ball bearing where 
the outer bearing raceway has been replaced by a sapphire 
ring to enable optical access in and around the ball–raceway 
contact. The EHL film thickness in ball–raceway contacts 
is measured with nanometre accuracy using optical inter-
ferometry while the distribution of lubricant outside of the 
contacts including its thickness in the inlet to the ball–race-
way contact, is mapped using ratiometric fluorescence imag-
ing. Lubrication conditions are studied over a bearing speed 
range from 100 to 3000 rpm and ball–ring Hertz contact 
pressure of 1.6 GPa. The measured EHL central film thick-
ness is related to the mapped lubricant volume in the inlet 
over a range of conditions, with both being compared to 
existing predictions from elastohydrodynamic lubrication 
models.

2  Sapphire Bearing Rig Design

2.1  Hardware Layout

The sapphire bearing rig (SBR) consists of two stages, a 
mechanical stage and an imaging stage, as shown schemati-
cally in Fig. 1. The mechanical stage comprises a housing to 
support and locate the bearing, an electric motor that drives 
the bearing inner ring via a flexible coupling and the load-
ing system. The load is applied via a stepper motor push-
ing onto a load lever arm which then pushes the shaft/inner 
ring assembly directly upwards hence loading it against the 
outer ring. This loading system is very similar to that found 
on the well-established MTM ball-on-disc tribometer. The 
shaft/inner ring assembly is mounted on a set of low fric-
tion, precision linear guides ensuring that the load is always 
acting directly upwards. The most highly loaded ball in this 
set-up is, therefore, the one at the uppermost point of the 
bearing. The bearing ring housing contains a tapered cut-out 
in this region to accommodate a microscope objective and 
allow optical access to the loaded contact of the ball and the 
outer sapphire ring as evident in Fig. 1. In the current study 
a standard 6206 deep groove ball bearing was used with 
the outer AISI 52100 steel raceway replaced by a sapphire 
ring. The sapphire ring was especially manufactured for this 
purpose by an external supplier with very tight tolerances on 
surface finish, to ensure good quality images, as well as on 
concentricity and cylindricity. The inner and outer diameter 
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surfaces were finished with an optical polish quality of 80/50 
scratch/dig per MIL13830 specifications. Cylindricity of 
inner diameter was better than 0.025 mm and concentricity 
better than 0.1 mm. To enable oil film measurements with 
optical interferometry (see later), a chromium layer of 20 nm 
in thickness and the  SiO2 layer of 520 ± 25 nm in thickness 
were deposited on the inner diameter of the ring. The radial 
variation in coating thickness was 1 nm/mm. The coatings 
were deposited using custom made tooling to achieve these 
specifications. In the present set-up the sapphire ring is 
cylindrical i.e. it has no curvature in the direction transverse 
to rolling unlike the original steel raceway. This is due to dif-
ficulties in manufacturing such a curvature in sapphire while 
still ensuring the optical quality and cylindricity of the sap-
phire ring. The bearing housing also contains the oil bath at 
the bottom which, once filled, provides dip lubrication to the 
bearing. The oil fill level is measured using a scale attached 
to the outside of the housing. The temperature of the oil 
sump and at the outer ring location as close as possible to the 
area being imaged is monitored using thermocouples. The 
uppermost EHL contact formed between the steel ball and 

the sapphire outer raceway is imaged using a 5 × microscope 
objective (Zeiss).

The imaging stage is modular so that the SBR can be 
operated with either the ultrathin film interferometry or a flu-
orescence measurement stage and these can be interchanged 
without disturbing the mechanical setup and test conditions. 
Figure 1 shows the SBR with the interferometry stage in 
place. Each imaging stage comprises an illumination source 
(mercury lamp for interferometry and LED for fluorescence) 
together with the various optical elements (lenses, mirrors 
and fluorescence filters) that focus and direct light into the 
contact zone and gather it toward the imaging components 
(tube lens, spectrometer, fluorescence imaging splitter, 
camera). Further relevant details of the optical set-up are 
described in the interferometry and fluorescence sections 
below.

One of the important aspects of the SBR optical set-up is 
that it must be able to capture the relevant image extremely 
quickly to minimise blurring which can occur due to the 
fast movement of the contact through the field of view. The 
time taken for the contact to move across the field of view 

Fig. 1  Top: An illustration 
showing the main aspects of the 
sapphire bearing rig (SBR) in 
interferometry mode. Bottom: 
A close up photograph of the 
bearing and the location of the 
microscope objective used for 
imaging (Color figure online)
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is dependant on the bearing geometry, its rotational speed 
and the width of the ball–outer raceway contact which is 
determined by the applied bearing load. For example, for 
the bearing speed of 3000 rpm and Hertz pressure in the 
ball–outer raceway contact of 1.6 GPa, the contact transit 
time in the SBR set-up is about 21 ms. The exposure time 
needs to be much shorter than this to minimise blurring, ide-
ally it should be short enough to capture the image in a time 
shorter than the contact transverses a distance equivalent to 
a single pixel. For this reason, the camera employed in the 
SBR (Andor, iStar 334 T series, UK; an intensified gated 
camera) is specifically chosen to be able to capture good 
quality images in a very short exposure time. The minimum 
exposure time for the camera employed is specified as 5 ns 
although in the present experiments there was no need to use 
exposure times quite as short as this.

