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ABSTRACT 

The dissertation thesis deals with the lubrication mechanisms within hip joint 
replacements. A systematic study of protein film formation considering various 
materials and operating conditions was conducted, focusing on the role of particular 
synovial fluid proteins while the simultaneous presence of other proteins. Since the 
previously applied experimental approaches did not allow to separate the individual 
constituents of the model fluid, an optical measurement method based on 
fluorescent microscopy was developed. The verification of the method is presented 
performing two different studies focusing on the film thickness determination and 
lubricant rupture ratio at lubricated contact outlet, respectively. Due to several 
limitations of the fluorescent microscopy, the research was supported by the use of 
optical interferometry method, whose usage is demonstrated in the study dealing 
with the protein film formation in hip joint replacements considering real conformity 
of rubbing surfaces. The latest part of the thesis introduces a novel methodological 
approach enabling to assess the role of proteins in relation to protein film thickness 
based on in situ observation of the contact zone. The thesis presents original results 
extending the knowledge in hip replacement biotribology area towards the further 
development of implants preventing its failure due to limited service life. 

KEYWORDS 

Biotribology, hip replacement lubrication, protein, albumin, y-globulin, synovial fluid, 
film thickness, fluorescent microscopy, optical interferometry 
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ABSTRAKT 

Dizertační práce se zabývá mechanismy mazání v náhradách kyčelního kloubu. Byla 
provedena systematická studie formování proteinového filmu při zahrnutí různých 
materiálů a provozních podmínek. Hlavní pozornost je přitom věnována roli 
jednotlivých proteinů obsažených vsynoviální kapalině při současné přítomnosti 
dalších proteinů. Jelikož metody aplikované v předchozích studiích neumožňovaly 
separovat jednotlivé složky maziva, byla vyvinuta optická měřící metoda na principu 
fluorescenční mikroskopie. Z důvodu verifikace metody byly provedeny dvě nezávislé 
studie zaměřené na měření tloušťky mazacího filmu a dělení maziva na výstupu 
mazaného kontaktu. Z důvodu určitých limitací fluorescenční mikroskopie byla dále 
využita i metoda optické interferometrie, jejíž využití je ilustrováno ve studii 
zabývající se formováním mazacího filmu v náhradách kyčelního klubu při uvažování 
reálné konformity třecích povrchů. Závěrečná část práce představuje nový 
metodologický přístup založený na in situ pozorování kontaktní oblasti umožňující 
popsat roli jednotlivých proteinů ve vztahu k vývoji tloušťky mazacího filmu. Práce 
obsahuje originální výsledky, které přináší nové poznání v oblasti biotribologie 
náhrad kyčelního kloubu vedoucí k dalšímu vývoji implantátů při snaze zabránit jejich 
selhání v důsledku omezené životnosti. 

KLÍČOVÁ SLOVA 

Biotribologie, mazání náhrad kyčelního kloubu, protein, albumin, y-globulin, 
synoviální kapalina, tloušťka filmu, fluorescenční mikroskopie, optická 
interferometrie 
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Introduction 

1 INTRODUCTION 

Total hip replacement is recognized to be one of the most successful and most 
applied surgical treatment of modern medicine. According to Heatlh at a Glance 
2015: OECD indicators [1], 161 operations per 100 000 inhabitants were conducted 
in OECD countries in 2013, as can be seen in Fig. 1. Moreover, the number of 
operations still increases. Despite a rapid improvement of implant materials, hip 
replacements still suffer from limited longevity which is estimated to be between 
10 - 20 years [2]. Since the need of revising operations substantially affects the life 
quality of patients, it is strongly desired to extend the durability of replacements. 

The main cause of implant failure is aseptic loosening as a consequence of 
osteolysis [3]. During the articulation of the components, wear particles are released 
from the surfaces, interacting with the surrounding hard and soft tissues, leading to 
inflammation reactions and degradation of the tissue eventually. Therefore, recently 
the authors focused on in vitro testing of wear rate dependently on materials, 
geometry, or operating conditions [4]-[6]. It was revealed that the fundamental 
parameter influencing the wear of rubbing surfaces is implant material. In general, 
two different combinations are being implanted nowadays; hard-on-soft 
combination presented by very stiff femoral head (CoCrMo alloys, ceramic) and 
compliant acetabular cup (ultra-high molecular weight polyethylene - UHMWPE, 
highly cross-linked polyethylene - HXPE) and hard-on-hard combination where both 
components are made from metal or ceramic. From the performed studies, it is 
apparent that ceramic-on-ceramic implants exhibit the lowest wear rate. On the 
contrary, the highest wear occurs in the case when the cup is made from polymer [7]. 

Although the information about wear rate might be very important in relation to 
implant longevity, so far, little is known about the interfacial lubricating processes 
inside the contact. Even though, such a knowledge can lead to further development 
in the area of implants design or material towards the extension of the service life of 
replacements eventually. 

The tribological performance of contact pair is substantially influenced by the 
prevailing lubrication regime. Sufficient separation of rubbing surfaces by fluid film 
can help to protect the surfaces against mutual contact potentially minimizing wear. 
However, it was discussed in literature that hip implants usually operate under 
boundary or mixed lubrication regime [8]. In terms of lubrication, one of the crucial 
parameters is the lubricant film thickness. In general, two different approaches can 
be employed for film thickness determination; numerical simulations and 
experimental measurements. Several studies have been conducted focusing on the 
numerical predictions of film thickness in hip replacements [9]-[ l l ] . However, it must 
be highlighted that human synovial joints are lubricated by synovial fluid (SF) which 
is non-Newtonian liquid and corresponds to shear thinning behaviour [12],[13]. 
Moreover, it is well known that protein adsorption onto rubbing surfaces, whose 
simulation is particularly complicated, substantially influences film thickness and 
tribochemical layers [14]-[16]. 

The aim of the present thesis is to provide an analysis of lubricant film formation 
in hip joint replacements based on situ observations using optical methods. The main 
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Introduction 

attention is paid to the role of particular SF proteins (albumin, v-globulin). So far, 
there is not such a study providing the information about individual protein 
behaviour considering model fluid containing more than one constituent. For this 
purpose, a novel methodological approach has to be developed. 
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Figure 1. Hip replacement surgery in 2013 [1], 
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2 STATE OF THE ART 

2.1 Experimental methods for film thickness investigation 

An experimental investigation in tribology experienced a rapid improvement during 
the last few decades. Summary of the experimental methods enabling film thickness 
measurements inside the contact of two bodies was provided in several references 
[17]-[19]. Neglecting the unique approaches, often developed for specialized 
particular investigations, two groups of methods can be identified, in general. 

The first is group is represented by the electrical techniques based on the change 
of electrical quantity, i.e. resistance, voltage, or capacitance. The use of electrical 
methods in the area of hip biotribology was introduced by Dowson et al. [20] and 
Smith et al. [21], who performed qualitative analysis of surfaces separation over the 
gait cycle in metal [20] and ceramic [21] rubbing pairs using an electrical resistivity 
method. One of the main drawbacks of the described approach is that the studied 
materials have to be conductive. Therefore, in the case of ceramic, the base material 
had to be coated with thin conductive layer [21] which could influence the character 
of film development. Although the electrical methods provide the information about 
the surface separation, it does not allow to observe the contact in situ disabling to 
describe the character of protein film formation. 

Another experimental approach utilizes optical methods enabling direct contact 
observations. Based on the critical review, two different optical methods suitable for 
film thickness determination can be recognized; optical interferometry and 
fluorescent microscopy. As is discussed in the following chapter, optical 
interferometry is well-established routine technique for film thickness 
determination. It was proved by Hartl et al. [22] that the method provides very 
accurate results of the size of the gap between the two surfaces with the resolution 
down to 1 nm. However, due to the principle of the method, it is not possible to 
distinguish the individual components contained in the lubricant. 

In an effort to be able to determine the role of particular constituents contained 
in model fluid, optical method based on the fluorescent microscopy may be a suitable 
solution. The results are expressed in terms of fluorescent intensity in this case [18]. 
By using appropriate fluorescent markers, it is possible to label the individual parts of 
the lubricant, so the qualitative information about the lubricant layer development 
can be obtained. Due to the principle of the method, fluorescent microscopy brings 
several advantages enhancing the measurement possibilities, such as: 

• Measurement in a wide range of thicknesses from tens of nm to units of mm. 
• Investigation of non-reflective, compliant materials (polymers, tissues). 
• Measurement of contact bodies of high surface roughness. 
• Determining of lubricant flow. 
A detailed description of the mentioned experimental methods is provided in 

chapter 4. It should be highlighted, that the method based on fluorescent microscopy 
has never been used before for in-situ analysis of lubrication mechanisms in hip joint 
replacements. Therefore, the following part is focused on the review of the use of 
the method for tribological analyses. 
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2.2 Fluorescent microscopy in tribology 
The first research work employing the fluorescent microscopy for the measurement 
of lubricant layer was given by Smart and Ford [23]. Mercury lamp induced 
fluorescence was used for the measurement of lubricant layer on rotating cylinder. It 
was discussed that the method enables to measure the lubricant film in the range 
from 0.1 u.m to 1 mm dependently on calibration accuracy. In the paper, the authors 
detected the film thickness from 800 nm to 35 u.m, according to the rotations of the 
steel cylinder. The knowledge was discussed in relation to starvation of rolling 
bearings. Global tendency of film thickness is shown in Fig. 2. It was found that the 
thickness of the lubricant layer in the case of turbine oil Castrol 3C and 10 000 rpm 
was only around 1 pm. It is expected that the film entering to the contact is too thin 
to ensure sufficient separation of the rubbing surfaces preventing starvation. 
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Figure 2. Development of film thickness as a function of speed for Castrol 3C oil; a) steel surface, 
b) chrome coated surface [23]. 

The following paper was introduced by Ford and Foord [24], who replaced 
mercury lamp by the laser of a wavelength A. = 441.6 nm. The consequence of the use 
of the laser as an excitation source is mainly a simpler design of the experimental 
setup. Publication dealt, among others, with the differences between lamp and laser 
excitation, while several points were highlighted: 

• If the lamp is used as the excitation source, it is necessary to employ optical 
components from silica glass; which is unnecessary in the case of laser, when 
standard optical glass is usable. 

• Laser of a defined wavelength is more stable and much more powerful leading 
to more intense emission. 

• Mineral oils emit fluorescence naturally without the need of adding the 
fluorescent dye. In that case, the deep to which the illumination is able to 
penetrate, is observed. So called "excitation penetration" is much better 
when the oil is excited by the laser. 

• In meaning of safety, laser is visible (contrary to UV lamp) simplifying the 
configuration of the optical system and limiting the use of protective 
equipment. 

page 

9 



State of the art 

The authors also discussed a decay of fluorescence emission with time as 
a consequence of illumination. This phenomenon was observed even in the case of 
very stable lubricants after some time. The solution of such a problem might be the 
usage of the laser in a pulse regime or lowering its power, which is; however, 
associated with the lowering of emission. The decay of fluorescence signal with time 
for gas turbine oil is shown in Fig. 3. 
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Figure 3. Decay of the fluorescence emission as a function of time for turbine oil. The figure was 
reproduced based on [24]. 

Subsequent studies employed the fluorescent method for investigation in real 
applications [17],[25],[26]. Poll and Gabelli [17],[25] focused on the analysis of 
lubricant film in the contact of shaft and rotary lip seals, the function of which is to 
ensure system reliability, prevent the leakage of the lubricant, and prevent the 
contamination of lubricant. Initially [25], a numerical model for film thickness 
prediction considering the viscoelastic behaviour of polymeric seals was established, 
partially based on the images of the contact obtained using halogen lamp induced 
fluorescence. The numerical model was later verified by the use of electric resistance 
method, while very good agreement was achieved in the whole range of investigated 
speeds [17]. As the resistance method suffered from limited readability, Poll et al. 
[26] employed the fluorescent method for direct measurement of film thickness 
later. The authors were able to measure the lubricant film from 0 to 10 u.m with the 
readability equal to 0.02 microns. The issue of calibration was discussed in the study 
as well. The intensity/thickness dependence was obtained using steel plate and glass 
shaft, while the investigated configuration consisted of glass shaft and polymeric lip 
seal. According to authors' recommendations, for the calibration, the glass shaft 
should be substituted by the steel shaft with an optical window to avoid inaccuracies 
coming from different tribological behaviour of glass and steel, respectively. 

For the purposes of laboratory investigations, ball-on-disc experimental device, 
introduced by Gohar [27], is extensively used in the area of tribology. The first 
combination of ball-on-disc device with the fluorescent method for film thickness 
measurement was introduced by Sugimura et al. [28]. Mineral oils were used as the 
test lubricants. Although the oils emit fluorescence naturally when illuminated in UV, 
to enhance emission, base oils were doped by a Pyrene fluorophore, in addition. The 
experiments were realized under pure sliding condition, whilst the steel ball was 
stationary and the glass disc rotated. Two undesirable phenomena limiting the usage 
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of the method were discussed by the authors. The first point was the interference of 
light beams arising at the interfaces disabling to process a precise calibration. The 
authors solved this issue by replacing the steel ball by glass lens for calibration. 
Although the interference disappeared, it must be taken into account that the 
calibration may be influenced by the different optical properties of calibration and 
test samples, potentially affecting results accuracy. Another point apparently 
influencing the results was background effect caused by cavities formed at the outlet 
zone. This problem was not completely solved in the study. 

Substantial improvement of the fluorescent method was provided by Hidrovo 
and Hart, who introduced dual emission laser induced fluorescence (DELIF) [29] and 
emission reabsorption laser induced fluorescence (ERLIF) [30] principles. In the case 
of DELIF (Fig. 4 - left), the lubricant is doped by two fluorescent dyes with the similar 
excitation, but different emission wavelengths. The method is based on ratiometric 
principle allowing to normalize the emission of one dye against the emission of the 
second one, eliminating undesirable phenomena such as illumination intensity 
fluctuation or background effect pronounced by Sugimura et al. [28]. 
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Figure 4. Left: Scheme of the DELIF principle [29]. Right: Scheme of the emission reabsorption [30]. 

ERLIF principle occurs when the emission wavelength of the first dye is similar to 
the excitation wavelength of the second dye, or vice versa, see right part of Fig. 4. In 
that case, two events can be observed; one dye is, in addition to external illumination, 
excited by the emission produced by the second dye. This effect is negligible since 
the emission intensity is usually considerably lower compared to the external light 
source intensity. However, the more substantial problem is that the emission of the 
second dye is lowered by the intensity being reabsorbed by the first dye. This effect 
must be taken into account during the data evaluation. It was highlighted that the 
both approaches are suitable for optically thick systems (> 5 u.m). In the case of 
thinner films, the ratio of intensities is almost constant and the level of reabsorption 
is negligible. The authors were able to measure thicknesses in the range from 5 to 
400 u.m with 1% accuracy. The method was employed for the investigation of surface 
topography of the coin as well. Initially, calibration was processed using a known 
wedge geometry finding the dependence between the layer thickness and 
fluorescent intensity (Fig. 5). As the fluorophores, Pyrromethene 567 and 
Pyrromethene 650 were added into a base oil. Despite a very good accuracy and 
system stability, it should be mentioned that both the approaches were no more 
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applied for film thickness measurements by other authors, especially due to 
limitation of minimum detectable thickness and particularly complicated image 
processing based on the provided mathematical model. 
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Figure 5. Left: Calibration configuration based on the known wedge geometry. Right: Dependence of 
film thickness on intensity for different fluorophores [30]. 

Azushima measured the lubricant film thickness between the tool and the 
workpiece sheet during drawing process [31],[32]. Topography of the surfaces after 
drawing was also investigated. The author clearly proved the principle of linearity 
between the fluorescence intensity and film thickness. The calibration consisted of 
the following steps. At the beginning, two glass sheets were weighted, while in 
a further step fluorescently doped lubricant was added between the sheets. The 
intensity was captured and the sheets were weighted again. From the change of the 
mass and the dimensions of the sheets, the thickness of the lubricant could be exactly 
determined. Several repetitions were conducted giving the dependence between the 
oil film thickness and light intensity, as is illustrated in Fig. 6. 

Figure 6. Dependence between the oil film thickness and light intensity [31],[32]. 
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The use of the laser induced fluorescence (LIF) for determination of lubricant film 
thickness in an elastohydrodynamic (EHD) contact was presented by Reddyhoff et al. 
[33]. It was discussed that the knowledge about the formation of film inside the 
contact can help to predict friction in EHD contact, which is beneficial, since it is 
known that friction determines power losses and; therefore, the efficiency of 
machines eventually. The contact was formed between the steel ball and the glass 
disc, while the contact operated under fully flooded conditions. Initially, the method 
was verified measuring the film intensity and comparing the results with those of 
quantitative film thickness obtained by optical interferometry. The experiments were 
carried out under pure rolling conditions at rolling speed equal to 75 mm/s. As a test 
lubricant, glycerol doped by Eosin fluorophore was employed. Applied load was 20 N 
and ambient temperature was considered. Image on the left of Fig. 7 shows the 
contact shape while the corresponding intensity of lubricant film along the 
highlighted profile is displayed in the graph on the right of Fig. 7, where the film 
thickness evaluated by optical interferometry is plotted as well. Although the 
fluorescent intensity was not calibrated to film thickness determination, it is evident 
that there is a very satisfactory correlation of the both curves. 

Figure 7. Left: Map of fluorescent intensity in EHD contact. Right: Film thickness in the profile (dotted 
dashed line in the contact image) determined by fluorescent microscopy and optical interferometry. 
Inlet is on the top and left, respectively [33]. 

Subsequently, the lubricant flow was determined by adding fluorescently doped 
lubricant to the contact drag, while the main attention was paid to the observation 
of the boundary between the stained and unstained lubricant entraining the contact. 
Fluorescent maps showing the progression of the doped glycerol through rolling 
contact with 0.5 ms intervals are displayed in Fig. 8. Total time of the progression, 
since there was no dye, till the flooding of the contact with dye, was 5.5 ms. It should 
be noted that the intensity depends on film thickness, as well as on the amount of 
dye presented inside the contact. 
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Figure 8. Flow of the stained lubricant through the contact under pure rolling conditions. Inlet is on 
the top of each image [33]. 

Another experimental approach for lubricant flow investigation, based on 
fluorescent method, is known as fluorescence recovery after photobleaching (FRAP). 
Ponjavic et al. [34] employed FRAP to investigate through-thickness velocity profiles 
and slip length in elastohydrodynamic lubricated (EHL) contact. Combination of the 
two lasers was used; 473 nm, 40 mW blue laser was employed for photobleaching, 
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and 488 nm, 25 mW cyan laser was used for excitation. Initially, the methodology was 
validated by spatiotemporal intensity distribution of plane Couette flow in a 1 pm 
polybutene film between two slides, while the bottom slide was stationary and the 
top slide velocity was 26.3 pm/s. Bleaching and exposure time were 25 ms and 
180 ms, respectively. The photobleached plug initial diameter was 20 pm. 
Comparison of the experimental and numerical data is shown in Fig. 9. Subsequently, 
an EHD contact between the steel ball loaded against the glass slide was studied. 
Applied load of 5 N resulted to a theoretical Hertzian pressure of 315 MPa. Sliding 
speed was 360 pm/s leading to the expected film thickness of 170 nm. The results 
from experimental and numerical analysis are compared in Fig. 10. 

Figure 9. Validation of the methodological approach; comparison of the experimental (top) and 
numerical (bottom) spatiotemporal intensity distribution. White arrow indicates the shearing 
direction of the fluid [34]. 
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Figure 10. Photobleaching imaging velocimetry results for EHD lubricated contact [34]. 

Due to limitations in relation to measurement accuracy and minimum 
measurable film thickness, fluorescent microscopy was also successfully combined 
with optical interferometry several times. Qian et al. [35] investigated the lubrication 
failure of oil film in point EHL ball-on-disc contact at high slide-to-roll ratios (SRR). 
Central film thickness was measured by optical interferometry and the pool shape 
was observed using fluorescent microscopy. Images of the contact zone and pool 
shape at various speeds and SRRs are shown in Fig. 11. The authors concluded that 
at high SRRs, the transition from EHLto mixed or boundary lubrication regime occurs. 
The problem of starvation was discussed in the study as well. Due to starvation 
occurring in the inlet zone of the contact, thermal effects play a dominant role in the 
lubricated contact region, resulting to disc wear and subsequent lubricant failure. 
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Figure 11. Images of the contact zone obtained by optical interferometry (left) and images of the pool 
shape obtained by fluorescent microscopy (right) under the following experimental conditions; 
a) u = 0.731 m/s, SRR = 1.946; b) u = 1.514 m/s, SRR = 1.974; c) u = 2.607 m/s, SRR = 1.985 [35]. 

The same experimental approach was consequently employed by the authors for 
lubricant flow analysis inside the contact under micro oil supply conditions [36]. 
Combination of the methods was also pronounced by Xiao et al. [37] who observed 
water flowing through EHD contact of the steel ball and the glass disc lubricated by 
hexadecane doped by a Coumarin-311. Since the water does not contain the 
fluorophore, a clear boundary between the fluids could be recognized. 

LIF was later employed for direct measurement of film thickness in compliant 
contact [38]. Glass disc was sliding against polydimethylsiloxane (PDMS) pin with the 
radius of curvature of 12.7 mm (Fig. 12). The experiments were realized under fully 
flooded and starved lubrication conditions. Three various lubricants were used; pure 
glycerol, glycerol with distilled water in a ratio 1:1, and pure distilled water, while the 
dynamic viscosities were ni = 1-16 Pa-s, r|2 = 0.055 Pa-s, and r|3 = 0.00089 Pa-s, 
respectively. As a fluorophore, Eosin was added to the base lubricant as in the case 
of the previous study [33]. Due to low elastic modulus of the pin, very low level of 
load was applied, just in the range of tens of mN. 

Lubricant doped \ 
fluorescent dye 

Sample pot 
Sample spacer 

Healing 
Element 

Drive 
system 

Loading 
System 

Figure 12. Scheme of the experimental configuration [38]. 

A measurement range in the performed study was from 200 nm to 25 pirn. The 
results of film thickness as a function of entrainment speed under fully flooded 
conditions and load of 40 mN are shown in Fig. 13. In the case of glycerol, it can be 
clearly seen that the dependence was practically linear. The rest two lubricants 
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exhibited very unstable behaviour, especially at lower speeds. The tendency becomes 
linear at around 8 mm/s for the mixture of glycerol and water and at 25 mm/s for 
water, respectively. 
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Figure 13. Development of film thickness as a function of entrainment speed for various lubricants 
under fully flooded conditions [38]. 

The authors also provided the comparison of experimental data with theoretical 
prediction. For mixture and water, there is a good correlation with the predicted data 
in the linear part of the film thickness development. Not so in the case of glycerol. As 
is shown in Fig. 13, the evaluated data corresponds to the prediction recalculated for 
lower viscosity of 0.15 Pa-s. It is expected that the deviation comes from the 
combination of thermal effects and hygroscopic nature of glycerol, which absorbs 
water vapour from the atmosphere which leads to the decrease of its viscosity. This 
statement was previously discussed by Bongaerts et al. [39]. 
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Figure 14. Development of film thickness as a function of entrainment speed for glycerol under starved 
conditions [38]. 
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Film thickness results of the contact lubricated by glycerol under starved 
conditions and 25 mN are plotted in Fig. 14. The data are compared with fully flooded 
prediction considering the effective viscosity of 0.15 Pa-s. It can be seen that at high 
speeds a rapid divergence occurs due to starvation. In Fig. 15, contact images taken 
during the experiment at various speeds are displayed. The corresponding film 
profiles along the X and Y axis are shown in Fig. 16. 

U = 210 

U = 14.6 

U = 579 U = 860 U=1100 

Figure 15. Film thickness maps of the contact lubricated by glycerol under starved conditions. Inlet is 
on the right of each image [38]. 

30 n 

Figure 16. Profiles of film thickness along Y (a) and X (b) axis for glycerol lubricated contact under 
starved conditions [38]. 

In the consequence paper, Myant et al. [40] applied LIF investigating the effect 
of transient start-up and sudden halting conditions on lubricant film. The same 
experimental configuration (stationary PDMS pin vs. rotating glass disc), as in the 
previous study, was employed, and the contact was lubricated by the mixture of 
glycerol (90 wt%) and water (10 wt%) doped by Sulforhodamine G of an approximate 
concentration of 0.05 wt%. The lubricant viscosity was 40 mPa-s. In the case of start-
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up motion, the end speed was 10 mm/s, while various accelerations were tested; 
1000, 100, 20, 10, 6.67, and 5 mm/s 2 respectively. When sudden halting was 
investigated, the initial sliding speed varied from 75 to 5 mm/s, whilst sliding was 
maintained for around 1 min before stopping the movement to ensure stabilization 
of lubricant film. 

The results under start-up conditions at acceleration equal to 10 mm/s 2 are 
shown in Fig. 17. It was observed that four different phases of film formation can be 
observed. Firstly, an initial contact deformation occurs immediately with the rotation 
of the disc. The phase is very short (= 0.3 s), while a slight change of the contact shape 
can be observed without the change of film thickness. Consequently, the surfaces are 
being separated by lubricant entraining the contact. During that phase a lubricant 
wave can be clearly observed. This phase is followed by full film formation, occurring 
when the wave passes through the whole contact. The lubricant film still increases. 
Finally, during the film relaxation phase, the film thickness is stabilized. 

-1 « 5 0 0 5 1 -1 -05 0 0 5 1 

Distance from contact centre, X (mm) 

Figure 17. Maps of film thickness during start-up conditions at acceleration of 10 mm/s2. Inlet is on 
the bottom of each image. Top left image is captured at time t = 0 s. Following images are taken at 
t = 0.13, 0.27, 0.34, 0.41, 0.55, 0.61, and 5.69 s [40]. 
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Images of the contact under sudden halting from initial sliding speed of 75 mm/s 
are displayed in Fig. 18. As can be seen, film thickness decreases over several seconds. 
Film breakdown can be divided into two separated stages. Firstly, the contact bodies 
undergo rapid elastic recovery in the contact inlet and contact edges, thus leading to 
the entrapment of the lubricant within the central part of the contact. Consequently, 
the entrapped fluid is slowly squeezed out from the contact. The size of the 
entrapment zone was found to be dependent on the initial sliding speed. 

Distance From contact centre, X (mm) 

Figure 18. Maps of film thickness during sudden halting conditions from the initial sliding speed of 
75 mm/s. Inlet is on the bottom of each image and the lubricant flows along Y axis. Top left image is 
captured at time t = 0 s. Following images are taken at t = 0.14,0.22, 0.28, 0.77, and 5.3 s [40]. 

The study was followed by Fowell et al. [41], who measured the lubricant film 
thickness in the compliant contact in various configurations. Two non-conformal 
contacts were investigated; PDMS hemisphere vs. glass disc and fluorocarbon rubber 
(FKM) O-ring sealing vs. glass disc, respectively. Finally, the disc was substituted by 
concave glass lens, so the conformal setup of sealing and lens could be studied as 
well. As a test lubricant, mixture of glycerol (75 wt%) and water (25 wt%) doped by 
0.01 wt% of Rhodamine 6G was used. Bottom part of the disc was immersed in the 
lubricant. Then, the lubricant is entrained to the contact as a consequence of 
disc/seal rotation. 

PDMS/glass test was conducted under pure sliding. Radius of the pin was 
12.7 mm and the pin was loaded against the disc by the force of 23.5 and 11 mN 
resulting to 89 kPa and 69 kPa, respectively. The range of the sliding speeds varied 
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from 2.4 to 1190 mm/s for higher and from 2.4 to 221 mm/s for lower load. Film 
thickness maps of the contact under various loads and sliding speeds are shown in 
Fig. 19. 
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Figure 19. Film thickness maps at selected sliding speeds for PDMS pin and glass disc contact; 23.5 mN 
(left) and 11 mN (right) [41]. 