2.2  Triggering System

In standard single contact ball-on-disc test rigs, the contact 
formed between the ball and the disc is stationary relative 
to the field of view of the optical system. By contrast, in a 
rolling bearing where the outer ring is stationary, the contact 
passes momentarily through the field of view due to rota-
tion of the ball assembly around the bearing. Therefore, a 
fast and stable triggering mechanism is required to ensure 
adequate synchronisation between the spatial position of the 
balls and the timing of the image capture. Triggering must 
enable that at any given bearing speed, the image is captured 
when a ball passes the uppermost point of the bearing.

To achieve this, a low power diode laser is directed to a 
selected ball from the side of the bearing and the reflected 
beam used to trigger the optical system. When the apex of a 
ball passes through a specific position it reflects the incident 
light beam at the conjugate angle to the angle of incidence. 
A photo-detector comprising a narrow spatial filter and 
thresholding is used to detect the beam and create a digital 
TTL pulse signal. In operation, balls are detected at a set 
angle, α, in advance of the field of view (uppermost point) 
and an adjustable delay time dt is applied to the pulse signal 
to trigger image acquisition precisely when the contact is in 
the correct position with respect to the field of view, either 
exactly central to it when measuring EHL film thickness or 
just behind the centre when measuring films in the contact 
inlet. The time dt is determined by angle α and the speed of 
ball assembly, v namely dt = Ro α/v, where Ro is the radius 
of the outer ring. As the bearing speed rises from 100 to 
3000 rpm in a test, the delay time decreases from dt to only 
1/30 dt. The angle α should thus be selected so that the delay 
time is not too small at 3000 rpm but at 100 rpm is less 
than the interval between two adjacent balls. An angle in the 
range 5°–10° was found to be suitable.

The way that triggering is employed differs between the 
optical interferometry and the fluorescence modes of meas-
urement. When ultra-thin film interferometry is used, the 
triggering pulse is used to activate the camera that captures 
an image from the spectrometer, as indicated in Fig. 2. By 
contrast, in fluorescence measurement mode, the triggering 
pulse is used to activate the excitation LED. This is because 
there is an upper limit to how long and how intensely the 
contact zone can be illuminated before fluorescence pho-
tobleaching and saturation [37, 38] adversely affect the qual-
ity of the measurements.

2.3  Ultra‑thin Film Interferometric Stage

The ultra-thin film interferometry method is fully described 
in [7] and since its invention has been widely applied to 
single-contact EHL film thickness measurements. It com-
bines the use of a spectrometer and a spacer layer on top 
of a thin semi-reflective coating deposited on the transpar-
ent counterface. In the SBR, a lubricated contact is formed 
between a reflective steel ball and a transparent sapphire 
raceway. The inner surface of the transparent raceway (the 
lubricant side) is coated with a 20 nm thick semi-reflective 
chromium coating on top of which is deposited a transpar-
ent  SiO2 spacer layer of thickness 520 ± 25 nm. The precise 
spacer layer thickness in the imaging location is determined 
from a stationary contact at the start of a test. White light 
is shone through the transparent raceway into the contact 
where some of it is immediately reflected from the semi-
reflective coating. The remainder passes through the spacer 
layer and any lubricant film present before being reflected 
from the steel ball. When these two beams recombine they 
experience optical interference due to the optical path differ-
ence resulting from the passage of one of them through the 
spacer layer and lubricant film. A spectrometer is then used 
to determine the wavelengths of maximum constructive or 
destructive interference, from which this optical path differ-
ence and thus the sum of the spacer layer and lubricant film 
thickness can be determined. In the SBR, a mercury lamp 
is used to provide a high intensity, broadband white light. 
The details of the optical set-up used for the interferometry 
measurements together with the triggering system described 
above are shown in Fig. 2.

2.4  Fluorescence Imaging Setup

In the simplest form of laser-induced fluorescence (LIF), a 
fluorescent dye is dissolved in the lubricant and a monochro-
matic light source (a laser or an LED) having a frequency 
that activates the fluorescent molecular groups is shone into 
the contact. Provided that a number of factors are satisfied, 
in particular that excitation light intensity is significantly 
lower than the saturation intensity of the chosen dye, the 
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intensity of the resulting fluorescence signal emitted is pro-
portional to the number of fluorescent molecules present 
and is thus proportional to the lubricant film thickness. The 
relationship between the fluorescence emission intensity, 
If(l) and the cross-sectional thickness of the probed volume 
(i.e. the film thickness),  (l) can be expressed as:

where I0 is the intensity of the excitation light at wavelength 
λex, f is the dye’s quantum efficiency (the ratio of photons 
absorbed to the photons emitted through fluorescence), ��ex 
is the molar extinction coefficient of the dye, and C is the 
concentration of the dye dissolved in the fluid.

A major limitation of this simple approach is that its 
accuracy is dependent on the intensity of the exciting light 
signal being constant over time. In the SBR, this condition 
cannot be satisfied since the time for which the contact is 
within the excitation field depends on the rotational speed. 
An additional complication in application of standard fluo-
rescence to SBR is that during bearing rotation the excitation 
light incidence angle on the contact zone changes with the 
spatial position of the ball during its passage through the 
contact zone. These SBR specific variabilities compound 
the one due to any temporal instability of the excitation light 
intensity which is present in the standard application of fluo-
rescence too. To address these potential sources of inaccura-
cies, a novel application of ratiometric laser-induced fluores-
cence imaging for measurement of lubricant film thickness 
in a rolling bearing was employed here. Ratiometric LIF was 
originally developed by Hidrovo and Hart [39] who referred 
to it as emission reabsorption laser induced fluorescence 

If(l) ≈ I0���exCl,

(ERLIF) and demonstrated its ability to measure oil thick-
ness in a gap between two stationary quartz plates in the 
range 5–400 mm with 1% accuracy. A detailed description 
of the ratiometric fluorescence technique implemented here 
and the benefits it offers over the standard LIF approach 
are described in the Appendix to this paper. The reader is 
referred to the Appendix for full details but in brief, the tech-
nique uses two fluorescent dyes dissolved in the lubricant, a 
“donor” dye, D and an “acceptor” dye, A. If there is spectral 
overlap between the donor dye and acceptor dye, photons 
emitted by excited molecules of D excite the molecules of A. 
This leads to quenching of the fluorescence emission of D in 
the spectral overlap region while the emission intensity of A 
is almost unchanged since the donor excitation is negligible 
compared to its direct excitation. The ratio of the fluores-
cence signals of D and A then correlates linearly with the 
film thickness regardless of the original excitation intensity. 
This ratiometric approach also avoids other experimental 
problems such as optical non-linearities, surface reflectivity 
and temporal variations in excitation source intensity.

The optical set-up required for the successful application 
of the ratiometric LIF imaging in the SBR is rather com-
plex. Its main aspects are illustrated in Fig. 3 which shows 
a sketch of the SBR in the fluorescence mode (top) and the 
detail of the optical paths for the ratiometric fluorescence 
imaging (bottom). The lubricant is tagged with two dyes, 
which in the present study were Pyrromethene 546, (P546) 
and Pyrromethene 650, (P650) acting as the donor and the 
acceptor dye, respectively. A 470 nm blue LED (M470L2, 
1600 mA, Thorlabs) is employed as the excitation light 
source and this is triggered as a ball passes through the field 

Fig. 2  A diagram illustrating the optical setup of the ultra-thin film interferometry technique and the triggering system used in the Sapphire 
Bearing Rig (Color figure online)
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Fig. 3  A schematic diagram of the optical setup for the ratiometric 
laser induced fluorescence technique employed in the Sapphire Bear-
ing Rig (SBR). Top: Hardware set-up of the SBR in the fluorescence 

mode; Bottom: Detail of the optical paths for the ratiometric fluores-
cence imaging (Color figure online)

of view. A fluorescence imaging splitter (Cairn, Optosplit 
II, UK) splits the fluorescence image of the contact zone 
into two channels: one for the donor dye (green in Fig. 3) 
and the other for the acceptor dye (red in Fig. 3). Channel 
segregation is achieved with a set of dichroic (marked as 1 
and 2 in Fig. 3) and long pass filters (marked as 3 and 4 in 
Fig. 3) chosen so that emission signal overlap between the 
two dyes is minimised. An intensified gated camera (Andor, 

iStar 334 T series, UK), minimum exposure time of 5 ns, is 
connected to the output of the splitter so that it captures the 
emitted fluorescence as a single frame. The use of a single 
camera aids with the synchronisation of the images coming 
from the two channels. The captured two-channel image is 
subsequently split using software processing to form two 
separate images, one for each fluorescent channel, and these 
images are then superimposed and aligned in software. Once 
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the images are correctly registered, a pixel-wise division 
of intensity combined with the calibration curve (see later 
and Fig. 5) is used to give a pixel-wise map of the lubricant 
film thickness in the field of view, which in the present case 
was the inlet region of the ball–raceway contact. The use 
of a single camera also aids with the synchronisation of the 
image capture for the two channels.

2.5  Fluorescence Calibration

Figure  4 shows the emission spectra of the donor dye, 
P546, the acceptor dye, P650, and a mixture of both dyes in 
base oil. The maximum emission peaks are at wavelengths 
of ~ 540 nm and ~ 630 nm for P546 and P650 respectively. 
When the two dyes are mixed together and the lubricant 
excited at 470 nm, radiative transfer takes place from P546 
to P650, resulting in quenching of the fluorescence emis-
sion of P546 in the spectral overlap region 550 to 600 nm. 
The emission intensity of P650 remains unchanged since the 
contribution of the radiative transfer to the overall emission 
signal of P650 is negligible compared to its direct excitation.