In the case of elliptical FKM O-ring and the glass disc contact, the tests were 
performed under pure rolling. Applied load was 5.4 N, while the estimated contact 
pressure reached 2.1 MPa. Speed range varied from 5.5 to 1 080 mm/s. The results 
showed that the film thickness increases with increasing rolling speed, in general, 
while the maximum thickness towards to the middle of the contact. What is in 
discrepancy with previous point contact is that no hydrodynamic wedge can be 
observed, see Fig. 20 left vs. Fig. 20 right. 
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Figure 20. Profiles of film thickness along x axis for point (left) and elliptical (right) contact at selected 
speeds [41]. 

Finally, to approach the real geometry between the O-ring seal and shaft, the 
glass disc was substituted by glass lens to ensure high level of conformity between 
the counterparts. Experiments were realized under pure sliding with stationary lens 
and rotating barrel on which the O-ring seal was mounted. Applied load of 4.8 N and 
3.63 N resulted to a contact pressures of 1.4 MPa and 1.3 MPa, respectively. The 
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sliding speed was changed from 9.8 to 105 mm/s. Independently of load value, film 
thickness was relatively thin and was less than 1 u.m at all speeds. However, for both 
loads, the lubricant film inside the contact increased with increasing speed, while 
a complete separation of rubbing surfaces occurred when the speed exceeded 
53.5 mm/s. 

The results obtained for all the tested configurations were compared with 
theoretical predictions given by Hamrock and Dowson [42] and Nijenbanning et al. 
[43]. In the case of the first configuration, the results rather correlated to [43] at 
lower and were somewhere between [42] and [43] at higher load, as can be seen in 
Fig. 21. The results for rolling contact of O-ring seal and glass disc exhibited significant 
variance at lower speeds, while the data were in a good agreement with the 
prediction derived in [42], see Fig. 22 (left). On the contrary, conformal sliding contact 
between the sealing and the lens well corresponded to prediction given by 
Nijenbanning et al. [43], especially at higher load (Fig. 22 right). This indicates that 
the relative accuracy of the predictive models is strongly dependent on the applied 
conditions, as well as on the shape of the contact zone. 
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Figure 21. Development of central film thickness as a function of entrainment speed for point contact 
of PDMS hemisphere and glass disc loaded by 11 mN (left) and 23.5 mN (right) [41]. 
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Figure 22. Development of central film thickness as a function of entrainment speed for elliptic contact 
of O-ring seal and glass disc (left) and O-ring seal and glass concave lens loaded by 4.8 N (right) [41]. 
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2.3 Film thickness measurement in hip joint replacements 
Initial study focused on the film thickness measurement in hip joint replacements was 
introduced by Mavraki and Cann [44]. The paper dealt with the fundamental aspects 
of implants lubrication, while the main interest was focused on the influence of 
proteins on coefficient of friction (COF) and film thickness. As a reference lubricant, 
bovine serum (BS) of various protein concentrations (25%, 50%, 100%) was used, 
while the results were compared with those for healthy and periprosthetic SF. 
Healthy fluid was represented by the solution of phosphate-buffered saline (PBS) 
with added albumin (A) and y-globulin (G) in a ratio A:G = 2:1. In the case of 
periprosthetic fluid, the same amount of proteins was solved in 2-amino-2-
(hydroxymethyl)-l,3-propanediol (Tris). To be able to determine the effect of 
proteins, both lubricants with the interchanged protein concentrations were also 
investigated. 

The authors employed simplified ball-on-disc configuration while COF was 
measured on commercial mini traction machine (MTM) and lubricant film thickness 
on optical tribometer. For the evaluation of film thickness, optical interferometry 
method was used. Experimental conditions for both types of the tests are 
summarized in Tab. 1. 

Table 1. Summary of the experimental conditions [44]. 

Parameter MTM Optical tribometer Unit 

Mean Hertzian pressure 0.34 0.25 (GPa) 

Mean speed 5 - 5 0 5 - 2 0 (mm/s) 

Load 5 5 (N) 

SRR 180 0 (%) 

Temperature 37 25 (°C) 

The results of COF (Fig. 23, Fig. 24) showed that independently of applied 
lubricant, lower friction was maintained especially at slow speed regime. In terms of 
film thickness, the authors could observe relatively thin (< 20 nm) adsorbed protein 
layer while the further increase of film was attributed to hydrodynamic effect. 
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Figure 23. Development of COF as a function of mean speed for various concentrations of BS [44]. 
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The graph in Fig. 25 shows the dependence of film thickness on mean speed for 
50% BS. As can be seen, film increases with increasing speed during the first part of 
the experiment. Subsequent speed sweep had a negligible effect; however, a slight 
tendency to increase could be still observed. The maximum film thickness at the end 
of the test was little bit less than 30 nm. Although there was no significant effect of 
lubricant on COF, the impact was evident in terms of film thickness. The film in the 
case of lubricant representing healthy SF was unstable and was kept between 30 and 
90 nm. Periprosthetic fluid exhibited very stable layer; however, the thickness was 
just around 10 nm (Fig. 26). 
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Figure 25. Development of film thickness as a function of mean speed for 50% BS [44]. 
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Figure 26. Development of film thickness as a function of mean speed for various lubricants [44]. 
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The study was later extended by the same authors [12] considering the effect of 
high (200 MPa) and low (30 MPa) contact pressure on film thickness. Forthis purpose, 
two different configurations were investigated; ball-on-disc and lens-on-disc. The 
radius of the ball and the lens was 9.5 and 50 mm, respectively. Experiments were 
realized under pure rolling (ball-on-disc) and pure sliding (stationary ball; lens) 
conditions. The influence of temperature on protein film was also examined and the 
speed varied from 2 to 30 mm/s. The contact was lubricated by BS. According to 
significant variance of results, the authors emphasized that the SF, as well as BS, 
which is often used as its model, is the non-Newtonian fluid. Due to this fact, it is very 
complicated to derive predictions for film thickness estimation. 

It was found that the change of the experimental conditions from pure rolling to 
pure sliding caused a substantial reduction of film thickness for around 70% - 80% 
(see Fig. 27). In general, protein film was higher at lower contact pressure. The film 
thickness at lower contact pressure was also very sensitive to concentration of BS, as 
is shown in Fig. 28. Lubricant film was approximately three times higher in the case 
of 100% BS compared to 25% BS. This behaviour was not observed in the ball-on-disc 
configuration. Finally, the authors did not observe any significant effect of increasing 
temperature from 25 °C to 37 °C on film thickness. 

45 

40 

35 

= 30 
-1 
• 
s 25 

Mi 20 

= 
15 
10 

5 

0 

• Rolling 
• Sliding 

001 0.02 
Me,in speed |nrs| 

Figure 27. Development of film thickness as a function of mean speed under pure rolling and pure 
sliding conditions (100% BS, 37 °C, 200 MPa) [12]. 
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Figure 28. Development of film thickness as a function of mean speed under pure sliding conditions 
(50% and 100% BS, 37 °C, 30 MPa) [12]. 
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The following paper, pronounced by Fan et al. [45], provided an extensive 
analysis of the effect of model fluid composition on lubricant film formation. The 
same experimental approach consisting of the ball-on-disc device and optical 
interferometry, introduced in previous studies [12],[44], was employed. For the first 
time, real femoral component from CoCrMo alloy was used as one of the contact 
bodies. The experiments were performed under pure sliding conditions with 
stationary ball, considering the speeds from 2 to 60 mm/s and body temperature. 
Several lubricants were tested, while the overview of the solutions is specified in 
Tab. 2. 

Table 2. Test lubricants used in the performed experiments [45]. 

Test lubricant Total protein concentration (g/dl) 

25% BS 1.62 

50% BS 3.23 

100% BS 6.45 

Albumin solution 1 

y-globulin solution 0.18 

Albumin + y-globulin solution 1.18 

The character of protein film formation corresponded to the previously observed 
results [12],[44]. Adsorbed protein layer between 10 - 20 nm was detected in the 
most cases while the further increase of protein film was caused by hydrodynamic 
effect and was observed especially at lower speeds. At the end of the experiment, 
the total film thickness varied from 20 to 60 nm dependently on applied lubricant. In 
the case of BS, there was no significant influence of protein concentration on film 
thickness. However, complex protein solutions exhibited approximately two times 
higher values of protein film, see Fig. 29 vs. Fig. 30. 
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Figure 29. Development of film thickness as a function of sliding speed for 100% BS [45]. 
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Figure 30. Development of film thickness as a function of sliding speed for solution of albumin and 
y-globulin [45]. 

Previous studies focused mainly on the effect of mean speed, contact pressure, 
model fluid composition, or temperature on protein film formation. Myant et al. [46] 
focused on the influence of load (5 - 20 N) and time on lubricant film thickness. 
Moreover, static test at zero speed was conducted allowing to study protein 
adsorption onto surfaces. Applied load in the case of static test was 5 N while 
12 cycles were performed in total. One cycle consisted of 15 seconds loading phase 
and following 45 seconds of unloading. The film thickness was detected at the end of 
each loading period. Five different test lubricants were investigated, 25% BS with 
total protein concentration equal to 13 mg/ml, three albumin saline solutions 
(protein concentrations = 10 mg/ml; 20 mg/ml; 30 mg/ml) and y-globulin saline 
solution with the protein content of 6 mg/ml. From the results of the static test 
(Fig. 31), it is apparent that the thickest film (= 30 nm) was formed by y-globulin 
solution, even the protein concentration was the lowest. On the contrary, lubricant 
containing albumin led to very thin protein film just in the range of units of nm with 
negligible effect of protein concentration. Thickness of BS was somewhere between 
the simple protein solutions and the film at the end reached around 10 nm. 
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Figure 31. Development of adsorbed protein film as a function of load cycle for various lubricants [46]. 
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Following experiment lasted 12 minutes (the same like in the case of static test), 
while it was carried out under constant sliding speed of 10 mm/s. Corresponding 
sliding distance was approximately 14.4 m. The load resulted to a mean contact 
pressure equal to 113 MPa. The results (Fig. 32) showed that the film thickness was 
the highest for y-globulin solution, while the maximum at the end of the test was 
around 230 nm. Independently of protein concentration, lubricants containing 
albumin formed films thinner than 50 nm. What is in discrepancy with the static test 
is that BS results were very similar to those of albumin solutions. In meaning of 
character of film formation, y-globulin film initially rapidly increased during the first 
three minutes and then was kept relatively constant. Albumin and BS protein layers 
gradually increased over a whole time of the experiment, see Fig. 32. 

The last set of experiments was performed under various sliding speeds from 
0 to 55 mm/s. The results exhibited significant scatter with no clear conclusions as in 
the previous cases. Decreasing concentration of albumin together with increasing 
speed led to a thicker protein film. On the contrary, BS film decreased with increasing 
speed. Although the results for y-globulin were not provided, it can be summarized 
that the kinematic conditions and the protein content have a substantial effect on 
lubricant film formation. 
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Figure 32. Development of film thickness as a function of time for various lubricants under the sliding 
speed equal to 10 mm/s [46]. 

A detailed observation of the contact lubricated by 25% BS was provided by 
Myant and Cann [47]. The authors observed the protein agglomerations in front of 
the contact while they called this gel-like suspension as a "inlet phase", see the left 
part of Fig. 33. As can be seen in the graph displayed on the right of Fig. 33, very good 
correlation between the length of the inlet phase and the central film thickness was 
found. Therefore, it can be concluded that film thickness is strongly influenced by the 
agglomerated proteins. 
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Figure 33. Left: Inlet gel-like phase of proteins in front of the contact zone. Right: Development of film 
thickness and inlet reservoir length as a function of sliding speed [47]. 

The above references focused on several factors apparently influencing the 
protein film formation in hip replacements. Theoretical knowledge was summarized 
by Myant and Cann [48]. The authors defined protein aggregation lubrication (PAL) 
mechanism in relation to metal-on-metal replacements, while several implications 
for implant tribology were highlighted and confronted with classical EHL 
mechanisms. For both, a reduction of contact pressure has a positive impact on film 
thickness. On the contrary, while the increase of sliding speed leads to an increase of 
lubricant film in the case of EHL, in the case of PAL, the effect is opposite; however, 
the composition of lubricant (i.e. protein concentration, protein ratio) must be taken 
into account. 

In the further paper, Vrbka et al. [49] employed metal and ceramic femoral heads 
and the film thickness was investigated using the same experimental approach 
introduced above (ball-on-disc test device + optical interferometry method). 
Experiments were realized under various kinematic conditions (speeds, SRRs) under 
the constant load of 5 N. The contact was lubricated by 25% BS. Under pure rolling 
conditions, both materials exhibited increasing tendency of lubricant film, while 
metal head formed a thicker film, in general. Particularly, a maximum film thickness 
was approximately 100 nm for metal and only about 15 - 20 nm for ceramic at 
20 mm/s (Fig. 34). Considering the slippage led to very complex character of film 
formation strongly dependent on positivity/negativity of SRR. When the disc rotated 
faster than the ball, film thickness initially rapidly increased for both heads. After 
reaching a maximum in the range of hundreds of nm, it started to continuously 
decrease and at the end of the experiment it was just in the range of units of nm. In 
the case of negative sliding, protein film was very thin; 20 - 25 nm at maximum for 
metal and 5 nm for ceramic. Further, the authors pointed out that the different 
conformity, compared to real synovial joints, can significantly influence protein film 
formation. 
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Figure 34. Development of film thickness as a function of time for metal (left) and ceramic (right) 
femoral head [49]. 

Following this implication, the authors later changed the experimental 
configuration from non-conformal ball-on-disc (small contact area, very high contact 
pressure) to more conformal ball-on-lens (larger contact area, reduction of contact 
pressure) [50]. The experiments were conducted under pure negative sliding; glass 
lens was kept stationary, and the ball rotated. The previous paper [49] showed that 
the film was extremely thin and could not be fully developed under negative sliding 
conditions. However, the change of experimental configuration caused a complete 
change of the film formation. Immediately after starting the experiment, the film 
reached almost 100 nm independently of sliding speed. After a short time, it started 
to gradually decrease to around 35 to 40 nm for 40 mm/s and 20 to 25 nm for 
10 mm/s within a few tens of seconds. Then, the film became stabilized with not 
substantial change until the end of the test, see Fig. 35. The authors also focused on 
the effect of surface wettability. It was pronounced that the chromium layer on the 
bottom surface of the disc/lens exhibits a hydrophobic nature supporting the protein 
adsorption leading to a thicker film eventually. Subsequently, the disc coated with 
naturally hydrophilic silica layer was also employed, finding that the film thickness 
was negligible. 
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Figure 35. Development of film thickness as a function of time for various sliding speeds considering 
ball-on-lens experimental setup [50]. 
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Several findings were already introduced in relation to kinematic conditions. 
Nevertheless, it should be emphasized that the authors previously employing 
ball-on-disc tribometers usually applied simple unidirectional character of motion, 
which does not correspond to the kinematics of real joints. Both, natural and artificial 
joints operate under complex multidirectional motion and transient load, 
dependently on gait, jump, stair climbing, etc. Therefore, Myant and Cann [51] 
extended the knowledge considering three different types of motions. An 
experimental approach was still the same consisting of ball-on-disc tribometer and 
optical interferometry method for film thickness evaluation. The first test was 
conducted under constant speed of 20 mm/s and constant sliding direction. It was 
followed by the experiment performed under sinusoidal speed from 0 to 20 mm/s 
and constant sliding direction. The last investigation was realized under sinusoidal 
speed from -20 to 20 mm/s with reversing sliding direction over each cycle. The 
results are displayed in Fig. 36. Although there was not a substantial change of film 
thickness development when the character of motion was changed from constant to 
sinusoidal speed; reversing character of motion led to a drop of the lubricant film by 
approximately 70%. 
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Figure 36. Development of film thickness as a function of cycle number for various motion character; 
constant speed and direction (white squares), sinusoidal speed and constant direction (black 
triangles), sinusoidal speed and reversing direction (grey circles) [51]. 

2.4 Analysis and conclusion of literature review 

From the literature review, it is apparent that the biotribology of hip joint 
replacements is of a great importance due to limited service life of implants. 
Previously, the main attention was paid to the clarification of wear processes; 
however, there is still lack of information about the lubrication mechanisms in 
replacements. As the numerical simulations are extremely complicated due to SF 
nature and protein adsorption and agglomerations, the main attention is paid to the 
experimental investigations, while the choice of suitable experimental approach is 
particularly important. 

Electrical methods are hardly employable, since it is desired that the studied 
materials have to be conductive, which is not ensured in the case of ceramic and 
polymer implants. Moreover, the readability and minimum detectable thickness of 
the lubricant layer is quite limited. In terms of optical methods, two approaches are 
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established, in general. Optical interferometry is very precise technique [22]; 
however, it provides just the information about the size of the gap between the 
surfaces without a knowledge about the role of particular components of the 
lubricant. 

As little is known about the role of protein constituents on lubricating film, an 
optical method based on fluorescent microscopy seems to be a suitable solution 
[17]-[19]. The usability of the method is evident, since it enables to investigate even 
compliant non-reflective materials, to measure in a wide range of film thicknesses or 
to distinguish the individual constituents contained in the lubricant. 

The method was initially used for the measurement of oil films on rotating steel 
cylinder discussing the knowledge in relation to rolling bearings starvation [23]. 
Subsequently, the principles such as LIF [24], DELIF [29], ERUF [30], or FRAP [34] were 
introduced, allowing to measure film thickness inside the contact of two bodies, to 
study surface topography, or to determine the lubricant flow through EHL contact. 
The technique was also successfully combined with optical interferometry [35]-[37]. 
Recently, it was shown that the method enables accurate measurement of film 
thickness with very satisfactory readability [38],[40],[41]. 

For the investigation of lubricant film formation within hip joint replacements, 
an optical interferometry method in combination with ball-on-disc tribometers was 
employed several times. Based on the references, it is evident that the protein film 
formation is very complex phenomena depending on many factors such as mean 
speed [12],[44],[47],[49]; protein adsorption [14],[15]; model fluid composition 
[14],[45],[46]; load [46],[50]; time, rolling/sliding distance [46],[49],[51]; implant 
material [49],[50]; surface wettability and conformity [50]; or motion character [51]. 
The main differences between the SF lubrication and EHL theory were discussed in 
[48], where the PAL regime was defined. 

It was also pointed out that the regime of lubricant supply can affect the results 
due to protein agglomerations observed in front of the contact zone when the 
contact is fully flooded [45],[47]. Nevertheless, the substance, so called inlet phase, 
was not observed when the lubricant was supplied continuously by a syringe pump 
[49],[50], indicating that the experimental conditions substantially affect the 
development of the protein film. 

Although the importance of all the above parameters is indisputable, it should 
be pointed out that the absolutely fundamental factor is the composition of the 
model fluid in terms of protein concentration and protein ratio. Some effort was 
conducted to clarify the single protein solutions behaviour; however, the authors 
were able to investigate just simple protein solutions containing only one type of 
protein [45],[46] as the optical interferometry was employed for film thickness 
measurement. 

According to author's knowledge, so far there is not such a study explaining the 
role of individual proteins in relation to lubricant film formation within hip 
replacements, considering complex model SF containing more than one constituent. 
The aim of the thesis coming from this fact is defined in a detail in the following 
chapter. 
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3 AIMS OF THE THESIS 3 

The aim of the dissertation is to establish an experimental approach enabling in situ 
observation of lubricant film formation in hip joint replacements, focusing on the role 
of particular proteins contained in SF. For this purpose, fluorescent optical method 
will be employed since it allows to concentrate on individual parts of the model SF. 
After method debugging, an extensive experimental analysis of lubricant film 
formation will be conducted under various operating conditions. To fulfil the main 
goal of the thesis, solution of the following sub-goals is necessary. 

• Implementation of the fluorescent method for film thickness analysis. 
• Analysis of surface topography of the tested materials. 
• Preparation of the model fluids containing fluorescently stained proteins. 
• In-situ observation of lubricant film formation within hip implants considering 

various materials and operating conditions. 
• Verification of the results by optical interferometry. 
• Data analysis. 
• Results publication and discussion. 

3.1 Scientific question 

How is the influence of the individual proteins contained in model SF (albumin, 
y-globulin) on the development of lubricant film thickness within hip replacements 
regarding to implant material and kinematic conditions? 

3.2 Hypotheses 

• It is expected that the contribution of y-globulin film to total film thickness will 
be much more substantial than the contribution of albumin film. 

• In terms of material, metal heads should support protein adsorption due to 
higher hydrophobicity; therefore, the protein film will be thicker, in general. 

• Considering the kinematic conditions, it is suggested that the main parameter 
influencing the protein film development will be the level of slippage between 
the contact components. 

• Respecting the PAL mechanism, an increase of speed will cause a reduction of 
film thickness. 

3.3 Thesis layout 

The dissertation is composed of the two papers published in peer-reviewed 
journals and three papers published in journals with impact factor. The performed 
studies present the development of the methodology for the determination of 
protein film formation in hip joint replacements in terms of particular proteins. As 
the approach is based on the combination of the two methods, the first study utilizes 
optical interferometry method for the measurement of BS film thickness considering 
real conformity of rubbing surfaces [I.]. To be able to distinguish individual 
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constituents of model SF, a fluorescent optical method had to be developed as one 
of the sub-goals of the present thesis. The usage of the method for the direct 
measurement of film thickness in both, rigid and compliant contacts, is presented in 
the follow-up study [II.]. Consequently, the fluorescent technique was employed in 
an effort to quantify the lubricant rupture ratio at EHL contact outlet overlapping the 
obtained knowledge to the area of starved lubrication conditions, demonstrating the 
measurement possibilities of the developed technique [III.]. The latest part of the 
thesis demonstrates the use of the introduced methods for the purpose of the 
assessment of lubricant film formation within hip replacements in relation to the role 
of albumin and y-globulin considering metal [IV.] and ceramic [V.] femoral 
components and various operating conditions. 
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4 MATERIALS AND METHODS 

4.1 Experimental devices 
In the present thesis, three experimental devices have been employed. The novel 
methodology was developed using ball-on-disc tribometer. As the fluorescent 
measurement method was supplemented by the optical interferometry, the use of 
interferometry for film thickness measurement is demonstrated using pendulum hip 
joint simulator which enables to investigate lubrication processes considering real 
conformity of surfaces. The surface topography was analyzed using optical profiler. 

4.1.1 Ball-on-disc tribometer 
The experiments dealing with the development of a new methodology enabling to 
assess the role of proteins on lubricant film formation were realized on ball-on-disc 
tribometer [27], where the contact is formed between the femoral head and the glass 
transparent disc. Both components can be driven independently by their own 
servomotors; therefore, various kinematic conditions can be applied. The load is 
applied by putting the weight on the lever. The contact of the ball and the disc is 
observed through optical imaging system consisting of mercury lamp illuminator, 
microscope, scientific complementary metal-oxide-semiconductor (sCMOS) digital 
camera (Andor NEO), and PC. Scheme and the photo of the test device is shown in 
Fig. 37, and Fig. 38, respectively. 

Figure 37. Scheme of the ball-on-disc optical tribometer. 
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Figure 38. Photo of the ball-on-disc optical tribometer. 

The simulator was also used in a modified inverted position of the test samples 
for the purpose of the quantification of lubricant division at the EHL contact outlet. 
In that case, the glass disc was substituted by the disc made from stainless steel, and 
the ball was placed on the top of the disc, see Fig. 39. 

Emission filter  

Excitation filter 

sCMOS 
camera 
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Steel ball  
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Figure 39. Inverted arrangement of the ball-on-disc optical tribometer. 
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4.1.2 Pendulum hip joint simulator 
As the optical interferometry method was also employed in the present thesis, one 
of the attached papers demonstrates the use of the method for lubricant film 
thickness evaluation under real geometry of the joint components. The experiments 
were realized on pendulum hip joint simulator, originally designed by Stanton [52]. 
The simulator consists of base frame with fixed acetabular cup and pendulum with 
femoral head. The optical chain is the same as in the case of optical tribometer; 
however, the complementary metal-oxide-semiconductor (CMOS) colour digital 
camera (Phantom V710) is used in this case. 

The measurement principle is based on the initial deflection of the pendulum, its 
releasing and consequential free oscillation in the flexion-extension plane until the 
motion is naturally damped due to friction between the components, which can be 
evaluated using angular velocity sensor [53]. The scheme of the simulator, as well as 
the measurement principle, is displayed in Fig. 40. Although the presented simulator 
enables to consider real conformity, the importance of which was indicated in 
literature [50], most of the experiments were realized on ball-on-disc device since all 
of the previous studies focusing on lubrication within hip replacements employed the 
same configuration; therefore, the current data could be discussed in relation to 
previously published results. 

Artificial head 
Lubricant bath 
Glass cup 
Resin 

, Heating cartridge 

Interference 
phenomena 

Semi-reflective 
Crlayer 

Anti-reflective layer 

Figure 40. Principle of the measurement using hip joint simulator. 

4.1.3 3D optical profiler 
In the case of all tested samples, initial surface topography was analysed in a greater 
detail. For this purpose, a 3D optical profiler (Bruker Contour GT-X8) was employed. 
The measurement is based on phase shifting interferometry technique. The range of 
the vertical axis is down to 0.1 nm which is completely sufficient for the purposes 
of the present thesis, since the surface roughness of the tested balls is in the range 
of units of nm or higher. 

4.2 Measurement methods 
The main method, employed in the present thesis, is fluorescent microscopy. 
However, due to some limitations discussed in the following part, the experiments 
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are supplemented by the measurements of quantitative film thickness by optical 
interferometry. 

4.2.1 Fluorescent microscopy 
Fluorescent optical method is based on the fluorescence phenomena (Fig. 41) 
previously described by Haugland et al. [54] as a consequence of the three following 
steps: 

• Excitation: A photon is supplied by an external light source (lamp, laser) and 
is absorbed by the fluorophore, creating an excited electronic single state. 

• Excited-state lifetime: It usually lasts 1 - 1 0 ns. During this time, the molecule 
undergoes relaxation (energy dissipation) and is left in a state from which it 
can emit fluorescence. 

• Fluorescence emission: A photon of energy is emitted, while the fluorophore 
returns to its ground state. Due to energy dissipation during the previous 
phase, the photon has a lower energy and; therefore, a longer wavelength 
than the excited photon. The difference in wavelengths or in energy is known 
as Stokes shift, which is an absolutely fundamental, since it allows to separate 
the measured emission from excitation. 

As was shown in chapter 2, the method was previously employed for the direct 
measurement of film thickness. However, in the case of hip replacement lubrication, 
quantitative film thickness was not possible due to several phenomena associated 
with the investigated materials. 

a) Interference of light. In the case of both tested materials (metal, ceramic), 
interference fringes, arising at the interface of the bottom surface of the disc 
and lubricant, and at the interface of the lubricant and the ball, could be 
observed. This phenomenon was also discussed in literature [28]. The 
authors solved this problem by a substitution of the test sample (steel ball) 
by a glass lens for calibration. However, it was later pointed out by Myant et 
al. [38] that the different optical properties of the calibration and test 
samples can lead to some inaccuracies in results. 

b) Quenching effect. The presence of chromium in CoCrMo alloy femoral heads 
causes the quenching of fluorescent intensity. The phenomena was 
introduced in literature several times [55]-[57]. It should be highlighted that 
the level of intensity loss is influenced by the chromium content, as well as 
the type of the applied fluorophore. Therefore, it is very complicated to 
determine the exact effect on the thickness of the lubricant film in the 
specific cases. Nevertheless, the methodological approach is based on 
matching of the curves of film thickness given by optical interferometry with 
the curves describing the qualitative development of protein film obtained 
by fluorescence. Although the results of fluorescent intensity might be 
affected by the quenching due to chromium presence, the measurement 
uncertainty is constant in the course of entire measurements; therefore, the 
general information about film thickness development is relevant. 

c) Natural fluorescence of ceramics. Contrary to metal head, a natural 
fluorescence was observed in the case of both tested ceramic materials. Even 
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if there was no fluorophore in the excited area, the materials emitted a low 
level of fluorescence. Moreover, so far there is not a study describing the 
interaction of a level of natural fluorescence and specific fluorophores. 
However, as in the case of quenching, the self-emitting fluorescence effect 
does not significantly influence the results, since the particular values of 
fluorescent intensity are not decisive, as the evaluation is based on 
qualitative increase/decrease character of intensity compared to the initial 
state. 

sCMOS 
camera 

, Lubricant with 
\ fluorophore 

Figure 41. Principle of the fluorescent method. 