Theoretically, the recorded ratio of emission intensity 
of acceptor dye to donor dye should be proportional to the 
film thickness. To confirm this is true in the present imple-
mentation and to provide a film thickness calibration curve, 
fluorescence intensity ratios measured in the out-of-contact 
gap when a steel ball is loaded statically against the outer 
sapphire ring were plotted against the corresponding abso-
lute film thickness values (i.e. height profile of this gap as 
calculated using Hertz contact theory [21] and also mapped 
using optical interference). The gap heights determined 
using these two methods were in close agreement. Figure 5 

shows such a calibration of film thickness against ratiometric 
fluorescence intensity. It is evident that the relationship is 
linear for film thicknesses from 0.5 to more than 10 μm. The 
deviation from linearity increases for low film thicknesses, 
as is expected for fluorescence-based methods, and is about 
10% at 0.5 µm film thickness. Therefore, 0.5 µm was taken to 
be the minimum lubricant layer thickness that can be meas-
ured reliably using the implemented ratiometric fluorescence 
technique. This minimum value is perfectly acceptable since 
fluorescence is here used to map lubricant distribution in the 
inlet region, where the lubricant layers are relatively thick, 
rather than to measure the very thin films within a contact 
for which the optical interferometry is used as described 
above. The two techniques complement each other and allow 
the present set-up to quantify lubricant film thicknesses both 
inside and outside of the ball–raceway contact.

3  Test Conditions and Lubricants

In the tests described in this study, the bearing rota-
tional speed was varied from 100 to 2900 rpm, corre-
sponding to entrainment speeds from 0.07 to 1.7 m/s at 
the ball–outer ring contact. The load was fixed at 50 N, 
giving a maximum Hertzian pressure of 1.57 GPa at the 
outer ring and the corresponding Hertzian contact dimen-
sions of 196 µm and 172 µm in the rolling and transverse 
directions, respectively. The bearing was first run at the 
highest speed until the outer ring temperature measured 
near the imaging location reached an equilibrium value; 
film thickness measurements were then performed with 

Fig. 4  An illustration of the 
ratiometric fluorescence prin-
ciple using two dyes showing 
the emission spectrum of the 
donor dye 1 (green) and the 
acceptor dye 2 (red) and both 
dyes (black) when dissolved in 
the same base oil and excited by 
a 470 nm LED light. The two 
dyes used are Pyrromethene 546 
and Pyrromethene 650, respec-
tively (Color figure online)
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descending speeds and the variation in the outer ring 
equilibrium temperature remained within 1 °C throughout 
the speed sweep. The equilibrium oil sump temperature 
was 32 °C in all tests.

Three Group 1 mineral base oils with different vis-
cosities were used in the present tests. Their measured 
viscosities and densities at 25 °C are listed in Table 1. 
Relatively high oil viscosities were deliberately chosen 
in order to make it more likely for the onset of starvation 

in a bearing to be captured so that the reasons for it can 
be studied.

4  Results

4.1  Film Thickness in Ball–Ring Contacts

The EHL central film thickness in the loaded ball–sap-
phire outer ring contact was first measured using ultra-thin 
film interferometry. Measurements were conducted over a 
wide range of bearing speeds, from 100 to 2000 rpm for the 
two lower viscosity oils M400 and M700, and from 100 to 
2900 rpm for the high viscosity oil M1000. All measure-
ments were made at the bearing load of 50 N which equates 
to 1.57 GPa maximum Hertz pressure in the ball–sapphire 
ring contacts. The sump oil level was such that the lowest 
ball was submerged in oil to a half of its diameter.

Fig. 5  Calibration data for the 
ratiometric fluorescence film 
thickness measurements. Top: 
A plot of ratiometric fluores-
cence signal (in arbitrary units) 
measured in the out-of-contact 
gap region when a steel ball is 
loaded statically against the sap-
phire outer ring with a load of 
20 N versus the absolute height 
of that gap determined from the 
known contact geometry and 
Hertz theory. Top Inset: a sche-
matic of the calibration setup 
and an example of a ratiometric 
fluorescence calibration image 
(The gap height plot shown 
in top figure is produced from 
such an image by taking an 
integrated line profile with a 
predetermined width from the 
centre of the contact and along 
its major width). Bottom: Fitted 
calibration curve between the 
absolute film thickness and the 
normalised ratiometric fluores-
cence intensity (minimum film 
thickness that can be measured 
with sufficient accuracy is taken 
from this plot to be 0.5 µm) 
(Color figure online)

Table 1  Viscosities of the test oils as measured at 25 °C

Lubricant Viscosity (mPa s) Density (kg/m3)