In the first paper, attached to the current thesis, the use of fluorescent method for 
film thickness measurement in the two types of contacts is illustrated. The evaluation 
procedure is as follows: 

a) The calibration curve is obtained from the knowledge of Hertz theory and the 
image of lightly loaded static contact. Moreover, to avoid light scattering, 
background image of lubricant is taken. Therefore, the dependence between 
the fluorescent intensity and the corresponding film thickness is known. 

b) Capturing of the fully loaded contact zone during the running test via digital 
camera. 

c) Matching of the contact zone images with the calibration curve; determining 
of the film thickness in arbitrary pixels of the images 

4.2.2 Optical interferometry 
Optical interferometry is well established experimental method for very accurate 
measurement of film thickness. If the contact of two bodies; while one of the bodies 
is transparent and the other one is reflective, is illuminated, then Newton rings, also 
known as Fizeau rings can be observed. The interference phenomenon is based on 
the composition of reflected light beams. The incident beam passes through the 
optical chain, being split on the contact surface of the transparent counterpart and 
lubricant. One part of the beam is reflected back to the lens, while the second one 
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passes through the lubricant and reflects at the interface of the lubricant and the ball. 
Since the travelled distance of the two beams is different, the phase is changed. Hartl 
et al. [22] proved that the method enables to measure the separation of the surfaces 
down to 1 nm with the resolution of units of nm. The evaluation is performed using 
the Achilles software and is based on the following steps: 

a) The image of lightly loaded static contact is captured, while the calibration 
curves based on the shape of the contact zone can be obtained. Therefore, 
the dependence between the colour and the corresponding film thickness is 
known. 

b) Capturing of the fully loaded contact zone during the running test via digital 
camera. 

c) Matching of the captured interferograms with calibration curves; determining 
of the film thickness in arbitrary pixels of the images. 

4.3 Test samples and experimental conditions 

Test samples, as well as experimental conditions, differed according to the test type, 
applied simulator, or measurement method. Particular details related to the 
particular tests are summarized in Tab. 3. In the case of ball-on-disc tribometer, when 
the film thickness and protein film formation was investigated, the configuration 
consisted of the transparent glass disc and the ball. For the purpose of optical 
interferometry measurement, the disc was, moreover, coated with a thin chromium 
layer enhancing the contrast of interference. As one of the application of fluorescent 
method deals with the quantification of lubricant division at the EHL contact outlet, 
the configuration was modified, substituting the glass disc by the disc made from 
stainless steel. In the case of pendulum simulator, the contact consisted of femoral 
head and glass acetabular cup, which contact convex surface was, again, coated with 
the chromium layer ensuring sufficient contrast of light interference. 

Table 3. Summary of the experimental conditions employed in the performed studies. 

Load (N) 532 12 12; 26; 41 30 5 

Contact pressure 
(MPa) 

28.7 401.7 66.5; 83.8; 100 800 270 280 

SRR (%) -200 0 -150 - 1 5 0 -150; 0; 150 

Mean speed 
(mm/s) 

5 . 9 - 0 10 - 500 60; 220; 450 5.7; 22 

Ball diameter 
(mm) 

28 25.4 25.4 28 

Diametric 
92 

clearance (urn) 
92 

Ball material CoCrMo 
SÍ3N4 Phenol 

Stainless CoCrMo BIOLOX®/o/te; 
alloy 

SÍ3N4 Phenol 
steel alloy BIOLOX®de/ro 

25% BS Mineral oil Mineral oils Protein solution 
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Lubricant 
viscosity (Pa-s) 

- 0.644 
0.19; 0.45; 
0.64; 1.4 

-

Protein content 
(mg/ml) 

22.4 - - 10.5 

Temperature (° 37 Ambient 

4.4 Staining the proteins 
Protein labelling is time consuming process and desires strict compliance of the steps 
described below. As the fluorescent markers, Rhodamine-B-isothiocyanate (RBITC -
Sigma-Aldrich 283924) and Fluorescein-5-isothiocyanate (FITC - Sigma-Aldrich 
F7250) were used for staining BS albumin (Sigma-Aldrich A7030) and y-globulin from 
bovine blood (Sigma-Aldrich F7250), respectively. The process, employed in the 
present thesis, was developed at Kyushu University, while the proteins were stained 
at University Hospital Olomouc as a part of cooperation in the area hip replacement 
biotribology research. Staining of the proteins consists of the following steps: 

• The exact amount of fluorescent dye is added to 300 ml of distilled water. The 
concentrations are 4.9 mg/300 ml for RBITC and 4.4 mg/300 ml for FITC. 

• The suspension is mixed using an electromagnetic field (RBITC - 4 hours, FITC 
- 8 hours). 

• The solution is consequently divided to 50 ml tubes. 
• 1 g of albumin/y-globulin is added to the tubes which are left in a refrigerator 

overnight to allow the proteins to be solved naturally. 
• 50 ml suspension is divided into 4 centrifugal tubes of a volume of 12.5 ml. 
• Tubes are putted into a centrifuge and are centrifuged for 60 minutes at 21 G 

acceleration. 
• Centrifuged suspension is grouped from 4 to 2 tubes being centrifuged again 

for 60 minutes at 21 G. 
• Determining the protein concentration in the centrifuged suspension. 
• Preparation of the lubricant doses. 
• Freezing the suspension t o - 2 2 °C. 

To avoid any loss of fluorescence emission during labelling process, all the steps must 
be carried out in the dark room to prevent the contact of dyes with ambient light. It 
should be noted that the staining process does not cause any conformational changes 
of proteins; therefore, the nature of the model SF is the same as in the case of non-
stained proteins. 

4.5 Experiment design 

In the first performed study [I], the use of thin film colorimetric interferometry 
method is illustrated as a tool for film thickness measurement. Due to lack of 
knowledge about protein film formation related to the effect of surface conformity, 
the experiments were realized in real ball-on-cup configuration. Before the 
experiment, the glass cup was casted by an epoxy resin in a dish and was pre-heated 
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by the cartridges to 37 °C. Subsequently, the cup was filled with the pre-heated 
lubricant and the pendulum arm with the head was arranged to the cup. The applied 
load (532 N) was designed to the strength of the glass to avoid the cup damage. When 
the head was in the cup, the pendulum was deflected to maximum angle (16°) and 
was released to oscillate freely until the stop of the movement due to friction forces 
between the rubbing surfaces. The frequency of the swinging, given by the design of 
the simulator, was 0.5 Hz. As a result, the dependence between the film thickness 
and pendulum rotation (mean speed) was obtained. Moreover, the signal from 
angular velocity sensor could be converted to the coefficient of friction. To avoid 
inaccuracies coming from the contamination, all the contact components were 
cleaned in 1% sodium dodecyl sulphate solution, rinsed in distilled water, dried by 
pressed air, and washed in isopropyl alcohol before testing. 

The following experiments were conducted using ball-on-disc tribometer in an 
effort to present the ability of the fluorescent method for the direct measurement of 
film thickness [II]. Initially, the rigid EHD contact between the ceramic (SisINU- natural 
fluorescence was not observed for this material) inch ball and the glass disc was 
investigated, since the theoretical prediction for film thickness estimation given by 
Hamrock and Dowson [58] is known to be sufficiently accurate over the wide range 
of operating conditions. The film thickness was evaluated based on the calibration 
process described above. The results were expressed as a function of film thickness 
on rolling speed. As there was an excellent agreement between the predicted and 
experimental data, the ceramic ball was later substituted by the ball made from 
phenol in an effort to measure the film thickness within the isoviscous-
elastohydrodynamic lubricated (i-EHL) contact. The effect of mean rolling speed and 
load on central film thickness was investigated, while the results were compared with 
those predicted by Hamrock and Dowson [59]. In the case of both tested 
configurations, the sufficient amount of lubricant was stored in a dish below the ball. 
Due to ball rotations, the lubricant was continuously supplied to the contact. 

As was mentioned in the literature review, the first application of fluorescent 
method was conducted by Smart and Ford [23], who dealt with the starvation of 
rolling bearings. When several rolling elements are in the same contact drag, the 
lubrication conditions are strongly affected by the thickness of the oil film entering 
the contact after passing the previous contact. However, so far there was no an 
experimental study determining the ratio of the lubricant division at the contact 
outlet. Therefore, after verification of the method by film thickness measurement, 
the method was used to detect the division ratio of the mineral oil on both surfaces, 
the ball and the disc, after passing through the contact [III]. The experiments were 
realized in an inverted position of the ball-on-disc tribometer, as is schematically 
shown in Fig. 42. The lubricant was supplied to the contact drag on the disc. The 
rupture ratio was studied as function of SRR, mean speed, contact geometry and 
lubricant viscosity. The measurement was based on the detection of the fluorescent 
intensity of the oil film in the centre of the contact drag, while the intensity was 
measured twice under each conditions in a consequence ball-disc-ball-disc to avoid 
measurement inaccuracies. The results were compared with the numerical analysis 
given by Bruyere et al. [60]. 
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The latest part of the dissertation combines the use of both optical methods in 
an effort to determine the lubricant film formation in hip joint replacements in 
relation to the contribution of particular proteins [IV]-[V]. For this purpose, the 
experiments had to be conducted three times under each experimental conditions. 
The only difference was in the applied test lubricant (fluorescently stained 
constituents). Due to limitations described above, the film thickness could not be 
measured by fluorescent microscopy directly. Therefore; initially, the film thickness 
was evaluated using optical interferometry, while the test lubricant contained both 
non-stained proteins (albumin, y-globulin). Consequently, the test was repeated 
under the same conditions, while the lubricant contained fluorescently stained 
albumin and non-stained y-globulin, so the intensity of albumin film could be 
measured while the simultaneous presence of y-globulin. Finally, the measurement 
was repeated for the third time with non-stained albumin and stained y-globulin. The 
lubricant was supplied in front of the contact zone through a syringe pump, while the 
dosing time was 3 minutes and the dosing speed was 3.5 ml/min. Al the 
measurements were evaluated separately and were composed to the graphs showing 
the development of film thickness, albumin and y-globulin film as a function of time. 
The cleaning procedure before the experiment was the same as in the previous study 
[I]. 

Due to substantial quenching effect, the disc was not covered by a chromium 
layer in the case of fluorescent microscopy. Nevertheless, several comparative 
experiments with coated and uncoated discs were conducted, finding that the 
fluorescent intensity was generally lower in the case of coated disc; however, the 
tendency of the lubricant film was the same. Therefore, it can be concluded that the 
chromium layer does not affect the protein film formation substantially. 
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5 RESULTS AND DISCUSSION 

Thin film colorimetric interferometry technique for film thickness measurement has 
a long tradition at the Institute of Machine and Industrial Design (IMID). The method 
was developed by prof. Hartl and prof. Křupka who established tribology research 
group at IMID more than twenty years ago. The usage of interferometry method is 
not the main contribution of the author of the present dissertation; however, it is 
used for the supportive measurements of film thickness, so the use of the technique 
is illustrated in one of the attached papers [I]. 

Film thickness was measured in the real geometrical configuration (ball-on-cup), 
since it was indicated in literature that the conformity can substantially affect the 
formation of protein film. 28 mm CoCrMo alloy femoral head was loaded against the 
glass acetabular cup and the film thickness was measured as a function of time and 
pendulum deflection, respectively. Immediately after the beginning of the 
experiment, the film thickness reached almost 240 nm. Then, it started to 
continuously decrease and was stabilized after approximately 10 seconds between 
80 and 100 nm with no significant change until the end of the test. The character of 
film formation was in a good agreement with that of ball-on-lens configuration 
presented by Vrbka et al. [50], who were the first who changed the non-conformal 
ball-on-disc configuration to a configuration with the higher degree of conformity 
(ball-on-lens). From the particular interferograms of the contact zone, it was 
apparent that, at the beginning, a strong aggregation of proteins in the central 
contact zone occurred, while the increasing time led to thinning of the layer, which 
was uniform over the contact area. The experiment was repeated once more under 
the same operating conditions, finding that results were almost the same, proving 
the precision and reproducibility of the employed technique. Moreover, the test was 
performed with PAO oil of a viscosity n = 0.0255 Pa-s as a representative of simple 
Newtonian fluid. Completely different character of film formation could be observed 
in that case. If the rubbing surfaces were not protected by the proteins contained in 
BS, breakdown of the lubricating film could be observed in less than 5 seconds leading 
to a rapid wear of chromium layer on the contact surface of the cup. On the other 
hand, although a thinner film was detected, in general; the natural swinging of the 
pendulum lasted longer compared to the test performed with BS (75 s vs. 50 s). This 
indicates that the shear forces between the proteins cause an increase of friction, as 
was previously discussed in literature [61]. 

As the optical interference does not allow to separate the individual constituents 
of the model fluid, fluorescence optical method had to be developed as one of the 
main goals of the current dissertation. Following study [II] presents the ability of the 
technique for the film thickness measurement in both, EHL and i-EHL contacts. 
Initially, the method was verified comparing the results of film thickness in rigid EHL 
contact (ceramic vs. glass) with the theoretical prediction. The experiments were 
realized under pure rolling conditions, considering the range of speeds from 10 to 
500 mm/s. Constant load of 12 N was applied for all the rolling speeds. Film thickness 
continuously increased over a sped range, it varied from 100 nm at 10 mm/s to 
1.5 u.m at 500 mm/s. The film thickness profiles well corresponded with the EHL 
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theory, while typical horseshoe-shaped constriction could be observed on the 
contact images with increasing speed. With the exception of the lowest rolling 
speeds, the measured central thicknesses were in an excellent agreement with the 
prediction, proving the validity of the method. 

Subsequently, the experimental configuration was changed, substituting the 
ceramic ball by the ball made from phenol. Modulus of elasticity of phenolic ball was 
4 GPa representing compliant contact body. The speed range was the same as in the 
case of EHL contact; however, three different load levels were investigated. In 
general, there was no significant effect of load on the lubricant film thickness. What 
was in discrepancy with i-EHL theory was that the film slightly increased with 
increasing load, while opposite behaviour was expected. Nevertheless, the same 
phenomena was observed even by Fowell et al. [41]. For all the tested loads, the film 
linearly increased with increasing speed, while the measured data were a little bit 
lower compared to prediction when the load was 12 N, and 26 N, respectively. In the 
case of the highest load (41 N), a satisfactory agreement of prediction and 
experimental data could be observed. When focusing on the profiles of lubricant film, 
it might be concluded that the slope of the central zone increased with increasing 
speed. However, the slope was not as significant as previously observed [38],[40]. 
The difference probably comes from the differences in elastic moduli. In the 
mentioned references, the authors investigated the samples, whose elasticity was 
just in the range of units of MPa. As the modulus of phenol is 4 GPa, it is estimated 
that the central region of the contact zone becomes flattened with increasing 
stiffness of the contact body. This statement is supported by classical EHL theory 
derived for rigid bodies, were the central plateau region can be observed. 

In the literature review, it was presented that the fluorescent method can be 
applied for several applications. Therefore, we employed the developed technique 
for the investigation of the lubricant rupture ratio at EHL contact outlet [III]. The 
experimental configuration consisted of the steel ball and the steel disc in an inverted 
position compared to the previous study. To check the effect of contact ellipticity, 
the ball was consequently substituted by the rollers of a various radius of curvature 
resulting to the ellipticities from 1 to 4. Experiments were realized under various 
mean speeds and SRRs, while the evaluation was based on the qualitative comparison 
of the intensities of the central parts of the contact drags on the both components. 
The effect of lubricant viscosity was also studied. So far, there was no an experimental 
study investigating the phenomena of lubricant division after passing the contact. 
Therefore, the data were confronted with those based on numerical simulation [60]. 
The results showed that the film tend to attach to the faster rotating component 
while the ratio increased with increasing SRR. Similar behaviour was observed for all 
the tested speeds and ellipticities. The effect of lubricant viscosity seemed to be not 
a substantial parameter. Although the trend well correlated with the mentioned 
numerical analysis, the slope of the curve was not as steep. The difference was 
attributed to several aspects which could not be considered in the theoretical 
analysis; such as thermal processes, or shear thinning behaviour of fluid. In addition, 
the configuration was highly non-conformal, while it might be better to investigate 
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these phenomenon using a pair of identical rolling elements to avoid the effect of 
different surface geometry. 

In this study, we also checked the reproducibility of the fluorescent method in 
a greater detail. The contact was lubricated by mineral oil and 20 images of the 
contact drag were captured with 1 second delay. As the speed was constant, it was 
expected that the thickness of the layer is also constant. It was found that the 
maximal deviations against the mean value were from -2 .6% to 2.9%. 

The main part of the dissertation is focused on the assessment of the lubricant 
film formation in hip joint replacements in terms of individual proteins. As the film 
thickness could not be measured by the fluorescent microscopy, all the experiments 
were initially realized with the use of optical interferometry determining the lubricant 
film thickness development as a function of time. Three commonly used materials of 
artificial heads were investigated; CoCrMo alloy [IV], BIOLOX®/o/te (Al 2 0 3 ) and 
BIOLOX®c/e/to (75% A l 2 0 3 , 24% Zr0 2 , Cr 2 0 3 ) [V], respectively. As all of the previous 
studies dealing with the lubrication of hip replacements, with the exception of our 
paper [I], were performed utilizing ball-on-disc tribometers, our experiments were 
conducted in the same setup to be able to confront the results with previously 
published data. The tests were realized under two mean speeds, three SRRs and 
constant load. Following the experiment design, ale the tests were repeated three 
times under the same operating conditions with various lubricants. The content and 
ratio of albumin and y-globulin was still the same; however, firstly the both proteins 
were non-stained (film thickness); secondly, albumin was stained (albumin protein 
film development); and finally, y-globulin was stained (y-globulin protein film 
development). The curves describing the thickness as well as particular protein film 
evolution were later compared allowing to define the role of individual constituents 
in relation to complex film behaviour. 

The first paper [IV] dealt with the development of the methodology, while the 
main attention was paid to metal femoral head. The results showed that the 
fundamental parameter influencing the protein film formation is the level of slip 
between the components. Under pure rolling conditions, the lubricant film gradually 
increased with time for both the tested speeds, while the total film thickness was 
approximately two times higher at higher speed. When focusing on the role of 
proteins, the change of fluorescent intensity of y-globulin was almost negligible; 
however, the intensity of albumin film well corresponded with the development of 
film thickness. Therefore, it was concluded that film is formed predominantly due to 
presence of albumin. Considering the negative sliding (the ball is faster than the disc) 
led to a completely different character of film formation. At lower speed, the film was 
very thin just in the range of units of nm over the whole time of the experiment. The 
protein film intensities were very low as well, indicating that the film could not be 
fully developed. This fact was attributed to the disruption of the film as 
a consequence of the fast rotation of the ball. Increasing the sliding speed caused an 
increase of film thickness during the second half of the test while the film was 
attributed to y-globulin. On the images of excited area, it could be observed that 
y-globulin layer thickness increased on the bottom of the disc due to gradual protein 
adsorption onto the surface. When the disc was faster than the ball (positive sliding), 
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the film increased rapidly up to 120 nm at lower and 40 nm at higher speed. After 
reaching the maximum, the film started to decrease. The increasing/decreasing 
tendency could be observed for both speeds while the difference was the 
time/sliding distance before reaching the maximum. In terms of proteins, albumin 
intensity was in a good agreement with the global tendency; therefore, it was 
concluded that the film was formed mainly due to presence of albumin as in the case 
of pure rolling. However, even the contribution of y-globulin was remarkable 
especially at lower sliding speed. 

Finally, the developed methodology was applied forthe determination of protein 
film formation considering ceramic femoral heads [V]. The same experimental 
conditions were investigated in an effort to compare the results with those of metal 
head. Under pure rolling, the development of film thickness was very similar to metal 
component - continuous increase was detected independently of sliding speed and 
the type of ceramic. Again, the effect of albumin was dominant; nevertheless, the 
thickness of y-globulin slightly increased with time. The results under negative sliding 
were not as clear and were strongly affected by both, material and sliding speed. 
Forte ceramic exhibited combined increasing/decreasing tendency. At lower speed 
the film was formed by the combination of both proteins, while in the case of higher 
speed, the contribution of y-globulin was negligible. Similar behaviour was observed 
for delta ceramic at low speed regime. At higher speed, the film increased just after 
the start of the test, as a consequence of an immediate increase of y-globulin film. 
Within the first minute, y-globulin dropped to a very low level, while the further 
development of protein film was relatively stable between 12 and 20 nm and was 
attributed to albumin film. In the case of positive sliding, similar character of film 
formation compared to metal head was obtained for forte ceramic. The role of 
albumin was crucial; however, the contribution of y-globulin increased with sliding 
distance at higher speed. Delta ceramic exhibited a rapid initial increase followed by 
a slight continuous decrease with the same behaviour of proteins as in the case of 
forte. 
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The aim of this study is to propose a novel experimental approach enabling in-situ observation of film formation 
within hip joint replacements with respect to real geometry (including radial clearance) of rubbing surfaces. A 
pendulum hip joint simulator in combination with thin film colorimetric interferometry was employed for film 
thickness evaluation between metal femoral head and glass acetabular cup lubricated by bovine serum solution. 
Glass acetabulum was developed according to dimensions of artificial cup so the real radial clearance between 
components was considered. The pendulum, deflected at an initial position, was released and allowed to oscillate 
freely in the flexion-extension plane; therefore the transient character of motion was considered. Maximum 
central film thickness of232 nm was measured at the beginning of the experiment. After a short time it decreased 
and became quite stable (around 90 nm) until the end of the measurement The preliminary results shown that 
novel experimental approach seems to be a very powerful tool for studying lubrication processes within artificial 
hip joints while considering different loading and kinematic conditions, influence of geometry, clearance and 
material combination of contact pairs. 

© 2015 Elsevier Ltd. All rights reserved. 

1. Introduction 

In recent years, an extensive research has been conducted to clarify 
interfacial lubrication processes within hip joint replacements. 
Lubricant film thickness between rubbing surfaces influences friction, 
wear and therefore the service life of artificial joints. However, 
in vivo measurement is not suitable in this case; the artificial joint is 
surrounded by human tissues, which disables usage of conventional 
experimental methods, and also ethical consideration must be taken 
into account. 

In general, two different approaches can be applied while studying 
lubricant film thickness; numerical simulations and experimental mea­
surements. Several attempts have been made to predict film thickness 
numerically [1-3]. However, it is well known that a synovial fluid is a 
non-Newtonian liquid and corresponds to shear thinning behaviour 
[4,5], This makes numerical predictions to be extremely complicated. 
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Furthermore, protein adsorption, whose simulation is particularly diffi­
cult, significantly affects film thickness [6] and tribochemical layers [7], 

In terms of experimental validation, electrical and optical methods 
represent two groups of routine techniques. The first experimental 
study about lubricant film within artificial hip joint using electrical 
resistivity method was given by Dowson et al. [8]. The aim of this 
study was to detect the gap between metallic head and cup during 
whole walking cycle. Achieved results were only qualitative in this 
case. The same method was applied by Smith et al. [9] while studying 
the surface separation of ceramic components during walking cycle. 
Since ceramic is non-conducting material, rubbing surfaces were coated 
with thin titanium nitride layer to allow the application of the resistivity 
technique. However, electrical methods usually suffer from very high 
sensitivity and, in addition, do not allow observing lubricant film forma­
tion directly, so that any information about physical or chemical 
processes is missing. 

Mavraki and Cann [4,10] employed optical interferometry while 
studying lubricant film thickness within the model of hip joint replace­
ments. They focused on the influence of mean speed and different 
model fluids on central film thickness. These articles were followed by 
Myantand Cann [5]; Myantetal. [11] where the influence of load was 
also introduced [11]. Although these articles brought a lot of important 
information about the fundamentals of protein film formation, lubricant 
film thickness was studied in classical ball-on-disc EHL simulator where 
the contact of non-conformal bodies occurs. 

http ://dx.doi.org/l 0.1016/j.biotri.2015.05.002 
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From the literature review it can be assumed that the conformity of 
rubbing surfaces and therefore the radial clearance can substantially 
influence film thickness [12-14]. In our previous studies, we have ap­
plied two experimental configurations to verify this hypothesis [15, 
16]. As was shown by Vrbka et al. [16], changing the experimental 
setup from ball-on-disc to more conformal ball-on-lens configuration 
led to significant differences in film thickness measurements. But even 
in this case, the diametral clearance was still quite high (about 
3.2 mm), which does not correspond to real situation (0.04-0.2 mm). 

The above information indicates that so far there has not been 
in vitro study about film thickness determination respecting the real 
geometry of head and cup. The aim of this study is to introduce a 
novel experimental approach, which enables to evaluate the film thick­
ness inside the contact of artificial joints with respect to real geometry 
of both parts, including the radial clearance. For this purpose, an optical 
interferometry measurement method was combined with a pendulum 
hip joint simulator to enable the evaluation of film thickness and the 
observation of protein film formation. 

2. Materials and methods 

An experimental apparatus, employed in the present study, consists 
of a pendulum hip joint simulator and optical imaging system. The sim­
ulator, originally designed by Stanton [17], is composed of two main 
parts; a base frame with acetabular cup and pendulum with femoral 
head. The optical imaging system includes the episcopic microscope, 
halogen illuminator, CMOS digital camera and PC, while the microscope 
and camera are mounted in an inverted position, as can be seen in Fig. 1. 
For observation of film formation inside the contact, the acetabular cup 
was transparent. 

If the contact of metal femoral head and glass acetabular cup is 
illuminated, then colour Newton rings can be observed. Thin film 
colorimetric interferometry, presented by Hartl et al. [18] was used for 
film thickness evaluation. Authors focused on ball-on-disc configuration 
and applied two different approaches [18]. Firstly, the glass disc was 
coated by chromium layer only. Secondly, the disc was, moreover, 
coated by silicon dioxide "spacer" layer. It was clearly proved that 
there is no influence of spacer layer on measured film thickness. In 
our case, the contact surface of glass cup is coated only with semi-
reflective chromium layer to increase the contrast of interference 
fringes. The evaluation of the film thickness is based on three steps: 

1. The calibration curves are obtained from an interferogram of a lightly 
loaded static contact, which is matched with measured contact pro­
file. Therefore, information about the dependence between the col­
our and the film thickness is given. 

2. Interferograms of fully loaded contact during the swinging motion of 
pendulum are captured via a high-speed camera. 

3. Captured interferograms are matched with calibration curves, so the 
thickness at arbitrary location of the contact can be determined. 

In our study, femoral head Aesculap NK430K (CoCr29Mo, ISO 5832-
12) and optical glass (BK7) acetabular cup were investigated. By using 
the optical scanning method (COM ATOS Triple Scan) it was found 
that the actual diameters of head and cup were 27.988 mm and 
28.080 mm, respectively. Therefore, the rubbing surfaces have shown 
the diametral clearance of 92 um. Initial surface topography of metal 
head was analysed in greater detail using the optical measurement 
method based on phase shifting interferometry (Bruker Contour GT 
X8). Evaluated average surface roughness Ra was 3.8 nm. The contact 
surface of glass cup was considered to be optically smooth. 

For the purpose of this study, a human synovial fluid was substituted 
by a 25% bovine serum (BS) solution (Sigma-Aldrich B9433) in 
deionized water. Total protein concentration was 22.4 mg/ml and the 
lubricant was prepared in volumes of 12 ml and immediately stored in 
a freezer at — 22 °C. The solution was taken out from the freezer 2 h 
before testing to thaw naturally and then supplied to the glass cup; 
thereby a vicinity of the contact pair was fully bathed. All components, 
which were in contact with BS, were cleaned in 1% sodium dodecyl 
sulphate solution, rinsed in distilled water, and then washed in an 
isopropyl alcohol before assembly. 

Test conditions of all experiments were as follows. Applied load, 
achieved by putting the weights on the pendulum arms, was 532 N, 
while the resulting maximum contact pressure reached 28.7 MPa 
(contact zone diameter was approximately 6 mm). As can be seen in 
Fig. 1, the acetabular cup can be tempered by heating cartridges, so all 
the measurements were carried out under body temperature of 37 °C. 
BS solution was also heated just before the test. The pendulum was 
deflected at an initial offset angle of 16°, released, and allowed to 
oscillate freely in the flexion-extension plane. 

3. Results and discussion 

Previously, the majority of authors have applied simplified unidirec­
tional pure sliding or rolling/sliding conditions while studying lubrica­
tion processes within artificial hip joints [4,5,10,11,15,16]. Although it 
was declared that this approach can provide important information 
about the fundamentals of protein film formation, in real situation kine­
matic and loading conditions are transient. In hip joints, there are three 
types of motions; flexion/extension, abduction/adduction and inward/ 
outward rotation, while the flexion/extension is a dominant during 
the gait cycle. 

Fig. 1. Observation of lubricant film using optical test device — a pendulum hip joint simulator. 
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Fig. 3. Distribution of fi lm thickness in the direction of pendulum rotation. Individual 
sections correspond to the lines displayed on chromatic interferograms, see Fig. 2a. Inlet 
is on the left. 

The hip joint simulator, employed in the present study, allowed 
investigating lubrication processes during flexion/extension motion in 
a range of —16 to 16°. The pendulum simulator response represents a 
damped transient sinusoidal motion. As can be seen in Fig. 2b, in case 
of metal femoral head sliding against glass acetabular cup, the character 
of amplitude decay was linear. Therefore both rotation and velocity are 
linearly damped sinusoidal functions of frequency of 0.5 Hz. For further 
analyses, three points A, B and C of pendulum equilibrium state have 
been chosen, see Fig. 2b. According to the character of pendulum 
response decay, dependence of equilibrium points mean speed on time 
is also linear (Fig. 2c), while the uniform deceleration is 0.11 mm/s2. 

Chromatic interferograms corresponding to selected points A, B, and 
C are shown in Fig. 2a. Central film thickness is an averaged value of 
total number of points belonging to the circle area with the radius 
equal to 1/20 of the contact zone radius where centres of both the circle 
and the contact zone are identical. At the beginning of the experiment 
(point A), a relatively thick lubricant film was formed between the com­
ponents. Maximum film thickness is around 260 nm at that time. After 
some time (point B), the lubricant layer is uniform without any signifi­
cant protein aggregations, while the central film thickness is about 
100 nm. At the end of pendulum oscillation (point C), the lubricant 
film is still uniform and the central film thickness of the layer reaches 
80 nm. Distribution of film thickness, evaluated pixel by pixel, in the 
direction of pendulum swinging for selected points, is shown in Fig. 3. 
In this figure, a strong protein aggregation (section A), as well as the 
uniformity of lubricant film (sections B, C) can be clearly seen. 

Development of central film thickness as a function of time and 
mean speed is drawn in Fig. 2d where two separate scales are used 
simultaneously. As can be seen in this figure, immediately after starting 
the experiment, central film thickness reached its maximum value 
232 nm and after a short time it decreased and became quite stable 
(around 90 nm) for the rest of the experiment. This tendency does not 

Fig. 2. From the top: Chromatic interferograms (inlet is on the left) depicting the behav­
iour of lubricant fi lm thickness in selected points A (rA = 0.6 s, u m A = 5.9 mm/s), B 
(t B = 21.1 s, u m B = 3.7 mm/s) and C (r c = 51.8 s, u m C = 0.2 mm/s), which correspond 
to the equilibrium state position of the pendulum (<p = 0°, F m a x = 532 N) and are 
highlighted in the graph b) showing the damping of pendulum oscillation, 
c) Dependence of mean speed of pendulum equilibrium points on time, d) Development 
of central f i lm thickness as a function of time and mean speed. 
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Fig. 4. Repeatability of measurements. The curves depict the development of central film 
thickness as a function of time and mean speed. 

correspond to the ball-on-disc results (non-conformal contact) under 
unidirectional pure sliding conditions obtained by Vrbka et al. [16] 
where film thickness gradually increased from 0 to 880 nm and after a 
few tens of seconds it decreased, and at the end of the measurement 
the average value was around 50 nm. On the contrary, there is a good 
agreement with ball-on-lens results [15]. In that case, a very similar 
character of film formation was observed, however the film thickness 
values were significantly lower in comparison with the real geometrical 
configuration. Therefore it can be assumed that the importance of con­
formity of rubbing surfaces was clearly evidenced. 

To be able to better understand the credibility of results, the 
experiment was repeated under the same operating conditions after 
some time. The comparison of the results for the first and the second 
experiment can be seen in Fig. 4. Quite good repeatability was observed 
as there is no significant difference between the curves representing the 
film thickness development. Similar character of film formation can be 
also observed on chromatic interferograms shown in Fig. 5a,b. 

Moreover in the meaning of validation of employed experimental 
technique, the measurement was also conducted with PAO oil of a dy­
namic viscosity equal to r\ = 0.0255 Pa - s as a representative of a simple 
Newtonian liquid. For better illustration, chromatic interferograms for 
all the experiments are displayed in Fig. 5. On these interferograms, dif­
ferent characters of film formation can be observed. When lubricated by 
bovine serum, contact surfaces are protected by protein layer therefore 
there is no significant wear of rubbing surfaces. However, in case of oil, 
after just a few seconds ( « 4 . 2 ) breakdown of lubricating film occurs 
which leads to significant wear of chromium layer, as can be seen on 
interferograms in the lower right corner in Fig. 5. On the contrary, even 
if there is a thinner oil film, swinging motion of pendulum lasted longer 
(75 s) in comparison with bovine serum lubrication (approximately 
50 s). This is probably due to shear forces between proteins causing an in­
crease of the coefficient of friction, as was indicated by Brockett et al. [19]. 

According to the essential effect of surface conformity, introduced by 
Vrbka et al. [16] in combination with direct evidence of the importance 
of transient conditions pronounced by Myant and Cann [20], it can be 
concluded that the described experimental approach seems to be a 
very suitable tool for further investigation of lubrication processes with­
in hip joint replacements, while considering different loading and 
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Fig. 5. Chromatic interferograms captured in equilibrium position of the pendulum during the experiments, a) Experiment with bovine serum number 1. b) Experiment with bovine serum 
number 2. c) Experiment with oil. Inlet is on the left. 



M. Vrbka et al / Biotribology 1-2 (2015) 61-65 65 

kinematic conditions, influence of geometry, radial clearance and mate­
rial combination of contact pairs. 

4. Conclusions 

A novel experimental approach enabling in-situ observation of pro­
tein film formation with respect to real geometry (including clearance) 
and transient motion of hip joint replacements was introduced in the 
present paper. Thin film colorimetric interferometry was implemented 
into the pendulum hip joint simulator for film thickness determination. 
This makes the apparatus to be a very powerful tool for studying lubri­
cation processes within artificial hip joints. According to the author's 
knowledge, the pendulum simulator in combination with optical 
measurement of film thickness has never been used before. 
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The present paper presents experimental method for film thickness 
mapping inside the contact of two bodies. Despite extensive experimental 
research in the area of contacts of rigid bodies, little is known about 
the film formation when at least one of the bodies is compliant. This 
is due to limitations disabling the usage of conventional methods. 
In present study, mercury lamp induced fluorescence is developed 
and applied. Evaluation process is verified by comparing theoretical 
predictions and experimental data for piezoviscous-elastic contact of 
ceramic ball and glass disc. Consequently, phenolic sample is used as 
a representative of compliant material. The contact was lubricated by 
mineral oil and the experiments were carried out under pure rolling 
conditions. Film thicknesses in a range from 50 nm to 1.2 um were 
measured for compliant contact. The measured data are little bit lower 
compared to theory, indicating that thermal effects may influence the 

lubricant film. 
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1. INTRODUCTION 
Tribological performance of machine elements play an important role 
nowadays, since it is well known that the friction influences power 
loss and therefore determines the efficiency of machine components 
[Reddyhoff 2010]. In an effort to better understand the lubrication 
processes, evaluation of lubricant film thickness is desirable. In many 
applications, elastohydrodynamic lubrication (EHL) occurs. EHL is 
typical for contact of rigid non-conformal bodies like gears, rolling 
bearings, or cams. Under EHL conditions, contact pressure causes 
substantial elastic deformation of surfaces and, in addition, leads to 
an increase of lubricant viscosity [Esfahanian 1991]. The operating 
lubrication regime of such contacts is known as piezoviscous-elastic 
(PE). In this case, optical interferometry method [Hartl 2001], as well 
as the electrical methods based on the change of electrical quantity 
[Spikes 1999], seem to be an established experimental approaches 
for film thickness measurement. An optical interference is a physical 
phenomenon occurring by composing the two light beams which are 
reflected from nearby interfaces. Due to the principle of the method, 
analysed bodies have to be reflective. Electrical methods converts the 
change in electrical quantity into a change of film thickness, therefore 
it is necessary to ensure sufficient electrical conductivity of the tested 
materials. 

Much more challenging task is to investigate the film thickness when 
at least one of the contact bodies is compliant. The compliant means 
that modulus of elasticity of the body is in a range of units of GPa 
at maximum. Related to lubrication, isoviscous-elastic (IE) lubrication 
(i-EHL) regime usually occurs. In that case, the surfaces are deformed 
elastically, however the contact pressure is too low to increase the 
viscosity of lubricant [Esfahanian 1991]. Examples of compliant 
contacts can be found in both, technical and biological systems. From 
the technical point of view, typical applications are windscreen wipers, 
rubber o-seals, or tyres. In relation to biological systems, synovial 

joints, contact lenses or tongue-palate contact during food processing 
can be mentioned [Myant 2010b, Fowell 2014]. 

In meaning of theoretical predictions, two equations are generally 
used for film thickness estimation. Ham rock-Dowson derived the formula 
for film thickness determination as a function of dimensionless speed 
and load parameter [Hamrock 1978]. Later, the equation based on 
the dimensionless Moes load and lubricant parameter (M, L) was 
pronounced by Nijenbanning et al. [Nijenbanning 1994]. In the present 
study, the Hamrock-Dowson equation was used for comparison with 
the obtained experimental data. 

For experimental investigation of compliant contacts, several methods 
were previously applied, such as optical interferometry [Roberts 1968, 
Roberts 1977a, Roberts 1977b], ultrasonic reflection method [Gasni 
2011], Raman spectroscopy [Bongaerts 2008], or magnetic resistance 
method [Poll 1992]. However, each of the above mentioned approaches 
exhibits some limitations due to the characteristics of i-EHL contacts 
[Myant 2010a]: 
• Film thickness varies in a very wide range - from several nanometers 

to the hundreds of micrometers. 
• Larger contact areas in comparison with PE contacts. 
• High roughness of surfaces, limited possibilities of polishing. 
• Poor electrical conductivity and insufficient reflectivity of surfaces. 
• Complicated coating by the reflective layers. These layers are prone 

to wear and may influence the surface properties of base material. 

According to above mentioned information, usage of common exper­
imental methods is very limited. From the literature [Spikes 1999], 
it can be assumed that optical method based on fluorescence 
microscopy seems to be a suitable approach for the investigation of 
film thickness in compliant contacts. The main difference against the 
optical interferometry is as follows. While the interferometry provides 
the direct distance between two surfaces based on the reflected 
light beams, fluorescence gives the information about the amount of 
lubricant which is presented inside the contact [Reddyhoff 2010]. The 
amount of lubricant is expressed by the intensity of lubricating film. It was 
previously proved that the dependence between the intensity of film and 
its thickness is linear [Azushima 2006]. 

First application of fluorescence method in tribology was pronounced 
in 1970th [Smart 1974, Ford 1978]. In the pilot study [Smart 1974], the 
authors employed fluorescence induced by a mercury lamp to measure 
the thickness of oil film on steel rotating cylinder. In the consequent 
study, the differences in excitation were analysed in a detail [Ford 1978]. 
A blue laser was used as the source of excitation. It was concluded that 
using the laser instead of the mercury lamp can bring several advantages 
such as higher efficiency of fluorescence, better stability of illumination, 
or less demanding design of the experimental apparatus. On the 
contrary, laser produces more inhomogeneities, such as speckles, so 
the calibration process is more complicated. A problem of losing the 
fluorescence emission was also discussed, as it can significantly influence 
the measured data. 

Sugimura etal. [Sugimura 2000] investigated the lubricant film thickness 
by fluorescence technique in conventional ball-on-disc apparatus, orig­
inally introduced by Gohar and Cameron [Gohar 1963]. The authors 
could detect films down to 30 nm. A significant problem with calibration 
connected with the interference phenomena when the contact of steel 
ball and glass disc was illuminated was mentioned. In this case, the steel 
ball was substituted by glass lens during calibration. However, it was later 
pointed out [Myant 2010c] that different reflectivity between the calibration 
and test specimen can lead to inaccuracies in results. 

The usage of fluorescent method for film thickness mapping in 
compliant contacts was provided by Myant et al. [Myant 2010c]. Laser 
induced fluorescence was employed to evaluate the film thickness 
between polydimethylsiloxane (PDMS) pin sliding against the glass disc. 
The effects of fully flooded conditions, as well as the starved lubricating 
conditions were investigated. Calibration process was described in a 
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detail, as it significantly influences measured data. In this case, the 
calibration curve was obtained by using the same configuration as was 
used during the test. It was indicated that it is necessary to consider 
real optical properties of the contact bodies during calibration. In the 
paper, the authors were able to measure film thickness in a range from 
200 nm to 25 um. In comparison with the theoretical predictions, the 
measured values were usually lower than predicted. 

From the above mentioned references it is apparent that the inves­
tigation of compliant contacts is still a challenging task in the area 
of tribology. The aim of this study is to introduce an experimental 
approach enabling film thickness measurement in lubricated contacts 
independently on the reflectivity and conductivity of investigated 
materials. For this purpose, an optical method based on fluorescence 
microscopy in combination with ball-on-disc apparatus was employed. 

2. MATERIALS AND METHODS 
The experimental apparatus, employed in the present study, consists of 
conventional ball-on-disc tribometer [Gohar 1963] and optical imaging 
system, as can be seen in Fig. 1. Both components, the ball and the 
disc can be driven independently, so various kinematic conditions can 
be applied. Optical imaging system includes mercury lamp, episcopic 
microscope, scientific complementary metal oxide semiconductor 
(sCMOS) digital camera and PC. 

For the film thickness measurement, optical method based on fluo­
rescence microscopy was used. A fluorescence phenomenon was 
described as a consequence of three following steps [Haugland 1996]: 
• Excitation: A photon is supplied by an external light source (lamp, 

laser) and is absorbed by the fluorophore, creating an excited 
electronic single state. 

• Excited-state lifetime: Lasts usually 1 - 10 ns. During that time, the 
molecule can undergo some relaxation (energy dissipation) and is 
left in a state from which it can emit fluorescence. 

• Fluorescence emission: A photon of energy is emitted, while the 
fluorophore returns to its ground state. Due to energy dissipation 
during the previous phase, the photon has lower energy and therefore 
the longer wavelength than the excited photon. The difference in 
wavelengths is known as Stokes shift, which is absolutely fundamental 
phenomenon since it allows separation of the measured emission 
from excitation. 

Figure 1 . Scheme of the experimental apparatus. 

The evaluation of lubricant film is fundamentally affected by the cali­
bration process. The calibration curve is obtained from the knowledge 
of Hertz theory and the image of lightly loaded static contact. Moreover, 
to avoid light scattering, background image of lubricant is taken. 

The calibration curve is then matched with images taken by sCMOS 
camera, so the film thickness in arbitrary point can be determined. 

To validate the measurement method, film thickness of PE contact, 
created by ceramic ball and glass disc was evaluated and compared 
with theoretical predictions. Hamrock and Dowson [Hamrock 1977] 
defined the following formula for dimensionless film thickness 
estimation in elliptical contact: 

Hc = 2.69 • U0-67 • G 0 5 3 • W-°M7(1 - 0.61 • e" a 7 3 ' f c) (1) 

where H is defined by h /(?'. h is central film thickness. For point 
contact, the ellipticity parameter k is reduced to unity. The dimensionless 
parameters U, W, G are: 

dimensionless speed parameter, U = p p (2) 

F 

dimensionless load parameter, W = p-j^j (3) 

dimensionless material parameter, G = a • E' (4) 
where u is the rolling speed, r\Q is the dynamic viscosity of lubricant, F is 
the applied load, a is the pressure-viscous coefficient, R' is the reduced 
radius of curvature given by 1/R' = l/rx + 1/r and E' is the reduced 
elastic modulus defined as 2/E'= (? -jJ]

7)/E] + (? - /J2
2)/E2, where r, ry 

denote the radii in the rolling direction, E}, E7, jjy jJ7 are elastic modulus 
and Poisson's ratios of the contacting bodies. 

As a representative of compliant bodies, phenolic ball of the elastic 
modulus equal to 4 GPa was used. For i-EHL contacts, the formula for 
dimensionless central film thickness is as follows [Hamrock 1978]: 

Hccompilant = 7.32 • U a " • W ^ ( l - 0.72 • e-"- 2 ^) (5) 

Mineral oil of dynamic viscosity n, = 0.6444 Pas was applied as a test 
lubricant since it emits fluorescence naturally when illuminated in UV. 
Sufficient amount of lubricant was used, therefore the lubricant film 
could be fully developed. The test conditions were as follows. In case 
of PE contact (ceramic-on-glass), the applied load was equal to 12 N, 
resulting in the maximum contact pressure of 401.7 MPa. Because of 
the repeatability, the experiment was conducted two times. The tests 
with ceramic ball were realized to validate the evaluation algorithm. 
After that, the measurements were carried out with the phenolic ball 
of low elastic modulus. Three different loads were applied, 12 N, 26 N, 
and 41 N, respectively; leading to Hertzian contact pressures equal 
to 66.5, 83.8, and 100.2 MPa. Independently on applied materials, 
the experiments were performed under pure rolling conditions for 
the rolling speeds in a range from 10 to 500 mm/s. Therefore, the 
dependence between film thickness and rolling speed was obtained. 
All the test conditions are summarized in Tab. 1. 

PE contact IE (compliant) contact 

L o a d [N] 12 12; 26; 41 

M a x i m u m contact pressure [MPa] 401.7 6 6 . 5 ; 8 3 . 8 ; 100.2 

Sl ide- to - ro l l ratio [1] 0 0 

S p e e d range [mm/s] 1 0 - 5 0 0 1 0 - 5 0 0 

Table 1 : Test conditions applied during the experiments. 

3. RESULTS AND DISCUSSION 
3.7 Mefhod validation 

In case of the PE contact, film thickness varied from 100 nmfor 10 mm/s, up 
to 1.5 um for 500 mm/s. Images taken by sCMOS camera for ceramic-
on-glass contact pair under various rolling speeds are displayed in 
Fig. 2. With increasing the rolling speed, typical horseshoe-shaped 
constriction is formed. The values of film thickness plotted against 
rolling speed and compared with theoretical predictions provided by 
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Hamrock and Dowson [Hamrock 1977] are shown in Fig. 3. As can 
be seen in this figure, the film thickness gradually increased over the 
whole range of applied speeds. As there is an excellent agreement 
between expected and measured data, the relevance of the evaluation 
process was clearly proved. The profiles of lubricant film along the 
rolling direction for selected speeds are drawn in Fig. 3. 

u = 0mm/s u = 5mm/s u = 10 mm/s u = 20 mm/s u = 40 mm/s 

u = 80 mm/s u = 100 mm/s u = 200 mm/s u = 300 mm/s u = 500 mm/s 

Figure 2. Film thickness maps of the lubricated PE contact. 
Inlet is on the left of each image. 

edge is supposed to increase with increasing speed [Fowell 2014, 
Myant 2010a, Myant 2010c]. Although there is an increase of slope 
with increasing rolling speed (see Fig. 5), the change is not such a rapid 
than previously observed [Fowell 2014, Myant 2010c]. This indicates 
that the higher elastic modulus of the compliant body leads to flattening 
of the central contact zone. • 

u = 0 mm/s 

• 
u = 5 mm/s u = 10 mm/s u = 20 mm/s u = 40 mm/s 

CM 
u = 80 mm/s u = 100 mm/s u = 200 mm/s u = 300 mm/s u = 500 mm/s 

Figure 4. Film thickness maps of the lubricated compliant contact 
for load equal to 12 N. Inlet is on the left of each image. 

- P r e d i 
• Experiment no. 1 
• Experiment no. 2 

- 5 mm/s 
- 1 0 mm/s 
- 2 0 mm/s 

40 mm/s 
80 mm/s 

| — 1 0 0 mm/s 

\\A 

/ - 5 mm/s 
- 1 0 mm/s 
- 2 0 mm/s 

40 mm/s 
80 mm/s 

| — 1 0 0 mm/s 

\\A 

\i 

Distance from the c 

Figure 3. Left: The dependence between film thickness and rolling speed. 
Right: Film profiles for selected rolling speeds (inlet is on the left). 

3.2 Complianf contact 
For compliant contact, different loading and kinematic conditions were 
applied, as was mentioned above. Images of the contact loaded 
by force equal to 12 N are shown in Fig. 4. Generally, there was 
no significant effect of load on lubricant film. However, against 
expectations, increasing load led to an increase of lubricant film. The 
same phenomena was observed by Fowell etal. [Fowell 2014], where a 
slight increase of film thickness in contact between PDMS hemisphere 
and glass disc was detected while the load raised from 11 mN to 23.5 
mN. The effect of load on lubricant film will be investigated in a more 
detail in further study. One of the point is the behaviour of phenolic 
sample under high pressure conditions. The surface topography can 
also play an important role. As is shown in Fig. 5, for all the applied 
loads, the measured film thicknesses were lower than predicted. As 
was pointed out by Myant et al. [Myant 2010c], in case of low viscosity 
fluids, there was a very good correlation with theory. On the contrary, 
when glycerol was used as a lubricant, the authors detected lower films 
than predicted. This fact is attributed to thermal effects and hygroscopic 
nature of applied fluid. Although the measurements in the present 
paper were realized under controlled ambient temperature (22 °C), 
the results can be also influenced by local thermal effects occurring 
inside the contact of two bodies. Viscosity of applied mineral oil was 
analysed in a detail, finding that increasing the temperature for just 
3 °C leads to decrease of viscosity from 0.6444 Pas to 0.5122 Pa-s. 
As the viscosity drops, the lubricant film becomes lower. Experimental 
results are in very good agreement for the load equal to 41 N. Profiles 
of film thickness in the rolling direction for this load are plotted in the 
right part of Fig. 5. Previously, the authors were not able to observe 
such a significant constriction at the contact outlet in case of compliant 
contacts [Fowell 2014, Myant 2010c]. However it should be noted that 
in these references, very soft samples, with the modulus of elasticity in 
a range of units of MPa, were investigated. Another effect associated 
with relatively higher elastic modulus of the phenolic ball is the slope 
of the film in the rolling direction. Indications that central plateau 
region, which is associated with EHL, is absent in case of compliant 
contacts was confirmed by [Myant 2010a]. The slope of converging 

- Prediction 
• 12 N 
• 26 N 

41 N 

Rolling speed [mm/s] Distance from thi 

Figure 5. Left: The dependence between film thickness and roll ing speed 
for different loading condit ions. Right: Film profiles for selected rolling speeds 
for load equal to 41 N (inlet is on the left). 

4. CONCLUSION 
In the present paper, the experimental approach based on the fluorescent 
microscopy was introduced. The method was validated by conducting the 
central film thickness measurement for ceramic-on-glass contact, while 
the data were compared with the theoretical prediction made by Hamrock 
and Dowson [Hamrock 1977]. As there was a very good agreement with 
prediction, the relevance of the measured data was clearly proved. The 
main benefit of the above described technique is that the compliant bodies 
can be investigated. The phenolic ball was used as a representative of 
compliant material. Quite good correlation with prediction [Hamrock 
1978] was found, however, the values were a little bit lower compared 
to expectations. This fact is attributed especially to thermal effects, as 
was previously pointed out by [Myant 2010c]. It can be concluded that 
the applied experimental approach is suitable for studying the compliant 
contacts. In the following paper, the effect of material properties, as well 
as the effect of loading and kinematic conditions, will be investigated. 
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Abst rac t Elastohydrodynamically lubricated ( E H L ) 
contacts rarely exist as single contacts. Mult ip le contacts or 
single contacts subjected to the repeated over-rolling rep­
resent more often the case in practical applications. A 
typical example is the rol l ing element bearing. A lubricant 
rupture mechanism at each contact outlet determines the 
lubricant availability to the succeeding contact. This work 
presents a quantitative description of the lubricant f i lm 
thickness rupture in E H L contact outlet with the use of the 
fluorescent microscopy. A rupture ratio of the f i lm thick­
ness between two diverging surfaces exiting the contact 
was measured for both pure rol l ing and rol l ing-s l id ing 
conditions. The influence of variation of several parameters 
such as lubricant properties, rol l ing speed or rol l ing ele­
ment ellipticity to the lubricant rupture ratio was investi­
gated. Understanding of the physical phenomena of the 
lubricant rupture extends further possibilities in both 
experimental and theoretical researches of the starved 
E H L . 

K e y w o r d s E H L • Starvation • Lubricant rupture 

L i s t of Symbols 

Ca Capi l lary number; ^ 
hc Central f i lm thickness 
Mi 2 Entrainment speeds of surfaces 
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subscripts 1;2 Relation to the disc;ball 
M m Mean speed; (u\ + U2J/2 

S R R Slide-to-roll ratio; 2/" 1~" 2, ) 

k El l ipt ic i ty of the element 
a Surface tension 
t] Viscosity at atmospheric pressure 
5\ Dimensionless f i lm thickness on the disc 
02 Dimensionless f i lm thickness on the ball 

A Rupture ratio parameter; s
d^_ s 

1 Introduction 

Lubricant f i lm thickness generated within E H L non-con-
formal contacts is one of the most important parameters 
determining the performance and life of machine parts. 
F i l m thickness in the central zone depends on the sum of 
thickness of the layers supplied to the contact. In case of 
pure rol l ing conditions, it is assumed that in the outlet of an 
E H L contact, the adhering lubricant is equally distributed 
on rubbing surfaces [1]. 

However, most of lubricated contacts repeatedly travel 
over the same spot in the o i l f i lm, and the outlet region 
leaves thin residual shoulders of lubricants downstream of 
the contact. There is a concern that the lubricant supplied 
into the inlet region might not provide an adequate supply 
of the E H L contact as under ful ly flooded conditions. 

Without some degree of external replenishment into the 
track, the inlet region can become starved which increases 
the possibility of damage to rubbing surfaces. Lubricant o i l 
entering the inlet region may flow around the contact; 
therefore, the entire amount of lubricant adhered to contact 
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surfaces cannot enter the contact area. Due to the relative 
motion of contact surfaces, a substantial part of lubricant is 
pushed out of contact track causing back and side outflow 
[2]. This behaviour can be clearly seen in rol l ing bearings. 

The occurrence of starvation can result in f i lm break­
down accompanied by interactions of rubbing surfaces. 
The ability to predict the occurrence of starvation to 
achieve an optimum bearing performance and component 
life is obviously desirable. Currently, the f i lm thickness and 
pressure distribution in E H L contacts can be predicted 
using theoretical models of starvation occurrence [3]. 
However, these models use the inlet o i l layer thickness as 
the input parameter; this is generally not known during 
experiments. 

The a im of this work is to experimentally determine 
how the lubricant is distributed onto the rubbing surfaces 
and to verify the theoretical model in order to provide a fast 
and easy prediction of lubricant behaviour. Ratio between 
lubricant f i lm thicknesses adhering to each of the contact 
surfaces after passing through E H L contact is called a 
lubricant rupture ratio. 