M400 386 865
M700 717 871
M1000 991 871
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Figure 6 shows film thickness measured in this way for 
the three test oils. For convenience, the x-axis in this plot 
shows both the bearing rotational speed and the correspond-
ing entrainment speed in the ball–ring contact. The dashed 
lines show the hc ∝ un trendlines i.e. a linear film vs speed 
relationship on a log–log plot as expected from EHL theory 
for fully flooded conditions. It is apparent that at relatively 
low speeds the measured film thickness increases linearly 
with speed on a log–log plot with a gradient of approxi-
mately 0.7 as expected from EHL theory. The absolute 
values of measured films are also found to be close to the 
theoretical ones. However, as the bearing speed is increased 
the measured film thicknesses start to fall below those of the 
linear trend. The film thickness is still increasing with speed 
but at lower rate than expected from EHL theory. The devia-
tion is larger and occurs at lower speeds for the higher vis-
cosity oils. For the lowest viscosity oil, M400, the film thick-
ness starts to fall below the expected one at about 1200 rpm, 
for the intermediate viscosity oil, M700, this happens at 
about 900 rpm and for the highest viscosity oil, M1000, this 
is at around 700 rpm. Together, the trends described here 
indicate that there is some level of starvation occurring in 
the ball–ring contacts past certain bearing speed. The bear-
ing speed at which the first onset of starvation occurs and 
the level of the resulting film reduction is determined by the 
oil viscosity. Additionally, with M1000 oil, where higher 
bearing speeds were tested (up to 2900 rpm), there is an 
actual decrease in film thickness with speed at speeds higher 
than 2000 rpm. This suggests that more severe starvation is 
now occurring so that as speed increases further the con-
tact becomes more and more starved, leading to a negative 

trend in film thickness with speed as may be expected from 
starvation theory.

Figure 7 shows the same film thickness results now plot-
ted against the product of lubricant viscosity and entrain-
ment speed, ηu. This superimposes the curves for the three 
oils and shows clearly that the observed film thickness 
behaviour can be divided into three stages. At very small 
ηu values, the contact is fully flooded and the film thick-
ness hc is as predicted from fully flooded lubrication theory. 
At intermediate ηu values, the film thickness still increases 
with ηu but the discrepancy between the measured values 
and those predicted from fully flooded condition gets pro-
gressively larger as ηu increases. This suggests that some 
level of starvation is now occurring. At still higher ηu, the 
central film thickness hc decreases at a rate proportional to 
u−1 which is in line with EHL starvation theory [31] and 
indicates that severe starvation may be occurring under these 
conditions.

4.2  Mapping of Oil Film Distribution in the Inlet 
of the Ball–Ring Contact

To further investigate the observed film thickness behav-
iour in the ball–ring contact, the oil film in the rolling 
track in the vicinity of the contact, including the inlet, 
was measured using the ratiometric fluorescence set-up 
on the sapphire bearing rig. The set-up allows for 3D 
maps of lubricant distribution all around the contact to 
be obtained. Typical such maps for the M1000 oil at three 
bearing speeds, 100, 1000 and 2000 rpm are shown in 
Fig. 8. It is evident that the imaging system enables good 

Fig. 6  Measured central film 
thickness in the ball–outer 
ring contact for the three test 
oils plotted against the contact 
entrainment speed and bearing 
rotational speed. Oil proper-
ties as given in Table 1, Max. 
Hertz pressure (ball–outer ring 
contact) = 1.57 GPa, Sump test 
temperarure = 32 °C (Color 
figure online)
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Fig. 7  Measured central film 
thickness in the ball–outer ring 
contact for the three test oils 
plotted against the product ηu; 
Same film thickness data as in 
Fig. 6 (Color figure online)

Fig. 8  Three-dimensional (left) and contour (right) maps of oil film 
thickness around the ball–outer ring contact including the inlet region 
for a 100 rpm, b 1000 rpm and c 2000 rpm. Oil M1000, Max. Hertz 

pressure (ball–outer ring contact) = 1.57 GPa, Sump test tempera-
ture = 32  °C; Locations of the contact and the inlet regions are as 
indicated in the images on the right (Color figure online)
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quality maps of lubricant thickness to be obtained at a 
wide range of rolling speeds and over a large region sur-
rounding the contact. The colour bar in each image indi-
cates the quantitative values of the film thickness shown 
in the corresponding maps. The shapes of oil reservoir 
ahead of the contact can be seen clearly from the 3D plots 
allowing for quantitative assessment of the differences 
in the inlet oil supply at different speeds. At 100 rpm, 
which lies within the EHL theory region in Fig. 7, there 
is a large reservoir of oil in the rolling track and the inlet 
to the contact appears to be fully flooded (Fig. 8a). At 
1000 rpm (within the onset of starvation region in Fig. 7) 
the oil reservoir ahead of the contact is visibly reduced 
(Fig. 8b). At 2000 rpm (within the starvation region in 
Fig. 7) there appears to be very little oil in the rolling 
track ahead of the ball–ring contact as indicated by the 
dark blue colour in the 3D map (Fig. 8c).

Figure 9 shows 2D profiles of the film thickness in the 
inlet region extracted from the 3D fluorescence maps along 
the dashed line in Fig. 8 i.e. along the centre of the con-
tact in rolling direction with inlet on the left and outlet on 
the right. The thickness of this inlet film determines the 
amount of oil entrained into the contact and hence the in-
contact film thickness shown earlier. The inlet film can be 
described using two parameters, the inlet distance from the 
front of the contact, S, where the oil starts to fill the inlet 
gap, and the thickness of the inlet film at this point, hoil. 
Both of these are indicated in Fig. 9 for the present meas-
urements. In fully flooded conditions, hoil can be hundreds 
of times greater than the central film thickness, hc, and S 
is of the order of contact width. In contrast, under starved 
conditions, the magnitude of hoil approaches that of hc and 
S approaches zero.