Surface fluid inlet and outlet layer thickness on a solid 
surface are found in a large number of practical applica­
tions where a thin f i lm of fluid is split onto surfaces. 
Examples of these applications can be found in lubrication, 
rol l coating, screen printing, paint films and in biological 
systems and are in greater detail described in the literature 
[4]. M a n y theoreticians have been interested in the 
boundary conditions that should be used within the context 
of lubrication theory to define the inlet o i l layer thickness. 
Most of the earliest studies were concerned with the 
understanding cavitation in journal bearings [5]. A correct 
approach to the formation of thin l iquid film was first 
performed by Ruschak [6] who used matched asymptotic 
expansions in the context of ro l l coating. This approach is a 
time-consuming and must be adapted according to the 
exact geometry. However, this method may be adapted for 
any film-forming flow. This work was fol lowed by Taroni 
[7] and extended for a finite contact angle. 

The formation of inlet layer film is a problem of great 
interest among researchers as the flow in the vicinity of the 
meniscus determines the fluid flux downstream which is 
crucial in many applications. Coyne and E l rod [8, 9] 
studied the film separation between two parallel surfaces, 
with one moving surface, theoretically. This study showed 
that these conditions are not strictly applicable to lightly 
loaded journal bearings. Approximate boundary conditions 
such as those by Reynolds [10], Coyne and E l rod [8, 9] and 
Hewson [11, 12] are thus l ike ly to remain popular as they 
often give sufficiently accurate results. 

In theoretical and experimental studies, it has been 
shown that the film thickness inside the contact is very 
sensitive to the shape and thickness of inlet o i l layer [13, 

14]. In such a contact, the shape and thickness of the inlet 
layer of o i l , supplied to the contact on the running track, 
are of crucial importance to the film formation and contact 
performance [15]. Most recently, theoretical works were 
extended taking into account the sliding effect. In this 
work, a prediction of the remaining l iquid quantity on each 
moving surface is solved for general cases. It determines 
how much lubricant w i l l remain available for the fol lowing 
contact [16]. 

2 Material and Methods 

For the purpose of present study, a ball-on-disc tribometer 
in combination with optical evaluation system was 
employed. T o be able to observe the lubricant track sepa­
rately on both components, the bal l was placed on the top 
of the disc, as shown in F i g . 1. The optical imaging system 
included mercury lamp, epifluorescent microscope, 
s C M O S digital camera and P C . 

A s the evaluation method, fluorescence induced by 
mercury lamp was used. This technique was originally 
introduced by Smart and Ford [17], who observed the 
thickness of lubricant film on rotating cylinder. Later, it 
was pointed out that the use of mercury-lamp-induced 
fluorescence allows detecting lubricant films down to 
30 nm [18]. The principle of the method is based on the 
intensity of fluorescent emission. A fluorescence phe­
nomenon can be described as a sequence of three fol lowing 
phases [19]: 

Emision filter 
Dichroick mirror 

Light source 

-—am^> W{ ^Lubricant 

i 
Steel disk 4i 

Fig. 1 Illustration of the method 
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Evaluated profile (section) Disc 

Direction of 
the movement 

Evaluated profile (section) Ball 

Direction of 
the movement 

1. Excitation: a photon is supplied by an external light 
source such as lamp or laser and is absorbed by the 
fluorophore, creating an excited electronic single state. 

2. Excited-state lifetime: it lasts usually 1-10 ns; during 
this time, the molecule undergoes relaxation (dissipa­
tion of energy occurs) and is left in a state from which 
the fluorescence can be emitted. 

3. Fluorescence emission: a photon is emitted returning 
the fluorophore to its ground state. Because of the 
energy dissipation during excited-state lifetime, this 
photon has a lower energy and therefore the longer 
wavelength than the excitation photon. The difference 
in wavelengths, also known as Stokes shift, is abso­
lutely fundamental since it allows a separation of 
emission and excitation. 

The evaluation of lubricant rupture in the contact outlet 
was based on qualitative comparison of the intensities of 
pixels in contact tracks on both rubbing surfaces as i l lus­
trated in F i g . 2. It was proved by Azushima [20] that in 
case of thin films there is a linear dependence between the 
intensity of emission and thickness of the lubricant layer, 
so that the intensity can be considered as the non-calibrated 
film thickness. Measured thickness is labelled as S\ and 62 
in the results. Thickness was not calibrated to the specific 
one because only a ratio between two values is considered 
in this study. 

Examples of the fluorescence technique output are pre­
sented in F i g . 3. Darker areas can be interpreted as areas 
with thinner lubricant film. Output image is 16-bit bitmap 
which provides 65536 intensity levels. Therefore, even 
areas, which seem to be almost black, provide still 

Fig. 3 Fluorescent images for SRR = 0 

measurable intensity. To avoid the influence of optical 
properties of contact elements, both components were 
made from the same bearing-grade steel and polished. The 
diameter of steel bal l and disc was 25.4 and 150 m m , 
respectively. T o investigate the effect of ellipticity, a steel 
ball was substituted by a steel spherical roller with the 
diameter of 25.4 m m in rol l ing direction and 66 m m in 
perpendicular direction in experiments labelled as influ­
ence of geometry with ellipticity k= 1.8. Prior to mea­
surements, the init ial surface topography of components 
was analysed in a greater detail using the phase shifting 

Fig. 2 Illustration of the measured spots on the apparatus 
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interferometry profilometer. Evaluated surface roughness 
for the ball (1), the roller (2) and the disc (3) was as fol ­
lows: R a i = 10 nm, Ra2 = 10 nm, Ra3 = 20 nm. A s test 
lubricants, several mineral oils were used since they emit 
fluorescence naturally when illuminated in U V . Minera l 
oils also exhibit a very good durability of fluorescence 
emission. Even i f the i l lumination lasts several minutes, 
there is an absolutely negligible loss of fluorescence. Four 
different lubricants R834/80, R533/73, R560/88 and 
SN650 were used with the dynamic viscosities 0.19, 0.64, 

1.4 and 0.45 Pa s, respectively. A t the beginning of each 
test, a sufficient amount of lubricant was added into a 
contact track to achieve ful ly flooded conditions. Each 
point in the test was measured twice in the sequence of 
ball-disc-ball-disc, and deviation was quantified around 
2.5 % for a l l measurements. This proves stability of the 
fluorescence and other conditions. Therefore, each data 
point in this article is the averaged value of two measure­
ments. Plotting both values for each condition would make 
the plot difficult to read due to higher number of lines and 
points. In F i g . 4 are both lines plotted as example for mean 
speed of 220 mm/s from F i g . 7 where both are plotted as 
average. 

The contact was loaded by an external force equal to 
30 N which corresponds to maximum Hertzian pressure of 
0.8 G P a . It should be noted that both components could be 
driven independently by their own servomotors; therefore, 
different kinematic conditions could be applied. Measure­
ments were conducted for the range of slide-to-roll ratio 
from —1.5 to 1.5. A pure sliding experiment is not neces­
sary because one of the components is stationary in this 
case, so it can be assumed that whole lubricant layer 
remains on the moving surface. 

Reproducibil ity of the method was tested by evaluation 
of 20 images captured with one second delay, which cor­
responds roughly to 0.5 revolutions of the disc and 2.8 

revolutions of the bal l . Lubrication conditions were fully 
flooded and speeds of both surfaces were kept constant. 
Therefore, the f i lm thickness should be almost the same for 
all images. The f i lm profile from each image was evalu­
ated, and central values were averaged into one value. 
These values are plotted together with the mean value in 
F i g . 5. M a x i m a l deviations from mean values were from 
- 2 . 6 to 2.9 %. 

3 Results and Discussion 

This chapter is divided to the two main sub-chapters. First 
presents the study of lubricant rupture at contact outlet for 
pure rol l ing conditions. Second chapter presents study of 
the influence of the various parameters to the rupture ratio 
as function of the different slide-to-roll ratios (SRRs). S R R 
is calculated by E q . 1 

S R R = ^ 1 ^ 2 [-] (1) 
( m i + u2) 

3.1 P u r e R o l l i n g 

The lubricant rupture ratio under pure rol l ing conditions 
should be almost equal according to the literature [16]. 
This case was therefore measured as first. Obtained results 
can be seen in F i g . 6. These profiles were evaluated from 
the example images in F i g . 3. Concerning only the central 
part of the profile (track bed), almost the same profiles for 
the disc and the ball can be seen; this confirms the above-
mentioned predictions. Profiles slightly differ in the outer 
regions, which can be explained by either differences in the 
geometry or a different direction of the inertial forces. 
However, it was not the subject of this study, so it was not 
investigated any further and only the central part passing 
through the contact was considered. 
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Fig. 4 Two measurements of the same conditions example 
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Fig. 6 Outlet film thickness profile for pure rolling conditions 
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Fig. 7 Outlet film thickness rupture ratio A as function of SRR for 
three different mean speeds 

This chapter presents the influence of various operating 
conditions under different slide-to-roll ratios to the lubri­
cant rupture ratios. The assumed behaviour according to 
the literature is that a slower surface should contain a 
thinner lubricant f i lm than a faster surface. Cases of pure 
sliding (SRR = 2) and slide-to-roll ratios close to this state 
were not investigated. There is no f i lm lubricant when the 
surface is stopped because the lubricant cannot be carried 
from the contact to the place where is measured. Cases of 
high S R R were also excluded because the lubricant film is 
subjected to changes due to gravity and capillary and 
inertial forces for a long time before the measurements. 
This can cause a change in the lubricant profile due to a 
reflow of lubricant pushed out of the track, which would 
influence the results. The time between exiting of the 
contact and measuring was kept less than two seconds for 
al l presented cases, so there is no change due to the men­
tioned aspects. For times shorter than 2 s, no significant 
reflow of lubricant was observed. 

3.2.1 Influence of the Mean Speed 

Three cases of mean speeds were measured (um = 60,220 
and 450 mm/s). Speed for each surface was calculated 
from the mean speed um. The same lubricant was used for 
all cases (R834/80). A central film thickness prediction for 
given conditions according to Hamrock and Dowson's 
formula is hc = 121,289 and 467 nm, respectively. 
Therefore, it is the E H L contact having a lubricant film 
which can be sufficiently measured by the fluorescence 
imaging technique. 

A change in the rupture ratio is presented in F i g . 7. 
There can be seen a slight dependency on S R R which 
seems to be independent of the mean speed because the 
observed tendency is almost the same for a l l three cases. 

However, the same behaviour as in the literature [16] can 
be observed. This means that the slower surface contains a 
thinner lubricant film than the faster surface. The expected 
result for the S R R = 0 is A = 0.5. However, this is not 
observed for the slower mean speed. Moreover, the A 
values for the highest mean speed are above 0.5 for neg­
ative S R R , while they are expected to be smaller than 0.5. 
These deviations in trends can be explained by other pro­
cesses which do not have such influence under different 
conditions, e.g. cavitation for the low mean speed and 
difference in inertial forces directions for the high mean 
speed. 

Cavitation causes a scattered distribution of outlet film 
thickness in the lubricant track by creating spikes as shown 
in F i g . 8. This figure illustrates a 3D representation of the 
track in the lubricant layer behind the contact outlet which 
is plotted from F i g . 9. The image was captured immedi­
ately after stopping the test r ig drives. This is the only way 
how to see the cavitation, but there is a delay between 
stopping and capturing; therefore, there can be expected 
lubricant reflow influence. Other images used for al l 
measurements were captured during the movement, so 
there is no reflow, but there is motion blur as shown in 
F i g . 3. Exposure time for most of the results was 0.1 s. 
This means even for the lowest mean speed of 60 mm/s 
blur in the length of 6 mm, which is roughly 20 times more 
than contact pressure zone which was captured. 

Scattering increases with increasing lubricant viscosity. 
Cavitated areas make the evaluation problematic due to the 
motion blur of the images because the cavitated lubricant 
layer is stil l considered as two-dimensional constant which 
is not entirely correct. Moreover, the cavitated profile is 
subjected to the time-dependent changes caused by inertial 
forces and surface tension, which can also influence the 
evaluated results. 
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40 

Fig. 8 3D dimensionless representation of track in the lubricant profile behind contact outlet 

3.2.2 Influence of the Contact Geometry 

Four cases were studied. The same steel disc was used in 
both cases but with a different counterpart. The first case is 
measured with the steel bal l (k = 1) and the other cases are 
measured with spherical rollers (k = 1.5; 2.5; 4). A spher­
ical roller under the same conditions (mean speed, lubri­
cant, load) provides a different contact pressure, contact 
shape and f i lm thickness. However, one of the most 
important differences is a significantly wider contact. It 
could be assumed that wider contact w i l l change the 
lubricant flow patterns, and thus, it could change the 
behaviour at the contact outlet. Lubricant was the same 
(R560/88) for a l l four cases. M e a n speed was constant for 
all cases: um = 220 mm/s. 

Results of the rupture ratios for different geometries can 
be seen in F i g . 10. However, a different geometry caused 
only a small difference. Even for the cases of S R R = 
1.5; —1.5 the difference between results for different ro l l ­
ing elements is under 6 %. G i v e n the fact that measure­
ment reproducibility is roughly of the same value, it can be 
assumed that there is no obvious influence of the geome-
try-el l iptici ty. 
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Fig. 10 Outlet film thickness rupture ratio A as function of SRR for 
four different ellipticities 
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Fig. 11 Outlet film thickness rupture ratio A as function of SRR for 
four different lubricants 

3.2.3 Influence of Lubricant Properties 

The influence of four different lubricants was studied. Two 
main parameters influencing the behaviour of lubricant 
flow are viscosity and surface tension. Both of these 
parameters were measured for each lubricant, and the 
values can be seen in Table 1. Rupture ratios measured 
with these lubricants for different S R R s are plotted in 
F i g . 11. Mean speed of um = 220 mm/s was used in all 
cases. 

Most significant differences can be seen in this chap­
ter compared with the previous chapters. A minimum 
change of rupture ratio for extreme values of S R R (1; — 1) 
can be seen for SN650 o i l where A varies from 0.47 to 
0.51. However, this o i l does not have a maximum or 
minimum value of surface tension, viscosity or the capil­
lary number. M a x i m a l difference of A can be seen for 
R560/88 o i l where values vary from 0.43 to 0.55. This o i l is 
extremely viscous compared with the other oils used during 
the experiment. Dynamic viscosity of this o i l is 1.4 Pa s. 
This could suggest that viscosity is the driving parameter. 
However, this was not confirmed during experiments with 
remaining oils because no obvious dependency was found. 

Table 1 Capillary number values 

Lubricant 1 um a Ca 
(-) (Pa s) (ms- 1) (NmirT ') (") 

R834/80 0.2 0.22 6.6 6.6 
R834/80 0.2 0.06 6.6 1.8 
R834/80 0.2 0.45 6.6 13.6 
R533/73 0.64 0.22 41.6 3.4 
R560/88 1.4 0.22 28.5 10.8 
SN650 0.45 0.22 31 3.2 

3.2.4 Influence of the Capillary Number and a Comparison 
with Theory 

It is mentioned in theory that the influence of viscosity, 
surface tension and rol l ing speed studied separately in the 
previous chapters can be governed by a single parameter 
called capillary number (Co). This parameter can be cal­
culated with the use of E q . 2, and it has been shown that Ca 
can have effect to a lubricant flow and shape of the outlet 
meniscus. Therefore, in this chapter, six cases from pre­
vious chapters are plotted together in one figure and they 
are labelled with calculated Ca, so this can be taken as a 
different approach to the previous results and summary. 

C a = ^ (2) 

Capil lary numbers for a l l the cases are listed in Table 1. 
Results for these cases are plotted in F i g . 12. In this plot as 
wel l as in the previous cases, the same tendency can be 
seen. The layer of lubricant is thicker on the faster moving 
surface and thinner on the slower surface. The ratio 
between these two thicknesses is marked as A in the plot. 

Experimental results are scattered from 0.43 to 0.5 for 
S R R = - 1 and from 0.51 to 0.55 for S R R = 1. There can 
be seen the highest difference of 0.12 for capillary number 
10.8 when the difference between A values for S R R 1 and 
— 1 is compared. However, even higher Ca = 13.6 showed 
the difference of only 0.03. L o w Ca numbers 1.8, 3.2 and 
3.4 showed differences 0.04, 0.04 and 0.0, respectively; 
there is no observable trend. These data confirm the con­
clusion from literature [16] that the capillary number 
cannot be a driving parameter of this behaviour. 

A relationship between S R R and A presented by Bruy-
ere [16] and mentioned in the introduction can be seen as a 
solid line in F i g . 12. The vertical axis of this plot is 
extended to 0-1 range with regard to the previous results to 
provide a better visual comparison between theory and 
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Fig. 12 Outlet film thickness rupture ratio /I as function of SRR for 
six different capillary numbers 

experiments. In case of S R R = 0 is theory matching with 
experiments very wel l as we l l as in the previous cases, 
which could be expected. 

However, it is clear that the experimentally observed 
dependency is smaller in comparison with the theory for 
S R R < > 0. The averaged experimental result for S R R = 
— 1 is 0.48, while the result calculated from theory is only 
0.37. The experimental value of A for S R R = 1 is 0.53, 
while the theoretical result is 0.63. Based on these num­
bers, it can be concluded that trend is smaller than the one 
described theoretically. There could be another influence 
connected to sliding which was not considered in this work, 
such as thermal processes, shear thinning or a change in the 
flow profile, which causes restriction of the S R R influence 
described theoretically. Governing of these aspects should 
be the next step in this research area. Another explanation 
could include geometry l imitation. A l l experiments were 
conducted on a ball-on-disc experimental rig. Therefore, 
geometry of surfaces is not symmetric, which could have 
some influence. Suggestions for future study are to conduct 
experiments on the modified experimental rig equipped 
with a pair of identical rol l ing elements (rollers, spherical 
rollers or balls). 

4 Conclusions 

This paper presents the study of the lubricant rupture ratio 
in the E H L contact outlet with the use of fluorescence 
imaging technique. The ratio is 0.5 (see S R R = 0 in 
F i g . 12) for pure rol l ing conditions, which means that a 
half of lubricant thickness measured in the contact remains 
on each contact surface. Lubricant thickness tends to 
increase on the faster moving surface when sliding 
( S R R < > 0) is introduced and to decrease on the slower 
surface. A scale of this influence does not seem to be 

dependent on the mean speed, lubricant properties or the 
contact geometry. A l l of these aspects were studied without 
any apparent dependency. The experiments showed that 
values of A vary from 0.43 to 0.55 for S R R = — 1 and 
S R R = 1, respectively. The influence of S R R is almost 
negligible for the lower values of S R R , and the experi­
mental results have confirmed the predicted behaviour for 
S R R < > 0, but the trend is much smaller. 
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A B S T R A C T 

The aim of the present paper is to provide a novel experimental approach enabling to 
assess the thickness of lubricant film within hip prostheses in meaning of the contribution 
of particular proteins. Thin film colorimetric interferometry was combined with fluores­
cent microscopy finding that a combination of optical methods can help to better 
understand the interfacial lubrication processes in hip replacements. The contact of metal 
femoral head against a glass disc was investigated under various operating conditions. 
As a test lubricant, the saline solution containing the albumin and y-globulin in a 
concentration 2:1 was employed. Two different mean speeds were applied, 5.7 and 
22 mm/s, respectively. The measurements were carried out under pure rolling, partial 
negative and partial positive sliding conditions showing that kinematic conditions 
substantially affects the formation of protein film. Under pure rolling conditions, an 
increasing tendency of lubricant film independently on rolling speed was detected, while 
the total thickness of lubricant film can be attributed mainly to albumin. When the ball 
was faster than the disc (negative sliding), a very thin lubricant film was observed for lower 
speed with no significant effect of particular proteins. The increase in sliding speed led to 
the increase of film thickness mainly caused due to the presence of y-globulin. On the 
contrary, when the disc was faster than the ball (positive sliding), the film formation was 
very complex and time dependent while both of the studied proteins have shown any 
qualitative change during the test, however the effect of albumin seems to be much more 
important. Since a very good agreement of the results was obtained, it can be concluded 
that the approach consisting of two optical methods can provide the fundamental 
information about the lubricant film formation in meaning of particular proteins while 
the simultaneous presence of other constituents in model synovial fluid. 
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1. Introduction 

A total hip replacement is one of the most successful surgical 
treatments of modern medicine. In OECD countries, 160 
operations per 100,000 inhabitants were conducted in 2011 
as is reported in Health and Glance 2013: OECD indicators. 
Although there was a rapid improvement of applied materi­
als during the last tens of years (Pramanik et al., 2005), 
artificial hip joints still suffer from limited longevity. The 
need of re-operations as the consequence of implant failure 
leads to deterioration of daily life, especially in case of 
younger patients (Adelani et al., 2013). The most common 
cause of this failure is aseptic loosening accompanied by 
osteolysis due to wear of rubbing surfaces (Joshi et al., 1993). 
Several authors focused on investigation of wear of rubbing 
surfaces under various operating conditions (Goldsmith et al., 
2000; Smith et a l , 2001a; Wang et a l , 2004). However, little is 
yet known about interfacial lubrication processes in hip 
replacements, even though such a knowledge can help to 
reduce wear and therefore can eventually extend the implant 
longevity. The tribological performance of contact pair is 
substantially influenced by prevailing lubrication regime 
and material properties of the components. To ensure mini ­
misation of wear, a complete separation of rubbing surfaces 
by fluid film is necessary. However, in case of hip implants, a 
boundary or mixed lubrication regime usually occur (Jin 
et a l , 2006). 

In relation to lubrication mechanisms, determination of 
lubricant film thickness seems to be a crucial task. A math­
ematical model for film thickness estimation in metal-on-
metal joints was pronounced several times (Dowson, 2006; 
Dowson and Jin, 2006; Jalali-Vahid et a l , 2006). The analysis 
usually comes from the classical elastohydrodynamic lubri­
cation (EHL) theory assuming that the lubricant film is 
affected by elastic deformation of contact surfaces in combi­
nation with fluid entrainment. It should be considered that 
both natural and artificial joints are not lubricated by simple 
Newtonian fluids. Human synovial fluid (SF), as well as 
bovine serum (BS), which is often used as its model (Essner 
et al., 2005), exhibit non-Newtonian and shear thinning 
behaviour (Mavraki and Cann, 2011). Moreover, it was proved 
that protein adsorption on rubbing surfaces significantly 
influences the lubricant film (Parkes et a l , 2014; Scholes 
and Unsworth, 2006) and tribochemical layers (Wimmer 
et al., 2003). Because of the above information, numerical 
predictions in biological systems are particularly compli­
cated. A n experimental approach for film thickness evalua­
tion based on the change of electrical resistivity was 
introduced by Dowson et al. (2000). The authors focused on 
the qualitative analysis of the gap between metallic compo­
nents of artificial joint during the walking cycle. This study 
was followed by Smith et al. (2001b) who applied the same 
method on a ceramic pair. Although the electrical method 
can provide the information about the qualitative change of 
lubricant film between articulating surfaces, it does not allow 
observing the contact in situ; therefore it is quite demanding 
to describe the changes in terms of lubricant film formation. 

In recent years, extensive research has been conducted into 
lubricating film formation within hip joints replacements. The 

pilot study was provided by Mavraki and Cann (2009), who 
focused on the fundamentals associated with SF lubrication. 
Different protein solutions were employed to model healthy 
and periprosthetic SF. In addition, the experiments were also 
carried out with BS. Friction measurements were realized on 
the commercial Mini Tractione Machine (MTM) apparatus 
finding that at low speeds (<20 mm/s) a boundary lubrication 
regime is typical for all applied lubricants reducing the friction. 
Film thickness was evaluated by using a ball-on-disc tribometer 
in combination with optical interferometry method. The experi­
ments were performed under pure rolling conditions, constant 
load equal to 5 N, and room temperature. For BS, film thickness 
gradually increased with increasing rolling speed. During a 
subsequent decrease of speed back to initial value, the film 
was time independent with just a little tendency to increase (up 
to 28 nm at 5 mm/s). At the end of the experiment, the residual 
film thinner than 20 n m was detected suggesting the impor­
tance of adsorbed protein layer. The authors concluded that 
both friction and film thickness measurements were time 
dependent. 

The following reference, given by the same authors 
(Mavraki and Cann, 2011), extended the previous study by 
investigating the influence of various loading and kinematic 
conditions on film thickness in the contact lubricated by BS. 
The effect of high (ball-on-disc) and low (lens-on-disc) con­
tact pressure as well as the influence of BS concentration was 
examined. In a ball-on-disc configuration, the experiments 
were realized under pure rolling and pure sliding conditions. 
Under pure rolling, the film thickness increased with increas­
ing speed from 5 to 50 n m with no significant effect of 
subsequent speed sweep. At the end of the experiment, a 
thin lubricant film in a range from 9 to 19 n m attributed to 
protein adsorption was detected. Under pure sliding, a sub­
stantial drop (around 70%) in lubricant film was observed. 
Low contact pressure generally led to a thicker film 
(60-80 nm), especially at lower speeds. A significant scatter 
in results was explained by inherent nature of applied fluid. 

The effect of proteins in model fluid on film formation was 
analysed by Fan et al. (2011) who firstly employed a real metal 
femoral component. The CoCrMo ball was stationary while 
the glass disc was sliding as a counterface. Fi lm thickness 
was evaluated in a range of speeds from 2 to 60 mm/s for 
simple protein solutions and compared with BS results. It was 
concluded that protein containing solutions form a thicker 
film than BS and show a complex time-dependent behaviour. 
The thicknesses of adsorbed film after a few minutes of 
sliding were in a good agreement with previous papers 
(Mavraki and Cann, 2009; Mavraki and Cann, 2011). The 
thickness of the layer was augmented by hydrodynamic 
effect especially at low speeds. Deposited films of 20-50 nm 
were measured at the end of the test. In author's opinion, this 
was due to molecule aggregations in the inlet zone creating a 
reservoir of high-viscosity material periodically passing 
through the contact and forming a much thicker film. 

Myant et al. (2012) evaluated the film thickness between 
the glass disc sliding against the CoCrMo ball as a function of 
time and mean speed. The effect of variable load was also 
investigated. A series of BS and simple saline protein solu­
tions were used as test lubricants. Static test under zero 
speed was conducted to provide the influence of test fluid on 
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adsorbed protein layer. Globulin solutions formed a much 
thicker film, around 30 n m at the end of the experiment, 
compared to albumin solutions (around 1-3 nm). BS was 
somewhere between the values while the thickness of 
deposited film was equal to approximately 10 n m . The time 
test was realized for speed of 10 mm/s showing the increas­
ing tendency for all tested fluids with time/sliding distance, 
respectively. Again, the thickest film was measured for 
globulin solution, particularly more than 200 n m . Increasing 
the load from 5 to 20 N led to a substantial decrease of film 
thickness. The results of film thickness as a function of mean 
speed (0-50 mm/s) exhibit a large scatter preventing drawing 
the clear conclusions; however, the influence of protein 
content on fi lm formation is obvious. 

The observation of contact zone was enhanced later 
(Myant and Cann, 2013), giving a detailed description of the 
protein aggregation, so called "inlet phase", in front of the 
contact. The authors found a satisfactory agreement between 
the length of the inlet phase and the central film thickness. 
The results confirmed the previously observed mechanisms 
(Fan et al., 2011), the combination of adsorbed boundary layer 
supported by high-viscosity film as a consequence of hydro-
dynamic effect. The high-viscosity film is caused by aggre­
gated proteins forming a gel-like layer which entrains the 
contact in time intervals, mainly at low speeds. The increas­
ing speed causes shear thinning of the layer, thus leading to 
the reduction of film thickness. As the measured thicknesses 
were significantly higher in relation to predictions derived for 
classical EHL, it can be concluded that protein containing 
solutions do not correspond to the EHL mechanism. The 
aspects of protein lubrication were summarised by Myant 
and Cann (2014a), who explained in a greater detail the 
protein aggregation lubrication (PAL) mechanisms in metal-
on-metal hip replacements. Several implications of PAL for 
the implant tribology were highlighted. Particularly, a reduc­
tion of contact pressure has a positive effect on the PAL. On 
the contrary, the effect of increase in sliding speed is 
negative; nevertheless the concentration of proteins should 
be taken into account. 

The study focused on film formation for metal and 
ceramic components was given by Vrbka et al. (2013). As in 
the previous references, ball-on-disc simulator was employed 
and the film thickness as a function of time was evaluated 
using the thin film colorimetric interferometry. Different 
slide-to-roll ratios (SRR) were applied to investigate the 
influence of rolling/sliding conditions. The applied load of 
5 N resulted in maximum contact pressure 180 MPa in the 
case of metal/glass and 190 MPa for ceramic/glass contact. 
The contact was lubricated by BS. Under pure rolling condi­
tions, the increasing time-dependent tendency of lubricant 
film on rolling speed was observed for both materials. Film 
thickness was always higher in the case of metal component 
independently of rolling speed; it reached around 100 n m for 
20 mm/s. A maximum value for ceramic was only 15-20 nm 
for the same speed. Under rolling/sliding conditions, film 
formation was strongly dependent on the faster component. 
Under positive sliding, where the disc was faster than the 
ball, film thickness rapidly increased at the beginning of the 
experiment, independently of ball material. After reaching its 
maximum value in the range of hundreds of nm, it started to 

drop and was only around just a few n m at the end of the 
test. For metal, the influence of speed under these conditions 
was observed, not in case of ceramic component. A n abso­
lutely different character of film formation was detected 
when the ball was faster than the disc. In this case, the 
lubricant film was very thin for both materials. Local protein 
aggregations formed in just a small area of the contact zone 
reached 20-25 n m for the metal ball and around 5 n m for the 
ceramic one. This study confirmed a substantial effect of 
kinematic conditions, especially positive/negative SRR on the 
protein film formation. In this reference it was pointed out 
that other factors should be included, such as oxidation of BS, 
transient loading and kinematic conditions, or conformity of 
rubbing surfaces. 

The significance of transient kinematic conditions was 
declared by Myant and Cann (2014b). The main attention of 
this study was paid to different types of motions and their 
effect on the protein film formation. The authors conducted 
pure sliding experiments for three different motion types; 
firstly, the constant speed (20 mm/s) with constant sliding 
direction; secondly, sinusoidal speed (0-20 mm/s) with con­
stant sliding direction; and finally the sinusoidal velocity 
(-20 to 20 mm/s) with reversing sliding direction over each 
cycle. For all applied motions, film thickness gradually 
increased for around 300 of cycles and then it became quite 
stable until the end of the experiment. Not significant 
differences were observed for the constant and sinusoidal 
speed conditions, where the film thickness reached around 
100 (+20) n m . However, a much lower film was measured for 
sinusoidal velocity, just approximately 30 nm. In addition, 
the protein aggregation in the inlet zone (Fan et al., 2011) was 
not observed under sinusoidal velocity, as the inlet is heavily 
disrupted in every cycle inhibiting the build-up of protein gel­
like phase. 

Following the implications from the previous paper (Vrbka 
et a l , 2013), Vrbka et al. (2014) studied the influence of 
geometry on the lubricant film. The real joints, as wel l as 
hip prosthesis, are representatives of bodies with very high 
degree of conformity. In the effort to approach the real 
conformity of rubbing surfaces, an experimental configura­
tion was changed from the previously used ball-on-disc one 
to a more conformal ball-on-lens configuration. A non-
conformal ball-on-disc setup leads to a very high contact 
pressures and small contact areas. Compared to that, higher 
conformity ensured by ball-on-lens arrangement helps to 
reduce the contact pressure as a consequence of larger 
contact zone. The results confirmed the suggestions about 
the significance of surface geometry. As was already pub­
lished (Vrbka et al., 2013), negative partial sliding when the 
ball was faster than the disc (SRR = -150%) led to a very thin 
lubricant layer. According to this, an extremely thin lubricant 
film could be expected under pure negative sliding conditions 
(the glass lens was a stationary component). However, the 
change of surface conformity caused a considerably different 
character of film formation. Immediately after the beginning 
of the experiment, the film reached around 95 nm, indepen­
dently of sliding speed. After a short time, it slightly 
decreased to approximately 40 n m for 40 mm/s and 
20-25 n m for 10 mm/s with no significant effect of increasing 
time or sliding distance unti l the rest of the experiment. The 
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influence of surface wettability was also investigated. It was 
shown that the chromium layer on glass disc or glass lens 
has hydrophobic nature supporting the protein adsorption 
and therefore a thicker lubricant film. On the contrary, a silica 
layer, which is naturally hydrophilic, exhibited almost zero 
film thickness. 

The effect of conformity of rubbing surfaces was clearly 
proved in our previous study (Vrbka et a l , 2015), where the 
film thickness was evaluated between the head and the cup 
of real dimensions by using the combination of hip joint 
simulator and thin film colorimetric interferometry. The 
character of film formation was similar to ball-on-lens results 
(Vrbka et al., 2014). The film thickness was relatively high 
(around 240 nm) immediately after the beginning of the test 
while it was decreasing during the first 10 s and then it was 
stabilized to approximately 90 nm. 

From the literature review (Fan et al., 2011; Mavraki and 
Cann, 2009, 2011, Myant and Cann, 2013, 2014a, 2014b; Myant 
et al., 2012; Vrbka et a l , 2013, 2014, 2015), it is clear that the 
proteins contained in model fluids play an important role in 
relation to thickness of the lubricant film. For film thickness 
mapping, a combination of ball-on-disc simulators with optical 
interferometry method seems to be a well-established experi­
mental approach. It was proved that this optical method 
enables to evaluate the film thickness, as well as to observe 
the contact of components in situ; therefore the phenomena 
such as inlet protein aggregation (Fan et al., 2011; Myant and 
Cann, 2013) or PAL (Myant and Cann, 2014a) can be identified. 
Although several papers described the influence of different 
lubricant composition on film thickness, little has been yet 
known about the role of particular constituents while the 
simultaneous presence of other components. However, the 
explanation of protein film formation in terms of contribution 

of individual parts of model fluid could help to better under­
stand the lubricating mechanisms within artificial hip joints. 
Therefore, the aim of this study is to introduce an experimental 
approach enabling the in situ observation of lubricant film in an 
effort to assess the effect of presence of albumin and y-globulin 
on the development of lubricant film thickness. For this 
purpose, an optical method based on fluorescent microscopy 
was employed since it enables to observe each constituent 
stained by fluorescent markers, independently of the other fluid 
components. 

2. Materials and methods 

Lubricant film thickness was evaluated using a conventional 
ball-on-disc tribometer (Gohar and Cameron, 1963) where the 
circular contact between the ball and the disc is realized. Both 
components can be driven independently by their own 
servomotors, so different kinematic conditions and SRR can 
be applied. The contact was observed by optical imaging 
system which consists of mercury lamp for illumination, 
microscope, digital camera, and PC. The scheme of an 
experimental approach is displayed in Fig. 1. 

Two optical methods were employed to determine the 
protein film formation. Initially, the film thickness was 
measured by thin film colorimetric interferometry (Hartl 
et al., 2001), as it was proved that this method is sufficiently 
precise to measure the thickness of lubricant layer with the 
resolution equal to 1 n m . In this case, the contact was 
observed by complementary metal-oxide semiconductor 
(CMOS) high speed camera (Phantom V710). Thin film colori­
metric interferometry is based on matching the captured 
interferograms with a calibration curve, which is obtained 

Digital ( 
camera Optical interferometry Fluorescencí microscopy 

Fig. 1 - : Scheme of the applied experimental approach. 
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from the image of lightly loaded static contact giving the 
information about the dependence between the particular 
colour and the film thickness. 

The experiments were then repeated under the same 
operating conditions by using an optical imaging method 
based on fluorescent microscopy (Smart and Ford, 1974). This 
approach allows to observe the fluorescently stained consti­
tuents of lubricant film while the simultaneous presence of 
other parts. It was declared that the dependence between the 
fluorescence intensity and the film thickness is linear 
(Azushima, 2006); therefore, in this paper, the fluorescence 
intensity is considered as dimensionless film thickness. The 
difference between the above described methods is that the 
optical interferometry determines the size of the gap between 
the components based directly on light interference. The 
fluorescent microscopy studies the amount of fluorescent 
dye added to the base lubricant, giving the information about 
the volume of fluid inside the contact (Reddyhoff et al., 2010). 
The main purpose of the combination of these methods is 
that the experimental configuration disabled the film thick­
ness evaluation directly by fluorescent method. This is due to 
the following undesirable phenomena. 

1. Interference of light beams arising at the interface of bottom 
surface of the disc and lubricant and the interface of 
lubricant and the ball. The problem of light interference 
was mentioned previously in literature (Sugimura et al., 
2000). Although the optical interferometry desires the light 
interference as contrast as possible, in the case of fluorescent 
microscopy, this is a huge limitation. Sugimura et al. (2000) 
solved this effect by using different material of sample during 
the calibration process. Although this seems to be quite a 
simple way how to avoid interference, it was later mentioned 
by Myant et al. (2010) that the different optical properties of 
calibration sample can lead to irregularities in results. 

2. Quenching effect as a consequence of chromium presence 
in tested materials. The quenching phenomena was men­
tioned several times (Jie et al., 1998; Varnes et al., 1972; 

Zhang et al., 2009). Since the loss of fluorescence is not 
dependent just on the chromium content but also on the 
type of applied fluorescent marker, it is very complicated to 
assess the effect of chromium on layer thickness. However, 
it should be noted that the applied approach is based on 
matching the film thickness obtained by optical interfero­
metry with the protein film development given by fluor­
escent microscopy. Even if the results are influenced by the 
quenching effect, the measurement error is constant in the 
course of the entire experiments; therefore the general 
knowledge about the film formation is applicable. 

A contact pair was realized by the metal (CoCrMo) femoral 
head (Zimmer) of a nominal diameter of 28 m m and the glass 
disc (BK7) coated with a thin chromium layer to enhance the 
interference in the case of film thickness measurement. It was 
pointed out previously that the protein film can be influenced by 
the nature of contact surfaces. However, it should be noted that 
the authors (Vrbka et al., 2014) compared two variants of coating 
layers; strongly hydrophllic and strongly hydrophobic. In the 
present study we performed several experiments with coated 
and uncoated disc finding that there is no significant effect of 
layer on protein film formation because the difference of pure 
and coated disc wettability is not so substantial. On the contrary, 
the chromium layer caused more quenching of fluorescence 
leading to an increase of scatter in results; therefore it was 
decided to use an uncoated disc for experiments conducted with 
fluorescently stained lubricants. 

The initial surface topography of femoral component was 
analysed in a greater detail by the optical method based on 
phase shifting interferometry (Bruker Contour GT X8). Five 
reference points were selected; one on the canopy of the head 
and four in the contact drag. The measured data for particular 
points were as follows; Ra 1 = 7.41nm, Ra 2=8.19nm, Ra3=6.90 
nm, Ra4=7.87nm, Ra 5=8.67nm, respectively, therefore the 
average value of surface roughness was equal to Ra=7.81nm. 
The contact surface of glass disc was considered as optically 
smooth. 

Table 1 - Summary of the performed experiments. 

Experimental method SRR Disc speed (mm/s) Ball speed (mm/s) Mean speed (mm/s) Model fluid 

Optical interferometry 0 5.7 5.7 5.7 A : G = 2 : 1 
Optical interferometry 0 22 22 22 A : G = 2 : 1 
Optical interferometry - 1 . 5 1.425 9.975 5.7 A : G = 2 : 1 
Optical interferometry - 1 . 5 5.5 38.5 22 A : G = 2 : 1 
Optical interferometry 1.5 9.975 1.425 5.7 A : G = 2 : 1 
Optical interferometry 1.5 38.5 5.5 22 A : G = 2 : 1 
Fluorescent microscopy 0 5.7 5.7 5.7 Labelled A : Non-labelled G = 2 : l 
Fluorescent microscopy 0 5.7 5.7 5.7 Non-labelled A : Labelled G = 2 : l 
Fluorescent microscopy 0 22 22 22 Labelled A : Non-labelled G = 2 : l 
Fluorescent microscopy 0 22 22 22 Non-labelled A : Labelled G = 2 : l 
Fluorescent microscopy - 1 . 5 1.425 9.975 5.7 Labelled A : Non-labelled G = 2 : l 
Fluorescent microscopy - 1 . 5 1.425 9.975 5.7 Non-labelled A : Labelled G = 2 : l 
Fluorescent microscopy - 1 . 5 5.5 38.5 22 Labelled A : Non-labelled G = 2 : l 
Fluorescent microscopy - 1 . 5 5.5 38.5 22 Non-labelled A : Labelled G = 2 : l 
Fluorescent microscopy 1.5 9.975 1.425 5.7 Labelled A : Non-labelled G = 2 : l 
Fluorescent microscopy 1.5 9.975 1.425 5.7 Non-labelled A : Labelled G = 2 : l 
Fluorescent microscopy 1.5 38.5 5.5 22 Labelled A : Non-labelled G = 2 : l 
Fluorescent microscopy 1.5 38.5 5.5 22 Non-labelled A : Labelled G = 2 : l 
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As a test lubricant, a protein solution in phosphate-
buffered saline (PBS) was used. BS albumin (Sigma-Aldrich 
A7030) was doped by Rhodamine-B-isothiocyanate (Sigma-
Aldrich 283924). The protein concentration in stained suspen­
sion was 455.7 mg/ml. y-Globulin from bovine blood (Sigma 
Aldrich-G5009) was stained by Fluorescein-5-isothiocyanate 
(Sigma-Aldrich F7250) resulting in protein concentration of 
198.5 mg/ml. The ratio of albumin (A) and y-Globulin (G) was 
set as A:G=2:1, the total concentration of A and G in model 
fluid was 7 mg/ml and 3.5 mg/ml, respectively. The same 
samples were prepared also with no-stained proteins, as 
the combination of stained and no-stained protein is neces­
sary to distinguish the constituents in model fluid during the 
experiment. The test samples were divided into the tubes and 
deeply frozen to - 2 2 °C. The solution was taken out from the 
freezer 120 m i n prior to testing to thaw naturally without any 
temperature shock. The lubricant was continuously supplied 
to the inlet zone by a syringe pump for three minutes. The 
total amount of fluid for each experiment was 10.5 ml . Before 
the experiment, all components were cleaned in 1% sodium 
dodecyl sulphate solution, rinsed by distilled water, and then 
dried by pressed air and washed in an isopropyl alcohol. 

The load equal to 5 N was applied by lever system resulting in 
the maximum contact pressure equal to 180 MPa. The film 
thickness was observed under two various speeds 5.7 mm/s 
and 22 mm/s. The experiments were carried out under pure 
rolling (SRR=0%), partial negative sliding (SRR=-150%), and 
partial positive sliding (SRR=150%). The time of each experiment 
was set to 300 s. A l l the measurements were conducted under 
ambient temperature (T=22°C), since it was published pre­
viously that the change of temperature from ambient to body 
temperature does not influence the results significantly (Mavraki 
and Cann, 2011). To have a better idea about the measurements, 
the particular experiments are summarised in Table 1. 

3. Results 

3.1. Pure rolling conditions 

First experiments were conducted under pure rolling condi­
tions. Two different speeds were applied, as was mentioned 
previously. Fi lm thickness as a function of time was eval­
uated by using a colorimetric interferometry method. The 
value of film thickness corresponds to the average value 
inside the circle of the diameter equal to 1/5 of contact zone 
diameter. It can be seen in Fig. 2 that, independently of rolling 
speed, the film thickness gradually increased in the course of 
the entire experiment. At lower rolling speed, the tendency of 
increase is linear with a small drop after approximately 130 s. 
The maximum measured thickness at the end of the test was 
around 15 n m . For 22 mm/s, the film thickness increased 
linearly for around 200 s without any significant scatter. 
Then, the slope of increase changed; however the film 
continued to increase up to almost 40 nm. After the film 
thickness measurement, two more experiments were con­
ducted for each speed; while the only difference was in the 
observed lubricant constituent. As in the case of interfero­
metry, the intensity value is the average value from the 
central zone of the contact. For 5.7 mm/s, it is evident that 

there is almost no change of thickness of y-globulin. On the 
contrary, the intensity of images increased gradually when 
albumin was observed. This indicates that the protein film 
formation is mainly due to increase of albumin. A very 
similar behaviour was observed for higher speed. Again, only 
one of the proteins showed a significant qualitative change. 
Even if there was some intensity of y-globulin film detected, 
as can be seen in Fig. 3, the level of intensity was consider­
ably lower compared to images of albumin. It should be noted 
that the scale of axis, giving the information about the 
fluorescence intensity, was adjusted to correspond to the 
film thickness for each particular experiment. Therefore, it is 
not possible to state that the intensity level directly corre­
sponds to film thickness; only the tendency of curves can be 
compared. The fluorescent images of contact zone for both 
experiments can be seen in Fig. 3. 

3.2. Partial negative sliding 

Under partial negative sliding, when the ball was faster than 
the disc, the film formation seems to be strongly dependent on 
the applied mean speed. This indicates that the sliding distance 
can play an important role. When the speed was 5.7 mm/s, the 
film thickness was very thin, only in the range from 1 to 3 nm. It 
can be clearly seen from Fig. 4a that none of the proteins 
showed a qualitative change over the time. In this case, the 
intensity of fluorescence is very low, in the range from 0 to 100. 
Increase of mean speed to 22 mm/s led to a substantial change 
of protein film formation. In this case, there was a very thin 
film, less than 3 nm, at the beginning of the experiment, which 
is very similar to a lower speed. However, against expectations, 
after approximately 100 s the film thickness started to gradually 
increase while the value of lubricant layer at the end of the test 
was around 15 nm. Unlike under pure rolling conditions, when 
the labelled albumin was detected by fluorescent microscopy, 
any development of intensity could not be observed. It is 
evident from Fig. 4b that the increase in lubricant film thickness 
is caused by y-globulin. The phenomena of increasing y-globulin 
intensity can be clearly seen in the lower part of Fig. 5. 

3.3. Partial positive sliding 

The last set of experiments was conducted while the disc was 
faster than the ball; therefore positive sliding conditions were 
applied. As in the previous case, the protein film formation 
seems to be very complex and time/sliding distance dependent. 
At lower speed, the film increased continuously without any 
significant scatter in results. When the lubricant supply 
stopped, the layer reached its maximum value around 120 nm 
and started to decrease while the value at the end of the test 
was somewhere between 50 and 70 nm. As is shown in Fig. 6a, 
the development of film thickness is in a good agreement with 
the intensity of albumin protein film. Under pure rolling and 
partial negative sliding, there was no effect of y-globulin film 
observed at the mean speed of 5.7 mm/s. However, under 
positive sliding conditions the intensity of y-globulin varies in 
the range from 0 to 3500 indicating that even y-globulin 
contributes to the protein film thickness. Nevertheless, when 
comparing the above mentioned values with the intensity of 
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Fig. 2 - Development of film thickness and fluorescence intensity of labelled proteins as a function of time under pure rolling 
conditions for different mean speeds; a) 5.7 mm/s; b) 22 mm/s. 
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Fig. 3 - Images of the contact zone captured during the experiment under pure rolling conditions. From the top: albumin 
(5.7 mm/s), y-globulin (5.7 mm/s), albumin (22 mm/s), y-globulin (22 mm/s). The inlet is on the left of each image. 

albumin, which is around 33,000 at maximum, it is clear that, in 
this case, albumin plays a key role. The qualitative change of y -
globulin can correspond to the change of film thickness in a 
range of units of nm. A n increase of mean speed led to a 
different character of film formation, although some very 
similar phenomena can be determined for both speeds. In the 
case of 22 mm/s the film thickness increased very quickly up to 

40 nm in the first few tens of seconds. After that it started to 
decrease steeply to almost a zero level. It became constant 
without any quantitative change until the end of the experi­
ment. From Fig. 6a, it can be assumed that the slope of the 
increasing and decreasing tendency of the film thickness is 
almost the same. If the experiment lasted longer, it could be 
expected that the film thickness would drop to very low values. 
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Fig. 4 - Development of film thickness and fluorescence intensity of labelled proteins as a function of time under partial 
negative sliding (ball is faster than disc) for different mean speeds; a) 5.7 mm/s; b) 22 mm/s. 
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Fig. 5 - : Images of the contact zone captured during the experiment under partial negative sliding (ball is faster than disc). 
From the top: albumin (5.7 mm/s), y-globulin (5.7 mm/s), albumin (22 mm/s), y-globulin (22 mm/s). The inlet is on the left of 
each image. 

The same behaviour can be detected even in case of higher 
speed, as is displayed in Fig. 6b. The role of proteins also seems 
to be quite similar. The albumin layer increased steeply in the 
first 50 s, and then it dropped to nearly a zero level without any 
subsequent change. The layer of y-globulin is much thinner, 
independently of time. However, from the images of the contact 
zone, see Fig. 7, it would appear that even y-globulin contributes 

substantially to layer thickness. In this case, it is necessary to 
consider that the white colour in the contact zone means that 
the area is overexposed, indicating that the layer thickness is 
substantially higher. Although the effect of y-globulin seems to 
be more considerable than in most of the previous cases, in 
author's opinion, the more important protein influencing the 
layer thickness is albumin. 
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Fig. 7 - Images of the contact zone captured during the experiment under partial positive sliding (disc is faster than ball). From 
the top: albumin (5.7 mm/s), y-globulin (5.7 mm/s), albumin (22 mm/s), y-globulin (22 mm/s). The inlet is on the left of 
each image. 

3.4. Summary of results 

As can be seen in Fig. 8, the protein film formation is complex 
and time/distance dependent. Under pure rolling conditions, 
the film gradually increases during the test, while there is no 
substantial scatter in results. Under partial negative sliding, 
where the ball is faster than the disc, the film thickness is 
generally very thin. Even at higher speeds, it lasts 

approximately 100 s before some relevant film can be 
detected. The most scattered results were obtained when 
the disc was faster than the ball (positive sliding conditions). 
In this case, film thickness increases quite rapidly for some 
time and then it starts to decrease to almost a negligible level. 
In most cases, the increase in mean speed led to the increase 
of film thickness. However, under positive sliding the effect of 
speed was opposite. While the maximum value for 5.7 mm/s 
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Fig. 8 - Comparison of film thickness measurements by thin 
film colorimetric interferometry for various operating 
conditions. 

was more than 120 nm, under higher speed, it was only 
around 40 n m . The graph comparing the fluorescence inten­
sity of labelled proteins for particular experiments is not 
provided, since the scale is very different for each measure­
ment, depending on the effects caused by excitation inten­
sity, setup of optical chain, or exposure time. However, from 
the particular images, see Figs. 2-7, independently of kine­
matic conditions, the film thickness can be well explained in 
terms of particular protein contribution. 

4. Discussion 

Several authors focused on mapping of film thickness in the 
contact lubricated by BS or simple protein solutions in the 
effort to describe lubrication processes within hip joint 
replacements (Fan et al., 2011; Mavraki and Cann, 2009, 
2011, Myant and Cann, 2013, 2014a, 2014b; Myant 
et al., 2012; Vrbka et a l , 2013, 2014, 2015). Although it is 
evident that optical interferometry enables to measure film 
thickness under various operating conditions, according to 
the author's knowledge, the study, examining the role of 
particular protein while the simultaneous presence of 
another protein, has not been published yet. As can be seen 
in Fig. 2, film thickness increases with time independently of 
a mean speed under pure rolling conditions. It is apparent 
that the film thickness is time/rolling distance dependent. 
The same behaviour was observed by Vrbka et al. (2013); in 
their research the film thickness was studied for the metal 
femoral component at different rolling speeds. In the present 
study, the film is thinner compared to the above mentioned 
reference. However, the authors, according to Vrbka et al. 
(2013), applied BS as a test lubricant with the protein 
concentration equal to 22.4mg/ml, while the information 
about the protein ratio was not provided. In our case, the 
content of proteins was 10.5 mg/ml, indicating that the 
protein concentration significantly influences the lubricating 
film. In meaning of particular proteins, there was no qualita­
tive change in the fluorescence intensity corresponding to the 
behaviour of y-globulin, see Figs. 2 and 3. Therefore it is clear 
that the increase of lubricant film can be attributed exclu­
sively to the increase of albumin. Probably, a very thin layer 

of y-globulin is firstly adsorbed onto rubbing surfaces, 
enabling the albumin to adsorb on it and to create a layer 
structure. It was already described by Nakashima et al. 
(2007a) that y-globulin shows a stronger adsorption compared 
to albumin. This might be an explanation of lubricant film 
formation under pure rolling. Our results do not correspond 
to the previously published results provided by Myant et al. 
(2012), who investigated the effect of protein content on film 
formation of metal-on-metal joints, finding that simple 
protein solutions containing y-globulin form a much thicker 
layer compared to those with albumin. The present study 
clearly confirms that the film thickness evaluation using 
simple protein solutions can result in some inaccuracies 
because only one particular protein is considered. 

When a slippage was taken into account, the protein film 
formation was completely changed. When the ball was faster 
than the disc, the film thickness was extremely thin during the 
whole time of experiment at low speed equal to 5.7 mm/s. 
Absolutely the same behaviour was observed previously (Vrbka 
et al., 2014). Even if both proteins were investigated separately, 
there was no film formed between the rubbing surfaces showing 
that under these severe conditions the protein film cannot be 
fully developed. It should be emphasised that under negative 
sliding, the revolutions of the ball are higher compared to those of 
the disc. Therefore, the disc rotates for only around 360° during 
the experiment; so the replenishment of protein film in the 
contact drag of the disc cannot occur. According to this, no 
protein adsorption on the disc can be considered. On the contrary, 
the rotations of ball are relatively high. One rotation lasts around 
9 s while the continual passage of the protein layer through the 
contact can lead to disruption of proteins. This effect can be 
observed on the top part of Fig. 5, showing the albumin formation 
over a time range, where a strongly inhomogeneous protein 
formation can be seen in the outlet zone. The theory about the 
importance of layer adsorbed at the bottom of the glass disc is 
supported by the results at higher speed of 22 mm/s. In this case, 
film thickness started to gradually increase after approximately 
100 s. It is evident from Fig. 4b that the film is formed predomi­
nantly due to the presence of y-globulin. It is estimated that this 
protein film can be attributed to protein adsorption on glass disc. 
The applied coating layer is naturally hydrophobic. It was pointed 
out (Malmsten, 1998) that both albumin and y-globulin can adsorb 
rather onto hydrophobic surfaces. Although the femoral head is 
made from CoCrMo alloy indicating its hydrophobic nature, the 
idea about adsorption on disc is supported by the images of 
contact zone. At the bottom part of Fig. 5, it can be clearly seen 
that the y-globulin cluster is continuous and can be observed even 
in front of the contact (200 s, 300 s), confirming the presence of y-
globulin in the contact drag of the disc. It was also pointed out by 
Myant et al. (2012) that y-globulin forms a thicker layer than 
albumin in terms of adsorption, which supports our previous 
assumption. 