Figure 9 shows that at 100 rpm the inlet was fully flooded 
with oil. This is in line with the results shown in Figs. 6 and 
7 where the central film thickness, hc was measured to be in 
line with EHL theory. At 1000 rpm, the inlet film thickness, 
hoil and meniscus distance, S were somewhat reduced, while 
at 2000 rpm, both hoil and S were severely reduced indicat-
ing starved conditions, in line with the central film thickness 
measurements in Figs. 6 and 7.

Figure 10 plots the ratio of the measured central film 
thickness, hc, to that predicted using EHL theory for fully 
flooded conditions, hcff, against the non-dimensional inlet 
film thickness, hoil/hc. It is seen that central film thick-
ness approached the predicted value (i.e. hc/hcff tends to 
1) when inlet film was hundreds of times greater than 
the central film thickness but dropped further and further 
below the predicted value as the inlet film reduced i.e. as 
the ratio hoil/hc fell further below about 100. This general 
trend is in line with the results of starvation modelling 
[31, 32].

5  Discussion

5.1  Benefits of the Presented Set‑Up and Its 
Potential Applications

This paper presents a novel experimental set-up, referred to 
as the ‘sapphire bearing rig’ or ‘SBR’, that makes it possible 

Fig. 9  Film thickness profile and the ball geometry along the centre 
of contact in the rolling direction for three different bearing speeds 
extracted from the 3D maps in Fig.  8: a 100  rpm, b 1000  rpm and 
c 2000  rpm; Oil M1000, Max. Hertz pressure (ball–outer ring con-
tact) = 1.57 GPa, Sump test temperature = 32 °C (Color figure online)
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for the first time to directly observe and measure the lubri-
cant film thickness in a single element–ring contact in a radi-
ally loaded model rolling bearing operating under realistic 
conditions. In parallel, the set-up is also capable of providing 
a 3D map of lubricant film in the rolling track around the 
contact, including the contact inlet, using a novel applica-
tion of ratiometric laser induced fluorescence technique. 
This provides knowledge of the inlet oil supply conditions 
which is crucial in understanding the observed in-contact 
film thickness. The method provides obvious benefits over 
other techniques employed for bearing film thickness meas-
urements such as capacitance which provide a measure 
of average film in all element–ring contacts and are com-
monly limited to axial bearing loads, and ultrasound which 
is limited to relatively low bearing speeds [20–22]. None of 
these alternative techniques provide the lubricant film maps 
around the contact.

The set-up can be used to evaluate the effect of lubricant 
properties, bearing operating conditions and bearing geom-
etry, including the type of cage and the type and number of 
rolling elements, on bearing lubrication. The results can be 
used to help optimise bearing design but also to validate 
models of starvation and lubricant flow in bearings.

The presented results illustrate the capabilities of the rig 
using oil as a lubricant but the set-up can just as easily be 
utilised to study grease lubrication. Arguably, this is a more 
important application of the rig given that most rolling bear-
ings are grease lubricated and that grease distribution in a 
bearing as well as the presence of grease thickener play an 
important but relatively poorly understood part in bearing 
lubrication and can cause the in-contact oil films to devi-
ate from EHL theory [40, 41]. Authors have already been 

using the rig to study grease lubrication and will publish the 
results of these studies in due course.

5.2  Limitations of the Current Set‑Up

Perhaps the most obvious limitation of the current imple-
mentation of the sapphire bearing rig is the use of a purely 
cylindrical outer ring instead of the grooved one as used in 
real deep groove ball bearings. This limitation does not arise 
from any physical characteristics of the employed methods 
but is of practical, manufacturing nature as it is simply very 
difficult and costly to manufacture the groove in a sapphire 
ring while still maintaining the required cylindricity and sur-
face quality needed for successful film measurements. This 
limitation can therefore be overcome with further manufac-
turing effort and expenditure. The lack of groove is likely 
to have important effects on the lubrication conditions. The 
ball–outer ring contact here is much narrower in the trans-
verse direction than is the case with a grooved ring. It is 
also narrower than the ball–inner ring contact. Both of these 
factors may influence the flow of oil to and from the rolling 
track between consecutive ball overrollings and hence the 
conditions in the inlet of the ball–outer ring contact. This 
may in turn influence the exact operating conditions at which 
starvation starts to occur for a given lubricant.

It should be noted that the exact same set-up can be used 
with a cylindrical roller bearing instead of a deep groove 
ball bearing, in which case the cylindrical outer ring is an 
accurate representation of the real bearing geometry. This is 
out of scope of the present paper, but the authors have also 
implemented this set-up and successfully obtained relevant 
results albeit at lower contact pressures. A much higher 
bearing loads are needed to reach similar Hertz pressures 

Fig. 10  Plot of ratio of meas-
ured central oil film thickness 
and predicted film using fully 
flooded EHL theory, hc/hcff, as a 
function of the nondimensional 
thickness of the oil layer in 
the inlet, hoil/hc (Color figure 
online)
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in roller-ring contact as in the current ball–ring contacts; 
depending on the exact pressures desired, this may necessi-
tate the upgrade of the loading system. Many of the compo-
nents in the current loading system were borrowed from the 
tried-and-tested PCS MTM tribometer to ensure reliability. 
This limits the maximum load to around 75N in the cur-
rent implementation of the SBR which is sufficient to ensure 
representative contact pressures of more than 1.5 GPa in the 
outer ring contact in the case of a ball bearing as used here. 
By upgrading the stepper motor and using a stiffer loading 
arm, it is possible to increase this maximum load so that 
representative contact pressure could also be obtained with 
a roller bearing of similar size.