Under pure rolling and partial negative sliding, there were 
no significant fluctuations in results. It is clear that film 
thickness increases gradually with time and rolling distance. 
Under partial negative sliding, the constant protein film thinner 
than 5 n m was observed for 5.7 mm/s. A n increase of sliding 
speed led to a slight increase of lubricant film caused mainly by 
adsorption effect. A totally different behaviour was observed 
when the disc was faster than the ball. At lower speed, the film 
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thickness was increasing quite steeply for the first 200 s. The 
maximum value was more than 120 nm, while a substantial 
scatter in results was recorded. After reaching the maximum 
value, the lubricant film started to decrease while the slope of 
the tendency was nearly the same compared to that of the 
initial increase. When the speed was 22 mm/s, a very rapid 
increase of film thickness was observed within the first tens of 
seconds, followed by rapid decrease to almost a zero level. After 
that there was no substantial lubricant film. It can be seen in 
Fig. 6 that the behaviour is almost the same for both speeds; the 
only difference is the time (sliding distance) before the max­
imum value of film thickness is reached and, of course, the total 
film thickness. As in the case of negative sliding, these results 
can be explained in terms of kinematic conditions. This time, 
the speed of the ball is not so high, so the protein film is not 
significantly influenced by a continuous passage through the 
contact. The higher lubricant film is caused especially due to 
protein aggregations inside the contact, while the film is 
disrupted rather by the layer on the disc, which moves very 
quickly and passes through the contact zone. What is in 
discrepancy with all previous results is that film thickness is 
thinner at higher speed. The maximum film thickness at 
22 mm/s is less than 40 nm. Again, this is probably due to 
rotations of the disc disabling a full development of the 
aggregated film. The same character of film formation under 
partial positive sliding was observed previously (Vrbka et al., 
2013). The positive sliding conditions were also investigated by 
Mavraki and Cann (2011). It was shown that film thickness was 
much thinner compared to pure rolling conditions; however an 
experimental setup allowed to fully bath the contact (Mavraki 
and Cann, 2011). When trying to detect the importance of 
particular proteins under positive sliding, Figs. 6 and 7 show 
that the main contribution is due to the presence of albumin. 
Nevertheless, even for y-globulin, some tendency to the 
increase can be found, especially at lower speed. 

In the images of contact zone (Figs. 3, 5 and 7), it can be seen 
that there is no protein build up in the contact inlet, as was 
described by Myant and Cann (2013). The accumulation of the 
proteins before they pass through the contact is probably con­
nected with the conditions of lubrication. The authors (Myant and 
Cann, 2013) applied fully bathed conditions as was already 
mentioned; however, in our study, the lubricant is supplied by a 
syringe pump which can naturally lead to some differences in 
film formation. Even in previous studies (Vrbka et al., 2013, 2014) 
no inlet phase was observed independently of operating 
conditions. 

It is very complicated to assess the adsorption processes. 
From the results, it is expected that usually a very thin y-
globulin film is formed on rubbing surfaces allowing the 
albumin to form a layer structure leading to an increase in 
total lubricant film thickness. The phenomena of adsorption 
of particular proteins while the simultaneous presence of 
both, albumin and y-globulin were investigated extensively 
(Nakashima et a l , 2005, 2007a, 2007b, 2007; Yarimitsu et al., 
2009). It was concluded that y-globulin shows a stronger 
adsorption connected with higher shear strength. On the 
contrary, the albumin layer is usually bonded by relatively 
low forces which can be accompanied by lower friction 
between the rubbing surfaces. 

Obviously, the authors realise some limitations of the 
performed study. First of all, ball-on-disc configuration does 
not correspond to real hip joint arrangement, where the 
contact of conformal bodies occurs. Therefore, some differ­
ences in protein film formation can be expected, especially 
due to higher contact pressure. The importance of surface 
conformity was proved in our previous paper. (Vrbka et al., 
2015). However, it should be emphasised that several authors 
employed ball-on-disc experimental setup to investigate the 
fundamentals of protein lubrication previously. As the main 
goal of the present paper is to introduce and validate the 
novel methodological approach, ball-on-disc configuration 
seems to be appropriate solution, since the results can be 
compared with previously published data. Considering the 
real conformity, there is only one study published yet, there­
fore it would be particularly complicated to discuss the 
results. 

As the second point, the difference between the properties 
of the glass disc and materials of acetabular cups should be 
highlighted. To be able to observe the contact in situ, at least 
one of the components has to be transparent. The Young's 
modulus of the optical glass is approximately 85 GPa. Even if 
it is almost three times lower compared to ceramics or metal 
alloys, it is still very hard material. Therefore the results 
obtained for the combination of metal ball with glass disc 
relate rather to hard-on-hard bearing couples, as was indi­
cated elsewhere (Myant and Cann, 2014a). In an effort to 
describe similar lubrication mechanisms also in hard-on-soft 
contacts, the counterparts of the ball have to be fabricated 
from much more compliant material, with the modulus of 
elasticity around 2-3 GPa. 

Finally, as was mentioned above, it was proved by Myant 
and Cann (2014b) that the character of motion significantly 
affects the protein film thickness. It is quite evident that 
unidirectional test does not correspond to real conditions in 
hip joint. Moreover, the applied load is constant over the 
whole time of experiment. Nevertheless, as was already told, 
this approach seems to be well-established in an effort to 
understand the fundamentals of protein lubrication mechan­
isms. Concluding the above mentioned points, the combina­
tion of the effect of conformity and motion character together 
with the effect of material seems to be the essential motiva­
tion for the following study. 

5. Conclusion 

The present study is focused on the influence of proteins 
contained in model fluid on lubrication of hip joints replace­
ments. Thin film colorimetric interferometry method was 
used for film thickness evaluation and was combined with 
the optical method based on fluorescent microscopy. Various 
model fluids were applied enabling us to determine the 
contribution of particular proteins to the thickness of lubri­
cant film while the simultaneous presence of another pro­
tein. The results can be summarised in the following points: 

- The combination of two applied optical methods can provide 
the information about the role of particular proteins on 
lubricant film independently of lubricant composition. 
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- When studying lubrication mechanisms of protein solu­
tions, it is necessary to consider all the constituents 
contained in the test lubricant. A simple protein solution 
containing only one constituent cannot provide the infor­
mation about the complex fluid behaviour. 

- Under pure rolling and positive sliding conditions, the film 
thickness is formed predominantly due to the presence of 
albumin. 

- Under negative sliding, the film thickness is strongly 
dependent on time (sliding distance). A n increase of lubri­
cant film at higher speeds is mainly caused by y-globulin. 

- In author's opinion, y-globulin forms a very thin protein 
layer on the base material allowing the albumin to adsorb 
onto the layer and therefore, to increase the total film 
thickness in most cases. 

The future study should focus on the influence of protein 
concentration on the lubricant film as well as on the effect of 
materials and conformity of rubbing surfaces of hip joint compo­
nents. The effect of transient kinematic conditions should be also 
investigated. As the synovial fluid is very complex, other con­
stituents such as hyaluronic acid or lipids (Sawae et al., 2008), 
should also be considered. 
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The objective of the present study is to clarify the lubrication processes within artificial 
joints considering the ceramic femoral heads focusing on the role of particular proteins. 
Two optical methods were employed; colorimetric interferometry and fluorescent micro­
scopy. The experiments were conducted in ball-on-disc configuration, where the ball is 
made from ceramic (Sulox™, BIOLOX®deIta) and the disc from optical glass. The measure­
ments were realized under pure rolling, partial negative and partial positive sliding, to get a 
complex information about the protein film behaviour under various conditions. Moreover, 
two different speeds were investigated; 5.7 and 22 mm/s, respectively. The contact was 
lubricated by saline solutions containing albumin and y-globulin in a ratio 2:1, while the 
total protein concentration was 10.5 mg/ml. Under pure rolling conditions, the film 
thickness gradually increases with time/rolling distance independently of material and 
rolling speed, while the dominant fluid constituent is albumin. In the case of negative 
sliding, the film formation is time/distance/speed dependent. At lower speed, both proteins 
contribute to film thickness; at higher speed, the effect of y-globulin is not substantial. 
When the disc is faster, the character of film formation is similar to the metal component 
in the case of Sulox ceramic. Biolox ceramic shows a different behaviour, while for both 
materials, the contribution of y-globulin increases with increasing speed. As most of the 
results can be well explained in terms of specific proteins, it can be concluded that the 
experimental approach is suitable for the investigation of protein film formation consider­
ing the ceramic materials. 

© 2016 Elsevier Ltd. Al l rights reserved. 

1. Introduction 

Biotribology of hip replacements became of a great impor­
tance during the last few decades; since it is well known that 
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the longevity of implants is still limited. Especially in the case 
of young patients, the risk of failure and consequently the 
need for revising operation lead to worsening of life quality. 
As the most common cause of implant failure is osteolysis 
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leading to aseptic loosening (Joshi et al., 1993), the main 
attention of researchers was paid to minimisation of the 
number of wear particles previously. Several papers focused 
on in vitro testing of artificial hip joints by using different 
types of simulators (Goldsmith et a l , 2000; Smith et a l , 2001; 
Wang et al., 2004). It is evident that one of the key factors 
influencing wear is the material of replacement. Nowadays, 
the materials of implants can be basically divided into two 
groups; hard materials such as CoCrMo alloys, or ceramic 
with very high modulus of elasticity in a range of hundreds of 
GPa, and soft materials represented by polymers with the 
modulus of elasticity approximately hundred times lower 
(Pramanik et al., 2005). Generally, in terms of wear it can be 
assumed that the ceramic-on-ceramic contact pairs exhibit 
the lowest wear rate (Heisel et al., 2003). Although wear tests 
can provide important information about the components 
articulation, so far a little was examined about the protein 
lubrication mechanisms. 

In an effort to better understand the lubrication mechan­
isms within hip joint replacements, lubricant film thickness 
is a desired parameter. Though there were some efforts to 
predict the film thickness numerically (Dowson, 2006; 
Dowson and Jin, 2006), it must be considered that human 
synovial fluid (SF) and its models, such as bovine serum (BS) 
or protein solutions exhibit non-Newtonian and shear thin­
ning behaviour (Mavraki and Cann, 2011). Moreover, protein 
adsorption, the simulation of which is extremely compli­
cated, substantially influences the protein lubricant film 
(Scholes and Unsworth, 2006; Parkes et a l , 2014). Some of 
the mechanisms connected with SF lubrication which are not 
in an agreement with classical elastohydrodynamic lubrica­
tion were highlighted by Myant and Cann (2014a), who 
introduced protein aggregation lubrication (PAL) mechan­
isms. From the above mentioned, it is evident that numerical 
simulations cannot fully incorporate all the mechanisms 
connected with SF lubrication; therefore, the importance of 
experimental investigation should be emphasised. 

In order to explain the lubrication mechanisms, optical 
interferometry in combination with ball-on-disc experimen­
tal apparatus was successfully established for the film thick­
ness measurement. The initial study given by Mavraki and 
Cann (2009) focused on the film thickness evaluation as a 
function of mean speed for various model fluids. The follow­
ing paper extended this knowledge considering the effect of 
load and rolling/sliding conditions on the film thickness in 
the contact lubricated by BS (Mavraki and Cann, 2011). Under 
pure rolling, the protein fi lm increased, while subsequent 
speed sweep did not influence the protein film substantially. 
The lubricant film was rapidly reduced when the experiments 
were realized under pure sliding. As expected, the lowering of 
contact pressure led to a thicker film. 

Fan et al. (2011) focused on the role of proteins contained 
in model fluid, while using simple solutions of albumin, 
y-globulin and BS. The real femoral CoCrMo head was used 
as a stationary component sliding against a glass disc. The 
effect of sliding speed was observed; showing that, in general, 
the simple protein solutions formed a thicker film compared 
to BS. The data were in a good agreement with the previously 
published results (Mavraki and Cann, 2009, 2011). Especially 
at a lower sliding sped the film thickness increased due to 

hydrodynamic effect. The knowledge about the contribution 
of the particular proteins was later extended by Myant et al. 
(2012) who employed the same experimental configuration 
(CoCrMo head vs. glass disc). Firstly, the static test was 
performed to find the relation between the type of protein 
and the adsorbed fi lm concluding that y-globulin formed a 
thicker film than BS and the thinnest film was formed by 
albumin solution, while there was no significant effect of the 
protein concentration. 

The theory about protein lubrication was enhanced by 
Myant and Cann (2013), who focused on the aggregation of 
proteins in front of the contact zone. This substance, influen­
cing the lubricant fi lm, was called "inlet phase", while a good 
agreement between the length of the inlet phase and central 
film thickness was found. The lubrication mechanisms con­
firmed the conclusions given previously by Fan et al. (2011). It 
was proved that the lubricant film is affected by the adsorbed 
protein layer supported by high-viscosity film due to the 
hydrodynamic effect. At low speeds, the aggregated proteins 
pass through the contact thus increasing the lubricant film. 
When the speed increases, the layer exhibits a shear thinning 
behaviour; therefore, the film thickness is reduced. Since the 
measured data were substantially higher compared to theo­
retical predictions, it can be concluded that protein lubrica­
tion does not correspond to classical elastohydrodynamic 
lubrication (EHL) mechanisms. 

Vrbka et al. (2013) conducted the study with both, metal 
and ceramic heads to clarify the effect of material on protein 
film thickness. The experiments were realized under different 
speeds and slide-to-roll ratios (SRR), and the film thickness 
was investigated as a function of time; rolling/sliding distance. 
The contact was lubricated by BS. Independently of kinematic 
conditions, the film thickness was always higher in the case of 
metal component. As it was demonstrated that the kinematic 
conditions substantially affect the protein film and considering 
some implications, such as the effect of surface conformity, in 
the following paper, the authors changed the experimental 
configuration from a non-conformal ball-on-disc to a more 
conformal ball-on-lens (Vrbka et al., 2014). The purpose of the 
change of experimental setup was to approach the condition 
in the real joint where the contact is highly conformal. The 
higher conformity leads to a lower contact pressure, which can 
positively affect the protein film. The measurements were 
realized under pure negative sliding (glass lens was kept 
stationary). It was shown that the character of film formation 
is different compared to the ball-on-disc configuration. Imme­
diately after starting the test, the protein film increased. After 
a short time, it started to slightly decrease and was stabilized 
dependently on the sliding speed. In the reference, it was also 
pointed out that the lubricant film can be influenced by the 
surface wettability. The authors showed that the hydrophobic 
nature of surface supports the protein adsorption. On the other 
hand, if the surface is naturally hydrophilic, the thick protein 
film cannot be formed. As it was clearly shown that the 
surface conformity had a substantial effect on the protein 
film; in the follow-up study, we developed a new hip joint 
simulator based on the principle of pendulum where the real 
conformity of rubbing surfaces is ensured (Vrbka et al., 2015b). 
The central film thickness was measured between the metal 
femoral head and the glass acetabular cup fabricated 
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according to the dimensions of real cups. The character of 
protein film was similar to that of the ball-on-lens results 
obtained in the previous study. The lubricant film was rela­
tively thick at the beginning of the experiment. After a few 
seconds, it started to gradually decrease and was stabilized, 
while there was no significant change until the end of the test. 

Myant and Cann (2014b) investigated the effect of the 
motion character on protein lubricant film. Although Vrbka 
et al. (2015b) were able to apply swinging (flexion-extension) 
motion on the pendulum simulator, most of the previous 
papers considered just unidirectional motion which does not 
correlate with the motion of real joints. However, it was 
presented that the motion character can substantially influ­
ence the protein film, especially when the reversing motion is 
taken into account (Myant and Cann, 2014b). In that case, the 
film was reduced to approximately one third compared to 
unidirectional motion. Moreover, there was no inlet gel-like 
phase of proteins in front of the contact, observed in previous 
studies (Fan et a l , 2011; Myant and Cann, 2013). 

In the previous papers, the authors sufficiently described 
the effect of various parameters on protein film formation. 
However, there was no study enabling the assessment of the 
role of particular proteins while the simultaneous presence of 
another protein. A l l the implications about the role of 
proteins were derived from the results of experiments per­
formed with simple protein solutions. The initial study 
discussing the role of proteins in complex fluid was intro­
duced by Necas et al. (2015a). For this purpose, the film 
thickness measurements by optical interferometry were sup­
ported by the fluorescent microscopy which enabled us to 
focus on one particular constituent independently of the 
other parts of model fluid. Although it was pointed out that 
the conformity, as well as the motion character, influences 
the protein film, the experiments were realized on ball-on-
disc apparatus, since one of the main goals was to establish a 
novel experimental approach. For this purpose, the compar­
ison of the results with previously published data was 
necessary. The authors focused on the metal femoral head 
and the measurements were realized under various speeds 
and SRR. It was observed that under pure rolling and positive 
sliding conditions, the film was formed predominantly due to 
the presence of albumin. This was in discrepancy with the 
data published elsewhere (Myant et al., 2012). However, as 
mentioned above, Myant et al. (2012) employed simple 
protein solutions while in our study the mixture of proteins 
was considered. This indicates that the complexity of model 
fluid must be taken into account when investigating the 
protein lubrication mechanisms. 

From the literature review, it can be assumed that the ball­
on-disc experimental setup in combination with optical meth­
ods can help to better understand the lubrication mechanisms 
within hip replacements. The optical interferometry is a 
suitable method for precise film thickness measurement. 
Supplementing the experimental programmes with the 
method based on the fluorescent microscopy enables to assess 
the role of particular constituents of model fluids indepen­
dently of its composition. Most of the researchers focused on 
the description of protein film formation in the contact 
between the metal femoral head and the glass counterface. 
However, little is yet known about film formation while 

considering the ceramic materials. Vrbka et al. (2013, 2014) 
conducted some experiments with ceramic head; however, so 
far there is no study about the role of proteins while investi­
gating ceramic material. Therefore, the aim of the present 
paper is to employ the experimental approach introduced in 
our previous paper (Necas et al., 2015a) and describe the role of 
albumin and y-globulin on the lubricant film formation 
between ceramic femoral head and glass disc. 

2. Materials and methods 

Protein film measurements were realized on the previously 
introduced ball-on-disc tribometer (Necas et al., 2015a). The 
ball and the disc have its own servomotors; therefore, both 
components can be driven independently and various speeds 
and SRR can be applied. The circular contact between the test 
samples is observed using a microscope. A mercury lamp was 
used for illumination and the tests were recorded by high 
speed cameras. The scheme of the applied experimental 
approach is shown in Fig. l a . 

To be able to determine the role of particular proteins, two 
optical methods were applied. Initially, the film thickness 
was measured by thin film colorimetric interferometry (Hartl 
et al., 2001), since it was shown that this method allows to 
measure the film thickness with very high accuracy and 
resolution down to 1 nm. For recording the experiment, a 
complementary metal-oxide semiconductor (CMOS) high 
speed camera (Phantom V710) was used. The evaluation is 
based on matching the captured interferograms with calibra­
tion curve obtained for the lightly loaded static contact. The 
calibration provides the information about the dependence 
between the colour and the corresponding film thickness. 
Then, the thickness in arbitrary pixel of interferograms can 
be determined. Since the interference of light should be as 
contrasting as possible, the glass disc is covered with an 
additional, very thin chromium layer. When considering the 
principle of this method, it provides the information about 
the size of the gap between two surfaces based on the 
interference of light. Therefore, it is not possible to distin­
guish the constituents of the lubricant. For this purpose, 
fluorescent microscopy is used. This method gives the infor­
mation about the amount of fluid inside the contact 
(Reddyhoff et al., 2010). As there is a linear dependence 
between the fluorescent intensity and film thickness 
(Azushima, 2006), the intensity can be considered as a 
dimensionless film thickness. Therefore, when the suitable 
fluorescent marker is used for staining the proteins, the 
particular proteins can be observed along with the other 
proteins that can be contained in the fluid at the same time. 
The principle of the fluorescent method is shown in Fig. l b . 
In this case, a scientific complementary metal-oxide semi­
conductor (sCMOS) camera (Andor NEO) was employed. As 
was mentioned in the previous study (Necas et al., 2015a), 
the glass disc is not coated with a chromium layer when 
fluorescent microscopy is used. This is due to the quenching 
effect of the chromium layer which significantly reduces the 
intensity of fluorescence and the results become more scat­
tered. Several experiments were conducted with coated glass 
disc revealing that the tendency of curves representing the 
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Fig. 1 - a) Scheme of the applied experimental approach, b) Principle of the fluorescent microscopy. 

fluorescent intensity is very similar; therefore, the coating 
layer does not influence the protein film formation. 

To be able to provide complex information about the 
protein film formation, two different ceramic materials were 
investigated; Sulox™ (A1203) and BIOLOX®delta (75% A l 2 0 3 , 
24% Zr0 2 , Cr 2 0 3 ) , respectively. In the following text, the 
materials are assigned as Sulox and Biolox only. Both materi­
als are produced by Zimmer, Inc. As a counterface, a trans­
parent disc made from optical glass BK7 was employed. Prior 
to experiments, the topography of the surface was measured 
using the optical method based on phase shifting interfero­
metry (Bruker Contour GT X8). Five different points were 
analysed, one on the canopy of the head and the other four 
close to the expected contact drag. The results of the rough­
ness measurement are as follows: 

Sulox: Ra c a n =8.95 nm, Ra 1 = 10.52nm, Ra 2 =10.84nm, 
Ra 3=9.43 nm, Ra 4=12.06 nm. 

Biolox: R a c a n = 16.70 nm, Ra 1 = 15.24nm, Ra 2 = 15.20nm, 
Ra 3 = 15.47 nm, Ra 4 =14.78nm. 

As a model of SF, solution of proteins in phosphate-
buffered saline (PBS) was used. Each of the proteins (albumin; 
y-globulin) was doped by an appropriate fluorescent marker. 
Although the different markers can exhibit different effi­
ciency of fluorescence, it should be emphasised that in the 
present study, the conditions, such as excitation intensity 
and exposure time, are set to obtain the same intensity at the 
beginning of the experiment. The results represent just the 
comparison of the two curves corresponding to the develop­
ment of albumin and y-globulin protein film. According to 
experience from the previous study, albumin was stained 
by rhodamine-B-isothiocyanate (Sigma-Aldrich 283924) and 
y-globulin was marked by fluorescein-5-isothiocyanate 
(Sigma-Aldrich F7250). The ratio A:G was equal to 2:1, while 
the protein concentration was 7 mg/ml, and 3.5 mg/ml, 

respectively. Therefore, the total protein concentration was 
10.5 mg/ml. To be able to distinguish the proteins, solutions 
of non-stained proteins of the same concentration were also 
prepared. After preparation, all the samples were deeply 
frozen to - 2 2 °C and were removed from the freezer 2 h prior 
to testing to avoid any temperature shock during a thawing 
process. Lubricant was supplied in front of the contact with 
the speed of 3.5 ml/min for 3 min ; duration of each entire test 
was 5 min. The cleaning process before the test consists of 
cleaning all the components in 1% sodium dodecyl sulphate 
solution, rinsing in distilled water, drying by pressed air and 
washing in an isopropyl alcohol. 

It is evident that the contact pressure in ball-on-disc 
configuration is considerably higher compared to ball-on-
cup setup. Therefore, the applied load should be as low as 
applicable to approach contact pressures presented in the 
real joints. To ensure sufficient stability of the test device, the 
min imum applicable load was 5 N , resulting to maximum 
contact pressure equal to 280 MPa. Human joints operate in 
the wide range of speeds and loads over the gait cycle. To be 
able to determine the effect of speed on lubricant film, the 
protein film formation was investigated under two different 
speeds, ui = 5.7mm/s, u 2=22mm/s, respectively. As the ball 
and the disc, can be driven independently, the measurements 
were conducted under pure rolling (SRR=0), partial negative 
sliding (SRR= -1.5) and partial positive sliding (SRR=1.5). A l l 
the tests were realized under the ambient temperature 
T=22 °C. In relation to human body, it is desirable to consider 
the temperature. However, as previously published, the 
increase of temperature to 37 °C did not substantially influ­
ence the results (Mavraki and Cann, 2011). A summary of all 
the performed experiments is provided in Table 1. 
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Table 1 - Summary of the experiments (01=optical interferometry, FM=fluorescent microscopy). 

O p t i c a l m e t h o d B a l l m a t e r i a l SRR D i s c s p e e d (mm/s) B a l l s p e e d (mm/s) M e a n s p e e d (mm/s) M o d e l fluid 

OI S u l o x ; B i o l o x 0 5.7 5.7 5.7 A : G = 2 : 1 
OI S u l o x ; B i o l o x 0 22 22 22 A : G = 2 : 1 
OI S u l o x ; B i o l o x - 1 . 5 1.425 9.975 5.7 A : G = 2 : 1 
OI S u l o x ; B i o l o x - 1 . 5 5.5 38.5 22 A : G = 2 : 1 
OI S u l o x ; B i o l o x 1.5 9.975 1.425 5.7 A : G = 2 : 1 
OI S u l o x ; B i o l o x 1.5 38.5 5.5 22 A : G = 2 : 1 
F M S u l o x ; B i o l o x 0 5.7 5.7 5.7 L a b e l l e d A : N o n - l a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x 0 5.7 5.7 5.7 N o n - l a b e l l e d A : L a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x 0 22 22 22 L a b e l l e d A : N o n - l a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x 0 22 22 22 N o n - l a b e l l e d A : L a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x - 1 . 5 1.425 9.975 5.7 L a b e l l e d A : N o n - l a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x - 1 . 5 1.425 9.975 5.7 N o n - l a b e l l e d A : L a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x - 1 . 5 5.5 38.5 22 L a b e l l e d A : N o n - l a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x - 1 . 5 5.5 38.5 22 N o n - l a b e l l e d A : L a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x 1.5 9.975 1.425 5.7 L a b e l l e d A : N o n - l a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x 1.5 9.975 1.425 5.7 N o n - l a b e l l e d A : L a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x 1.5 38.5 5.5 22 L a b e l l e d A : N o n - l a b e l l e d G = 2 : l 
F M S u l o x ; B i o l o x 1.5 38.5 5.5 22 N o n - l a b e l l e d A : L a b e l l e d G = 2 : l 

3. Results 

3.1. Pure rolling conditions 

The initial experiments were realized under pure rolling condi­
tions. It can be seen in Figs. 2 and 3 that the film thickness 
gradually increases independently of ceramic type. Sulox cera­
mic shows almost a linear increase of the lubricant layer at lower 
speed, see Fig. 2a. The film reaches only around 14 nm at 
maximum. A higher speed leads to a steeper increase of the 

film thickness during the first 50 s of the experiment. The total 
film thickness is higher, in particular around 21 nm. In relation to 
fluid constituents, it is clear from the images of the contact zone 
(Fig. 2) that mainly albumin contributes to the increase of layer 
thickness for both speeds. However, even the y-globulin film is 
considerable, especially during the last third of the experiment, 
where the albumin layer does not increase as quickly as the film 
thickness. 

In the case of Biolox ceramic, the following character of film 
formation was observed (Fig. 3). Initial increase of film thickness 
lasted approximately 150 s at lower and 200 s at higher speed. 
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Fig. 2 - Sulox - development of film thickness and fluorescence intensity of labelled proteins as a function of time; fluorescent 
images of protein film in the contact zone (top - albumin, bottom - y-globulin) under pure rolling conditions for different mean 
speeds; a) 5.7 mm/s; b) 22 mm/s. 
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Fig. 3 - Biolox - development of film thickness and fluorescence intensity of labelled proteins as a function of time; fluorescent 
images of protein film in the contact zone (top - albumin, bottom - y-globulin) under pure rolling conditions for different mean 
speeds; a) 5.7 mm/s; b) 22 mm/s. 

After that, the film was relatively stable; 17 n m for 5.7 mm/s and 
around 22 nm for 22 mm/s. Protein development corresponds to 
the behaviour observed in the case of Sulox ceramic. Again, 
albumin is a dominant constituent. It must be highlighted that it 
is not possible to assign the fluorescence intensity directly to the 
layer thickness. The intensity axis is set to correspond to the 
curves of film thickness. Actually, the fluorescence intensity is 
influenced by the surface of the ball, as discussed below, i.e. a 
different type of ceramic can have a different effect on the 
intensity of fluorescence emission. Nevertheless, the most 
important information is the tendency of the curves describing 
the fluorescence intensity. When the intensity of albumin layer 
increases considerably against the initial value compared to the 
intensity of y-globulin, it is considered that it corresponds to the 
development of the protein layer due to the principle of linearity 
(Azushima, 2006). 

3.2. Partial negative sliding 

It is evident that pure rolling conditions do not correspond to the 
physiological state. In the human body, the acetabular cup is a 
stationary component and the femoral head performs a multi­
directional rotating motion. Therefore, the interaction between 
the components can be considered as pure negative sliding. Pure 
sliding in the case of ball-on-disc configuration is very severe and 
leads to substantial damage of tested components. Therefore, in 
the conducted experiments, only partial negative sliding 
(SRR= -1.5) was applied. In contrast to pure rolling, the devel­
opment of film thickness is very complex and differs according 
to the used material. The results for Sulox ceramic are shown in 

Fig. 4. Independently of sliding speed, the tendency is similar -
the lubricant film increases during the first half of the test. When 
the speed was 5.7 mm/s, the maximum measured film thickness 
was around 18 nm. After reaching the maximum, the film 
steeply decreases between 150 and 200 s and then becomes 
stabilized around 8 n m . Very interesting is the behaviour of 
proteins in this case. As is clear from the intensity curves, the 
film is formed by a combination of albumin and y-globulin, while 
y-globulin is the dominant constituent for the most of the time. 
Increasing the sliding speed led to a change of film formation 
during the second half of the test. In this case, the film started to 
gradually decrease after reaching a maximum thickness of 
45 nm (Fig. 4b). In terms of proteins, y-globulin film is very thin 
and stable; however, the albumin tendency is very close to the 
film thickness development. 

In the case of Biolox ceramic, film thickness and albumin 
formation is comparable to Sulox results; however, the y-globulin 
tendency is opposite at lower sped. As can be seen in Fig. 5a, film 
thickness is kept between 6 and 12 nm. Although the change of 
the fluorescence intensity is almost negligible, it is apparent that 
albumin is the dominant protein (Fig. 5a). At higher speed 
(Fig. 5b), a rapid increase of y-globulin can be observed at the 
beginning of the test causing an immediate increase of film 
thickness to approximately 12 nm during the first few seconds. 
Then y-globulin starts to decrease, while the albumin intensity 
increases. In general, the role of proteins is similar to that of 
Sulox. Again, the albumin is mainly responsible for the total 
thickness, which is around 20 nm at maximum. 



J O U R N A L O F T H E M E C H A N I C A L B E H A V I O R O F B I O M E D I C A L M A T E R I A L S 6 I ( 2 O I 6 ) 3 7 I - 3 8 3 377 

a 24 

71 

¥ 18 
sz 

13 
aj 

12 
u 

j z 9 
E 

Ci 
LL 

3 

0 

: • Interferon! et ry (Film thickness] 
"- • Fluorescence (Albumin) 
- » Fluorescence (y-Globulin) 

: • Interferon! et ry (Film thickness] 
"- • Fluorescence (Albumin) 
- » Fluorescence (y-Globulin) 

: 

\ 
* 1 

• ; • 
1 

• 

1 • 
• > * 

* • • 
• • 9 ! • 

.J* 
* . • • • 

: • • • • 
• ' ' ' I 

• • . • • •{ 

1500 

1350 — 

1050 V 
c 

900 "tu 
u 

750 S 
G00 

450 

300 

50 100 150 200 250 300 

Time (5) 

T 
t = l s t = 5 0 s t = 10Os t = 200 s t = 300 s 

4M 

43 

1200 £ 36 

J* 2 4 

•£ IS 

s 

c 

1 1 

* * • 
• 
• 

• 
* 

• 
• 

• • • • • 1 nterferometry (Film thickness) ;. 
• Fluorescence (Albumin) 
• Fluorescence (y-Globulin) 

• 

• 1 nterferometry (Film thickness) ;. 
• Fluorescence (Albumin) 
• Fluorescence (y-Globulin) : • f • • 

• 1 nterferometry (Film thickness) ;. 
• Fluorescence (Albumin) 
• Fluorescence (y-Globulin) : • f • • . • + • » .. 

74 rj 

685 

630 

575 

5Z0 

46b, 

410 

355 

300 
50 100 150 200 250 300 

Time (s) 

1 
• a 

t = 1 s t = 50s t = 100 s t = 200 5 t = 300 s 

Fig. 4 - Sulox - development of film thickness and fluorescence intensity of labelled proteins as a function of time; fluorescent 
images of protein film in the contact zone (top - albumin, bottom - y-globulin) under partial negative sliding for different mean 
speeds; a) 5.7 mm/s; b) 22 mm/s. 
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Fig. 5 - Biolox - development of film thickness and fluorescence intensity of labelled proteins as a function of time; fluorescent 
images of protein film in the contact zone (top - albumin, bottom - y-globulin) under partial negative sliding for different mean 
speeds; a) 5.7 mm/s; b) 22 mm/s. 
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3.3. Partial positive sliding 

To get a better idea about the behaviour of protein film, 
considering some slippage between the surfaces, the measure­
ments were also conducted under partial positive sliding 

(SRR=1.5). In the previous cases, the film thickness was not 
higher than 25 nm. In this case, for Sulox ceramic, the lubricant 
film reached more than 150 nm after approximately 150 s at the 
speed of 5.7mm/s, see Fig. 6a. It was followed by a gradual 
decrease of lubricant film to 100 nm at the end of the test. It is 
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apparent from the images of the contact zone that the effect of y-
globulin on film thickness is negligible at lower speed. In general, 
the increase of speed did not have an effect on the protein film 
behaviour; however, the time before reaching the maximum 
value is significantly shorter. Maximum film thickness is not so 
high (ss 100 nm), but still higher compared to other experimental 
conditions. The film thickness again decreases with increasing 
time; however, after some time, it again starts to slightly 
increase. From the graph in Fig. 6b, this is in a good correlation 
with proteins behaviour. Although the level of albumin intensity 
is almost stable during the second half of the test, y-globulin 
starts to increase approximately in the middle of the experiment, 
causing the total thickness to increase. 

Biolox ceramic showed the following character of film 
formation; at low speed, there is a rapid increase of film 
thickness in less than 30 s after the beginning of the test 
(Fig. 7a). Maximum film thickness is around 40 n m and the 
lubricant film gradually decreases for the rest of the experi­
ment. Although the intensity of y-globulin firstly shows a 
steep increase, it decreases to a very low and stable level 
from the second minute of the measurement. As in the case 
of Sulox, the albumin film corresponds very well with the 
development of film thickness. When the speed is 22 mm/s, 
formation of film thickness is similar compared to that at a 
lower speed, see Fig. 7b. However, the role of proteins is a 
different; in this case, even y-globulin substantially contri­
butes to film thickness. As the film has a tendency to a 
decrease (the same as that of albumin intensity), it can be 
concluded that the effect of albumin film is dominant in 
relation to the global behaviour of film thickness. 

3.4. Film thickness - summary 

In general, Sulox ceramic forms a thicker lubricant film under 
most conditions. While the maximum film thickness mea­
sured for Biolox ceramic was less than 40 nm, for Sulox 
ceramic, it was almost four times higher. As can be seen in 
Fig. 8, the film formation within artificial hip joints is strongly 
dependent on kinematic conditions. A rolling/sliding distance 
is also a crucial parameter. Under pure rolling conditions, the 
film thickness gradually increases independently of material 
with no significant scatter in results. When the ball speed is 
higher, there can be observed an increase of film thickness 

during the first half of the test followed by a decrease during 
the second half in most cases. The most significant difference 
in film formation was observed under positive sliding. For 
Sulox ceramic, a rapid increase of film followed by the 
gradual decrease was detected. As can be seen, especially at 
higher speed, in the case of Biolox (Fig. 7b), a decrease of film 
thickness after reaching the maximum was not as steep as 
that of Sulox (Fig. 6b); however, it should be mentioned that 
even the maximum film thickness was substantially lower 
compared to Sulox; approximately one fourth at lower and 
one third at higher speed. 

4. Discussion 

Under pure rolling conditions, the film thickness increased 
with time/rolling distance independently of ceramic type, as 
it is clear from Figs. 2 and 3 The maximum central film 
thickness varies in a range from 15 to 23 nm, which is in a 
very good agreement with the previously published results 
(Vrbka et a l , 2013). The authors used BS as a test lubricant 
with the protein content equal to 22.4 mg/ml. In the present 
paper, the protein concentration was just 10.5 mg/ml. Accord­
ing to a good correlation of the data, it is evident that the 
protein content is not as significant as in the case of metal 
femoral head (Necas et al., 2015a). These phenomena can be 
attributed to the contribution of proteins. In the case of metal 
head, there was almost a negligible increment of y-globulin. 
On the contrary, both ceramic heads showed that even if 
albumin is the dominant part of the fluid, the y-globulin level 
also increased during the test. Dosing of the lubricant lasted 
for 180 s of the experiment while there is no clear effect of 
stopping the dosing on lubricant film. When the test was 
completed, the intensity of both proteins was very low. 
Therefore, it can be concluded that the adsorbed protein 
layer remaining on the surfaces is very thin, in the range of 
units of nm. Further increase of film during the experiment is 
caused especially by the hydrodynamic effect, while the layer 
is homogeneous with no gel-like protein clusters previously 
observed by Fan et al. (2011). The results of protein film do not 
fully agree with the data published by Myant et al. (2012) or 
Parkes et al. (2015), who used simple protein solutions to find 
out the lubrication mechanisms inside the metal-on-metal 
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contact pair. It was found that y-globulin solutions formed 
much thicker film compared to albumin solution. Although in 
the mentioned studies the authors employed a metal head, it 
generally supports the idea that it is essential to incorporate 
more constituents than just one specific protein into the 
lubricant. 

Considering the slip between the surfaces led to different 
character of film formation. Under negative sliding, a sliding 
speed was an important parameter. Sulox ceramic exhibited 
a combined increasing/decreasing tendency while the film 
started to fall when the supplementation of the lubricant in 
front of the contact zone was stopped. The interesting fact is 
that the metal head showed an extremely thin protein film 
under the same operating conditions with the same lubricant 
(Necas et al., 2015a). Only when the speed increased, the 
lubricant film started to increase after some time as a 
consequence of adsorption of y-globulin on the glass disc. 
This was attributed mainly to kinematic conditions; the 
speed of the head is higher compared to the disc speed 
causing the rotating head to disrupt the protein film and 
disable it to be fully developed (Necas et al., 2015a). Both 
ceramic heads showed a similar thickness compared to pure 
rolling with the exception of higher speed and the Sulox 
head, when the film thickness was almost two times higher, 
around 45 nm. It can be seen on the bottom part of Fig. 4a 
that the lubricant film is not homogeneous for Sulox. The film 
is formed especially due to protein clusters passing through 
the contact. The adsorbed layer detected at the end of the 
experiment was more than 10 nm; however, it was not 
uniformly attached to the rubbing surfaces; only the agglom­
erations of the proteins could be observed. From the above 
mentioned, it is expected that the ceramic surface shows 
stronger bonds with the proteins then metal. Although, in 
general, Vrbka et al. (2013) observed a thinner film for ceramic 
head, the authors used BS with unknown ratio of the 
contained proteins. If the content of y-globulin in BS would 
be substantially lower than the content of albumin, the film 
could not be fully developed, since y-globulin is, based on the 
current results, more important constituent. Even for Biolox 
ceramic, a similar behaviour could be observed for both 
tested speeds. The film increased immediately after the 
beginning of the experiment and reached around 10 nm. As 
can be seen in the graph in Fig. 5, this increase is caused by 
the presence of y-globulin. Another increase of the lubricant 
film is attributed to the increment of albumin layer. After 
reaching the maximum, the thickness is around 10 n m for 
5.7 mm/s and 18 n m for 22 mm/s, respectively. It is very 
complicated to assess the results of film thickness in terms 
of friction. However, Brockett et al. (2007) performed in vitro 
testing of friction rate using a hip simulator for different 
material combinations. The arrangement allowed rotation of 
the head while the cup was stationary. The results showed a 
remarkably lower friction for ceramic-on-ceramic than for 
metal-on-metal sliding pair. A similar trend of the coefficient 
of friction was introduced also by Vrbka et al. (2015a), who 
measured friction within hip replacements using the pendu­
lum hip joint simulator, while the contact was lubricated by 
BS. The mentioned results are in a good correlation with the 
results of present and previous studies. When the metal head 
was investigated (Necas et a l , 2015a), the lubricant film was 

negligible under negative sliding, which can cause an 
increase of friction. On the contrary, both ceramic heads 
showed the protein film from 15 to 45 n m ensuring a reduc­
tion of friction between the components. 

Under positive sliding, a similar character of film forma­
tion, compared to the metal head (Necas et al., 2015a), was 
observed for Sulox. Moreover, the tendency corresponds to 
the results provided by Vrbka et al. (2013), who employed the 
head from the same material. As can be seen in Fig. 6, film 
thickness gradually increases, while the time before reaching 
the maximum is affected mainly by time/sliding distance. 
The total film thickness is considerably thicker compared to 
the previous results, more than 150 n m for lower and more 
than 100 n m for higher speed. Images of the contact zone 
representing the development of individual proteins corre­
sponded very wel l to the film thickness curve (see the bottom 
of Fig. 6). At lower speed, the intensity of y-globulin increased 
during the first 30-50 s and then it remained at very low level 
unti l the end of the test. The increase of albumin intensity 
correlates with the tendency of lubricant film, so it can be 
clearly concluded that albumin plays a dominant role. A very 
similar behaviour can be observed even for higher speed. The 
only difference is that during the second half of the experi­
ment, y-globulin starts to increase thus leading to a gradual 
increase of the film thickness. Biolox ceramic showed more 
scattered results under positive sliding with no significant 
effect of sliding speed. At lower speed, both proteins started 
to increase rapidly after the beginning of the test; y-globulin 
dropped to a low level after very short time, see Fig. 7a. As in 
the case of Sulox, albumin development corresponded to the 
total lubricant film, indicating its importance during the film 
formation process. Increasing the sliding speed led to a 
higher importance of y-globulin film. As can be seen in 
Fig. 7b, after approximately 50 s, proteins agglomerations 
start to pass the contact zone, while the film becomes 
homogeneous in the last third of the experiment. This 
process can be attributed to the adsorption of proteins on 
the bottom surface of the glass disc. Under positive sliding, 
the speed of the disc is higher compared to the ball speed. 
Therefore, mainly at higher speed, the same point on the disc 
passes through the contact many times enabling the protein 
film to continuously increase. Nakashima et al. (2007) showed 
that albumin adsorption onto the rubbing surfaces is not as 
strong as that of y-globulin. This can help to better under­
stand the development of albumin film, which starts to 
slightly decrease with time after reaching the maximum, 
indicating that the total thickness was caused mainly by the 
hydrodynamic effect rather than the adsorption process. 

Although it is not clear from the contact images, we were 
not able to observe the gel-like protein substance in front of 
the contact zone. The same behaviour was also detected in 
the previous paper (Necas et al., 2015a). The inlet phase 
described in literature (Fan et al., 2011; Myant and Cann, 
2013) apparently does not relate with the ball material, since 
there is no clear reason which would affect what happens 
before the lubricant passes through the contact. More prob­
ably, the inlet phase phenomenon is connected with the 
lubrication conditions. In both references (Fan et al., 2011; 
Myant and Cann, 2013), the authors were able to fully bath 
the surroundings of the components. In the present study, 
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the lubricant was dosed continuously for three minutes just 
in front of the contact while a non-adsorbed lubricant 
dropped to the dish below the ball after passing the contact. 

In an effort to describe the development of lubricant film, 
the adsorption effect plays a very important role (Malmsten, 
1998; Parkes et al., 2014). It was previously published that 
both proteins rather adsorb onto hydrophobic surfaces 
(Malmsten, 1998). The wettability of rubbing surfaces was 
checked, finding that it is rather hydrophobic; therefore, the 
proteins are able to adsorb onto it. Moreover, it was discussed 
by Nakashima et al. (2007) that the y-globulin adsorption 
ability is stronger. According to the above information, 
in author's opinion, y-globulin forms a relatively thin layer 
on the rubbing surfaces and it allows albumin to adsorb on it 
forming a layer structure leading to the increase of total film 
thickness in most cases. 

When considering the impact of lubrication on hip 
implants, the squeaking effect should be discussed as well . 
It was reported several times that especially ceramic-ceramic 
pairs suffer from squeaking, while the incidence of this 
phenomena is in the range from 1% to 10% 0arrett et al., 
2009). Although one of the factors influencing the squeaking 
effect can be the geometry of components (Keurentjes et al., 
2008), other factors must be taken into account, such as: 
impingement, component malposition, edge loading, third-
body particles (Walter et al., 2010). Especially the last point is 
strongly associated with the lubrication inside the contact. It 
was clearly shown by Brockett et al. (2013) that the squeaking 
can be substantially affected by the particles released from 
the surfaces during the articulation. Further research about 
the effect of fluid composition on lubrication mechanisms in 
hip replacements is necessary; however, it seems that a 
sufficient protein film separating the surfaces can contribute 
to minimisation of the risk of squeaking. 

It is obvious that the present paper suffers from several 
limitations. As was introduced by Vrbka et al. (2014, 2015b), 
conformity of rubbing surfaces clearly influences the formation 
of protein film. The main reason is the contact pressure since it 
was shown that a lower contact pressure leads to a thicker film 
(Mavraki and Cann, 2011). A conformal contact such as human 
joint exhibits a remarkably lower contact pressure compared 
to the ball-on-disc setup. Nevertheless, it was introduced in the 
literature review that the ball-on-disc apparatus was employed 
several times in an effort to describe some fundamental 
phenomena connected with hip joint lubrication. Moreover, 
the only one already published paper describing the lubricant 
film thickness measurement under real conformity (Vrbka 
et al., 2015b) dealt with metal femoral head. As there is a very 
limited amount of studies considering the ceramic heads in 
relation to lubrication mechanisms, it was decided to employ a 
ball-on-disc device to be able to compare the data with already 
published results (Vrbka et al., 2013, 2014). 

Another area of interest is the motion character during the 
test. As the movement of the joint is multidirectional, it is 
very hard to conclude that the above described mechanisms 
can fully explain what actually happens within the real hip 
replacements. Myant and Cann (2014b) already introduced 
that a simple unidirectional motion showed different results 
compared to the reversing character of motion. One of the 
reasons why we applied the unidirectional motion is the 

ability to compare our results with the results presented by 
other authors. The second point is that it would be very 
complicated to dose the lubricant from both sides of the 
contact to ensure a precise synchronization of motion direc­
tion and lubricant supply. 

In relation to the multidirectional motion, the load is also 
transient and is strongly dependent on the conditions such as 
walking, running, stance phase, etc. Therefore, the load should 
not be constant over the experiment; it should correspond to 
the actual arrangement of the components when simulating 
some specific movement conditions. The ball-on-disc device 
does not allow changing the load abruptly during the experi­
ment since the load is applied by putting the weight on the 
lever. For this purpose, it is necessary to develop a new loading 
system which could be fully controlled by the user. 

It was already discussed that the complexity of the model 
fluid is essential when trying to describe the lubrication 
mechanisms corresponding to particular constituents. Although 
we employed the mixture of albumin and y-globulin in PBS, 
other constituents such as hyaluronic acid or lipids, should be 
taken into account (Sawae et al., 2008). More constituents 
contained in lubricant wil l lead to the increasing number of 
experiment repetition. As was pronounced, even now, each 
experiment is repeated three times (film thickness measure­
ment, intensity of albumin measurement, intensity of y-globulin 
measurement). Therefore, a better solution is to find a suitable 
combination of fluorescent markers which do not influence 
each other and to observe all the components at the same time 
by using appropriate fluorescent filters. 

The next area, which should be discussed, is the difference 
between the mechanical properties of optical glass and real 
acetabular components. It is evident that one of the compo­
nents must be transparent to enable in situ observation of the 
contact area. Nowadays, in general, two groups of replacements 
are implanted. One group is represented by hard-on-hard 
bearing couples (e.g. ceramic-on-ceramic or metal-on-metal), 
where the modulus of elasticity is in the range of hundreds of 
GPa. Another group can be described as hard-on-soft. In this 
case, the acetabular cup is made from polyethylene (PE). The 
modulus of elasticity of PE is just around 2-3 GPa. Optical glass 
has the elasticity modulus around 85 GPa. As the stiffness of 
glass is considerably higher than that of PE, it is apparent that 
the presented results relate rather to hard-on-hard implants. 

From the images of the contact zone (Figs. 2-7), it can be 
seen that under some conditions, considerable protein inho-
mogeneities pass through the contact apparently influencing 
the thickness of the protein film. It should be highlighted that 
the exposure time during the experiment was 0.0064 s, there­
fore 156 images were taken per one second of the experiment. 
A l l the images were checked by the algorithm giving the 
average value of the fluorescent intensity inside the circle 
which radius is equal to one fifth of the contact zone radius. 
Although the protein clusters can cause strong peaks in the 
detected intensities, only the images which intensity was in a 
good correlation with the global tendency, were used for the 
final evaluation. Therefore, the local errors due to massive 
proteins clusters passing through the contact were minimised. 
The same evaluation procedure was applied even in the case 
of film thickness measurement by optical interferometry. 
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Finally, the limitation of the applied method should be 
mentioned. A main disadvantage of the applied experimental 
approach is that the experiments must be repeated three 
times under the same operating conditions. One of the 
solutions might be determining the film thickness directly 
by fluorescent microscopy (Myant et al., 2010; Necas et al., 
2015b). In the present paper, a direct measurement of film 
thickness by using fluorescent method was not allowed due 
to several phenomena. 

a. The surfaces of the tested materials are highly reflective 
which causes the interference of light, even if the glass 
disc is not covered with a chromium layer. The inter­
ference avoids processing a precise calibration. The 
problem with light interference was already published 
by Sugimura et al. (2000). For calibration, the authors 
substituted the tested sample by the sample made from 
glass. However, it was later pointed out by Myant et al. 
(2010) that the different reflectivity of calibration and test 
samples can cause some irregularities in results. 

b. The second point disabling the film thickness measure­
ment by fluorescent method was that both tested ceramic 
materials emit fluorescence. Even if there was no fluor­
escent marker in the excited area, the surface emitted a 
low level of fluorescence. This goes against the CoCrMo 
heads tested in the previous paper (Necas et al., 2015a). In 
that case, the fluorescence intensity was lowered by the 
quenching effect of chromium (Jie et al., 1998). As in the 
case of the quenching effect, the self-emitting fluores­
cence effect does not substantially influence the results. 
The intensity is only slightly higher; however, the abso­
lute values of intensity are not decisive for evaluation as 
it is based on the increase/decrease of intensity compared 
to the initial state. 

Both methods exhibit very satisfactory reproducibility. 
The optical interferometry provides accurate measurement 
of the film thickness with the resolution down to 1 n m (Hartl 
et al., 2001). The reproducibility of the fluorescent method 
was checked in a greater detail in our previous study (Koštál 
et al., 2015). The contact between the ball and the disc was 
lubricated by mineral oil, while 20 images were captured with 
1 s delay under the constant speed of both components, 
indicating that the same film thickness expressed by the 
fluorescent intensity should be obtained. The results showed 
that the maximal deviations against the mean value were 
from -2.6% to 2.9%. 

5. Conclusion 

The conclusion can be summarised into the following points: 

1. From the results, it is apparent that the combination of the 
mentioned methods can extend the knowledge about the 
protein film formation in artificial hip joints considering 
the contribution of particular proteins. 

2. As both proteins play an important role under most 
conditions, it is not suitable to study only simple protein 
solutions. 

3. The type of ceramic significantly influences the character 
of film formation, as well as the total film thickness. 

4. Under pure rolling, the lubricant film is developed mainly 
by the presence of albumin, while the rolling speed does 
not substantially influence the fi lm thickness. On the 
contrary, the effect of speed can be clearly seen when the 
ball rotates faster than the disc. 

5. In most cases, the dominant protein is albumin; however, 
y-globulin exhibits stronger adsorption to the rubbing 
surfaces; therefore, it can form a thin boundary layer 
enabling albumin to adsorb onto it and increase the total 
film thickness eventually. 

6. The results clearly show that mainly slide-to-roll ratio is a 
fundamental parameter affecting the character of protein 
film formation. The effect of rolling/sliding distance corre­
sponding to rolling/sliding speed is also substantial, since 
it influences the total film thickness in most cases. There­
fore, further investigation should be performed under pure 
negative sliding (rotating ball, stationary counterpart) to 
approach the kinematic conditions inside the joints. 

To be able to better simulate in vivo conditions, several 
points must be taken into account in the following study, 
such as real conformity of surfaces, transient character of 
motion and load, and more complex model fluid. 
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Conclusions 

6 CONCLUSIONS 

The present dissertation deals with the lubrication mechanisms within hip 
replacements. Although total hip arthroplasty became one of the most successful and 
most applied surgery; the service life of implants is still limited. As the main attention 
of the researchers was paid to the quantification of wear rate previously, so far, little 
is known about the lubrication mechanisms inside the contact. However, such 
a knowledge can help to better understand the mechanisms leading to implant 
failure. Recently, the protein film development was studied in a model ball-on-disc 
configuration, while several effects were extensively investigated. One of the most 
important factor seems to be the composition of model SF. Nevertheless, none of the 
performed studies could explain the role of particular proteins contained in SF in 
relation to the protein film formation. When focusing on individual constituents, only 
simple protein solutions were used; which does not correspond to the behaviour of 
complex fluids. To be able to distinguish the constituents in lubricant, optical method 
based on fluorescent microscopy was developed as a part of the PhD thesis. 

The first part of the thesis discusses potential experimental approaches for in situ 
analysis of film thickness inside the contact. A fluorescent method is described in 
a greater detail, presenting the possibilities of the method published in the last 
40 years. Consequently, the studies focusing on the protein film formation in hip 
replacements are introduced, giving the general overview of the parameters 
apparently influencing the protein film. The defined aim of the thesis comes from the 
critical analysis of the current state of the art in the field. The latter part deals with 
the employed experimental devices and applied measurement methods. 

The main goal of the thesis was to perform an experimental analysis of protein 
film formation focusing on the role of the particular proteins. For this purpose, 
fluorescent method was developed and verified by the measurement of film 
thickness in EHL and i-EHL contact. The ability of the method is later demonstrated 
as a tool for the quantification of the lubricant division at EHL contact outlet. As the 
method was supported by optical interferometry, the use of the method for the 
measurement of film thickness considering real conformity of rubbing surfaces is also 
presented. Finally, the methodological approach for the assessment of the role of 
proteins while the simultaneous presence of another protein on lubrication 
mechanisms within hip replacements is widely presented. 

The current thesis contains original results extending the knowledge in the area 
of hip joint replacements lubrication. The results are confronted with the previous 
studies. The further step is to employ a developed methodology approaching the real 
conditions in joints such as conformity, multidirectional motion, transient loading 
conditions and higher complexity of model SF. 

The main contribution of the thesis can be summarized into the following points: 
• For the first time, protein film formation under real conformity of rubbing 

surfaces was analysed in situ. 
• An optical method based on fluorescent microscopy was developed, enabling 

direct measurement of film thickness in both, rigid and compliant contacts. 
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• The ability of the fluorescent method was demonstrated investigating 
lubricant division at EHL contact outlet. 

• Analysis of protein film formation within hip joint replacements with respect 
to implant material and various operating conditions was conducted, 
focusing on the role of particular SF proteins, considering complex model 
fluids. 

Regarding to scientific question, the obtained knowledge can be summarized to 
the following concluding remarks: 

• Contrary to previously published results, it was found that under most 
conditions, albumin protein is responsible for film thickness development. 
This proves that it is necessary to study complex model fluids, not just the 
simple protein solutions, since the interaction of the constituents can 
substantially affect the formation of the protein film (HYPOTHESIS WAS 
FALSIFIED). 

• Under pure rolling conditions, film formation was similar for metal and 
ceramic heads, while the total film thickness was higher in the case of metal 
(especially at higher rolling speed), confirming the effect of surface 
wettability. However, when rolling/sliding conditions were taken into 
account, the character of film formation was completely different, 
dependent on implant material, sliding speed, and positivity/negativity of the 
slippage, while the thickness was higher in the case of ceramic heads, in 
general (HYPOTHESIS WAS FALSIFIED). 

• From the investigated factors, the main parameter influencing the protein 
formation is indisputably the level of slippage between the surfaces 
(HYPOTHESIS WAS CONFIRMED). 

• With the exception of partial positive sliding, film thickness was always higher 
at higher rolling/sliding speed (HYPOTHESIS WAS FALSIFIED). 
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