The use of a sapphire ring instead of a steel one changes 
the wetting characteristics of the bearing which may also 
affect the supply of oil to the contact. The exact effect of this 
in the present set-up is unknown but sapphire is commonly 
used as a material for one of the contacting bodies in the 
optical interferometry set-ups for lubricant film thickness 
measurements in single contacts.

5.3  Observed Trends in Oil Film Thickness 
in and Around the Ball–Ring Contact

Preliminary results presented in this article show that oil film 
thickness in a ball–ring contact falls below that predicted by 
the standard EHL theory at certain bearing operating condi-
tions. The point at which this occurs is determined by the 
product of the oil viscosity and bearing rotational speed. 
The maps of the oil film in the rolling track ahead of the 
approaching contact show that this reduction of in-contact 
film thickness occurs due to a lack of sufficient oil in the 
rolling track to fully fill the inlet of the approaching contact. 
This occurs at a given combination of oil viscosity and bear-
ing speed when there is insufficient time for the lubricant to 
flow back into the rolling track having been pushed away by 
the passage of the preceding ball.

6  Conclusions

The present paper describes a novel experimental set-up, 
referred to as the ‘sapphire bearing rig’ or SBR, for in situ 
imaging and measurement of lubricant films in a model 
rolling bearing operating under realistic conditions. Opti-
cal access to the region of the element–outer ring contact is 
afforded by the use of a cylindrical sapphire outer ring. The 
main features of the set-up are:

– It is able to directly image and measure the film thickness 
in the element–outer ring contact with accuracy of a few 
nanometres using an optical interferometry technique.

– It is able to obtain quantitative 3D maps of lubricant 
film thickness around the contact, including in the roll-
ing track ahead of the contact and hence the immediate 
contact inlet, with the accuracy of a few microns using 
a novel application of ratiometric laser induced fluores-
cence technique.

– The set-up therefore can establish when the in-contact 
film thickness deviates from that predicted using the EHL 
theory and in parallel quantify the oil supply conditions 
in the contact inlet.

– The presented results show that past a certain bearing 
speed, the in-contact film thickness falls below that 
predicted by standard EHL theory. The 3D maps of the 
oil film ahead of the contact show that this reduction 
in film is caused by the onset of starvation. The condi-
tions at which starvation occurs is shown to depend on 
the product of lubricant viscosity and bearing rotational 
speed.

– The set-up can help in optimising lubricant properties, 
be it oil or grease, and bearing design, for example the 
type of the bearing cage, to improve bearing lubrication 
performance.

Appendix

A1. Basic Laser‑Induced Fluorescence 
Imaging

Laser-induced fluorescence (LIF) is a commonly used tech-
nique in flow visualisation and investigations [13–16]. It was 
pioneered more than 40 years ago by Smart and Ford [13] 
for the studies of oil films between piston ring and cylinder 
liner. From the early 2000s, LIF saw its gradual adoption as 
an experimental method in tribology for thin film investiga-
tions in compliant contacts starting with the work of Sug-
imura et al. [42] on a ball-on-disc type configuration. In its 
basic form, a LIF imaging experiment in fluids consists of 
dissolving a fluorescent dye in a fluid and subjecting the 
probed volume to photo-excitation; the resulting fluores-
cence signal is then collected and imaged on an imaging 
sensor where the fluorescence power emitted per unit area, 
SF, is amplified and converted into pixel intensity values.

For a probe volume of excitation spot area, A, and cross-
sectional thickness l, the fluorescence emission intensity If 
per unit area is

The spectral width of fluorescence emission depends the 
particular dye’s photophysical characteristics, the intensity If 

(1)If(l) = I0�(1 − e
−��ex

Cl)
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is a function of the concentration C of the fluorescent species 
in the fluid, the excitation light intensity I0 at wavelength λex 
and the probed volume cross-sectional thickness l. The dye’s 
quantum efficiency, ϕ, is the ratio of photons absorbed to the 
photons emitted through fluorescence and ��ex is the molar 
extinction coefficient, an intrinsic property of the dye.

The excitation light intensity I0 decays exponentially as 
it travels through the probe volume according to Eq. (2) with 
I0

IT

  the ratio between the incident (excitation)  I0 and the trans-
mitted IT light being:

Equation (2) is normally expressed as Eq. (3) which is 
also known as the Beer–Lambert law [43]:

where Abs is the probe volume absorbance at wavelength λex.
For low absorbances, i.e. A< < 1, a Taylor series expan-

sion of Eq. (1) leads to:

That is the fluorescent intensity is linearly proportional 
to the film thickness for weakly absorbing, dilute probe vol-
umes. This relationship is valid for a range of excitation 
intensities as long as the dye saturation intensity Isat is not 
exceeded [37], since:

It can be seen from Eq. (5), that as long as I0 ≪ Isat, the 
effective excitation intensity Iex is equal to Io and linearity 
of relationship in Eq. (4) holds. In LIF experiments, it is 
critical to always operate in excitation regimes well below 
the dye’s excitation saturation intensity, especially during 
the calibration step or when operating at short exposures as 
discussed previously.

The fluorescence signal Sf collected by the imaging sen-
sor over an integration time t and over a range of emission 
wavelengths between λ1 and λ2 (λ1 < λ2) can be approxi-
mated by:

where K is an experimental constant which takes into 
account the various losses that might exist in the setup as 
well as other optical, electronic and photophysical effects.

Film thickness measurements using LIF are made 
with the assumption that Eq.  (6) is valid i.e. a uniform 

(2)
I0

IT

= e
−��ex

Cl

(3)Abs = log
I0

I
= ��exCl,

(4)If(l) ≈ I0���exCl

(5)Iex =
I
o

1 +
I0

Isat

(6)Sf = AKt ∫
�1

�1

If(�)d� = KAI0���exClt,

illumination in space and time with an excitation intensity 
below Isat impinging on a dilute and weakly absorbing probe 
volume. A calibration step involves an experiment whereby 
Sf is correlated to known film thicknesses (h) so that the 
generated calibration curve can subsequently be used for 
film thickness determination.

While the validity of this general procedure is well estab-
lished for a typical ball-on-disc setup, where I0 is consid-
ered constant, this is not the case for the SBR configuration. 
For the latter, Eq. (6) cannot be assumed valid since during 
bearing operation, the excitation light incidence angle on 
the contact zone will change with the spatial position of 
the ball; this variability compounds with the one due to the 
temporal instabilities of light source. A further important 
aspect specific to the SBR is that because the resident time 
of the contact in the excitation field changes with bearing 
speed, to keep the I0 constant every bearing speed would 
require an adjustment of the excitation light intensity. These 
factors introduce variability in the excitation intensity, I0 
and therefore the direct use of Eq. (6) for film thickness 
measurements would produce inaccurate values in the pre-
sent experiments. To address this, an alternative ratiometric 
fluorescence approach that does not rely on constant excita-
tion intensity, I0 was adopted for the present SBR set-up.

A2. Ratiometric Laser Induced Fluorescence 
Imaging

The ratiometric LIF imaging approach implemented on 
the SBR uses two fluorescent dyes (a donor and an accep-
tor) dissolved in a fluid to take advantage of a fluorescence 
measurement artefact known as the inner-filter effect. This 
approach is similar to the one proposed by Hidrovo et al. 
[39], termed Emission Reabsorption Laser Induced Fluo-
rescence (ERLIF).

Although the inner filter effect can occur for a single dye 
system, it is more pronounced in the case of a mixture of 
two dyes [38]. This fluorescence quenching effect may occur 
whenever there is a spectral overlap between the donor dye 
(D) emission and the acceptor dye (A) absorption spectra 
so that a radiative transfer process can take place between 
them whereby a photon emitted by D is absorbed by A. This 
radiative transfer results in a decrease of the donor quan-
tum efficiency in the region of spectral overlap and hence a 
decrease in the donor fluorescence signal. The ratiometric 
imaging consists of separating the donor and acceptor sig-
nal and using the ratio as a scalar with no dependence on 
excitation intensity but only the cross-sectional depth of the 
probed volume i.e. the oil film thickness in the present case.

Following similar formulation as Valeur [44], for a given 
concentration  CA and  CD of donor and acceptor dyes in a 
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fluid, the fraction a of photons emitted by D and absorbed 
by A is:

where �0
D
 is the fluorescence quantum yield of the donor 

in the absence of acceptor and ID(�) , �A(�) the donor fluo-
rescence intensity and molar absorption coefficient of the 
acceptor, respectively.

For dilute and weakly absorbing probe volumes Eq. (7) 
can be simplified to:

With the magnitude of the spectral overlap between D and 
A represented by the integral in Eq. (8). The donor fluores-
cence signal can therefore be expressed as:

where S0
D
  is the donor fluorescence signal in the absence of 

the acceptor.
Using the expression in Eq. (6) and assuming a dilute and 

weakly absorbing probe volume, the ratio, R, of the donor 
and acceptor fluorescence signals, SDandSA respectively, is:

If the overlap integral, O, is assumed as invariant for the 
two fluorescent dyes undergoing radiative transfer, Eq. (10) 
can be simplified to:

where B and C are constants.
From (11) it follows that the ratio of the fluorescence sig-

nals from the donor and acceptor dyes, D and A, correlates 
linearly with the film thickness, l , with dependence on the 
excitation intensity I0 suppressed. This ratiometric approach 
also has the benefit of suppressing other undesirable setup 
specific factors that might affect the fluorescence signal such 
as optical non-linearities and surface reflectivity.
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