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1 INTRODUCTION 

Despite the fact that the human society takes it for granted, the natural human 
joint can be affected by a variety of diseases that can damage it and limit its function 
[1]. The proper function of human natural musculoskeletal system requires, from 
a tribological point of view, well lubricated contact surfaces of natural joints, which 
is closely related to a very low friction coefficient (CoF) and low wear 
on cartilaginous surfaces of the natural joint. The diseases disrupt the tribological 
environment in the joint, and the unique properties deteriorate. There are many 
types of joint diseases (arthrosis, arthritis, osteoarthritis, etc.) and each of them 
affects and degrades the natural joint differently. The natural joint is gradually 
damaged and, if a professional medical intervention is not performed, the joint can 
be damaged to the degree where movement is not possible. The disease 
of unfunctional natural joint is almost healed with total replacement, when the joint 
is replaced for the artificial one [2]. The joint replacement fully compensates 
the natural joint but its lifetime is limited. When the lifetime of the replacement 
ends, the artificial joint is too damaged, and it needs to be replaced with a new one. 
In this case, the correct function of human movement system is preserved; 
nevertheless, the artificial joints have an average lifetime of 10 - 20 years [3]. 
When the disease and damage of the natural joint occurs in young patients, the 
artificial joint will need to be replaced more than once. The human body does not 
have the ability to handle the artificial joint reoperation repeatedly , because 
of bone degradation , and the surgery also has an impact on the overall health 
condition of the patient [4]. Therefore, if the patient's natural joint is damaged 
at young age, these patients, in old age, remain with an incurable artificial joint, 
and their movement system is unfunctional. 

Due to the acute problems with longevity of endoprosthesis, scientists have come 
up with non-invasive treatment of diseased natural joints. The supplement is 
a gel-like liquid, based on hyaluronic acid (HA) and it is injected into the joint gap 
[4]. Its primary function is to restart the lubrication processes in the synovial joint, 
which can improve the protection of the cartilage surface; Ideally, the disease 
progression is stopped, or there is at least a slowdown in the process of joint 
degradation. The general effort of viscosupplementation is to postpone 
the necessity of the surgery of damaged natural joint for as long as possible [4]. 
The supplement therapy is usually effective, unfortunately this is not guaranteed in 
every patient; therefore, it is obvious that the principles 
of the viscosupplementation function have not yet been fully understood [5]. 
For better understanding of viscosupplementation principles, a full description 
of the lubricating processes in the natural synovial joint is necessary. 
The description of lubricating film formation in the cartilage contact (a model of 
natural synovial joint) holds a key role in understanding the viscosupplementation 
function; therefore, a full understanding of this issue can help us to develop an 
effective supplement for the whole spectrum of patients with diseased joints. 
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2 STATE OF ART 

Even though tribology is relatively young scientific field, the tribology of nature 
synovial joint (NSJ) is a field with abundant number of publications. The first 
publication appeared at the beginning of the last century. This research field, 
dealing with tribology of biological components, has to deal with impossibility of 
simulation of real situations. The real biological subject has to be replaced with 
model situation, in this case a replacement of the real human synovial joint with a 
model of synovial joint, in order to simulate the contact of synovial joint. The 
experimental models vary depending on the focus of the experimental task, 
however one half of the contact pair of the experimental model is always an 
articular cartilage (AC) sample removed from an animal joint. 

2.1 Biotribology of synovial joint 
Most works published so far, are experimental tasks focused on friction 

detection. The tasks are focused on determining the CoF in different contact pairs, 
types of motion, lubricants, etc. The whole portfolio of the "friction" works forms 
a comprehensive state of knowledge, summarizing the friction behaviour of the A C 
under different conditions. A l l experiments show unique character of CoF trend, 
and very low value of CoF, usually ranging in hundredths. Extensive review study 
overviewing CoF values was published by Jarrett M . L. et al. [6]. The values of 
CoF vary depending on used material combinations, lubricant, operational 
conditions or used experimental device. The choice of experimental lubricant has 
great impact on the value of CoF in the A C contact. Many authors found the best 
tribological properties while using synovial fluid as the experimental lubricant [7]. 

The CoF is affected not only by load, lubricant or material combination of testing 
samples, but also by region on the A C surface from which the sample is removed. 
Dependency between values of CoF and region from which the sample is removed 
is described for example in study from Chan S. M . T. et al. [8]. The study used 
samples removed from knee joint of calves. The samples were removed from two 
places; medial anterior (Ml) and posterior (M4). The Position M l represents region 
with relatively high contact pressure in vivo and M4 represents region with 
relatively low contact pressure in vivo. The removed samples had a diameter of 
4 mm. As follows from previous literature [9], these regions are characterized by 
different mechanical properties, which study [8] put into context with CoF level. 
The phosphate buffered saline (PBS) was used as a lubricant, and all experiments 
were performed on the pin-on-disk tribometer with reciprocating motion. The 
sliding speed was set to 0.5 mm/s with stroke 7.85 mm. The load of A C sample 
varied and its values were between 0.9 - 24.3 N , which corresponds with 
0.32 - 0.96 MPa of contact pressure. A l l experiments were performed in the still 
loaded mode (without rehydration) and also in mode when the sample was 
unloaded always before sliding motion (rehydration). There is a significant 
difference between CoF with and without rehydration. The CoF value is lower with 
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shorter duration of experiments. The experiments with sample from highly loaded 
region M l show significantly better values of CoF than samples removed from M4. 
The dependence between load and CoF corresponds with most previous works; the 
values of CoF decrease with increasing load. The contact pair of glass and A C 
sample is also tested by Moore A. C. et al. [10] in his study. Author tested different 
diameters of A C samples (6, 12 and 19 mm) and its impact on the CoF trends, and 
further there are experiments focused on the rehydration and its description, 
resulting in theoretical explanation of hydrodynamic hypothesis of tribological 
rehydration. The tests were carried out on the pin-on-plate tribometer, where the 
A C sample under a glass plate, which allows for in situ view of the contact. The 
authors used it for measuring of the diameter of the contact area. The contact load 
was set to 5 N , which corresponds with 0.25 ± 0.05 MPa and 5 ± 0.4 mm diameter 
of contact area. The experiments were performed with a sliding speed of 60 mm/s 
and stroke of reciprocating motion 20 mm. The results show significant decrease 
of CoF levels in A C samples of diameters 12 and 19 mm (see Fig. 2.1-A). The 
authors explain this phenomenon by the contact size ratio and size of A C sample. 
If the diameter of the contact area is larger than the diameter of the A C sample, 
friction will strongly increase (Fig. 2.1-A), and similar situation occurs with the 
compression rate (Fig. 2.1-B). 

250 500 750 1000 
time (s) 

Fig. 2.1 - Friction tests - load 5 N, sliding speed 60 mm/s, stroke 20 mm, A - The impact of A C sample diameter 
change on C o F level; B - compression of A C samples by the same load 5 N [10] 

Authors of this study also focused on the effect of rehydration due to 
hydrodynamic effect to friction and compression of A C sample. The experiments 
were carried out on sample with diameter 19 mm. The rehydration through the 
experiment has positive impact on the CoF value and also on the compression ratio. 
When the rehydration occurs, the CoF value drops to its initial value; however, the 
compression ratio is reduced by only about a third. The authors offer a schematic 
description of the rehydration due to phenomenon of hydrodynamic effect. The 
initial phase (no sliding speed - phase (1)) is characterized by the highest rate of 
fluid flowing from the A C pores to the bath, therefore the compression rate rises 
steeply. The fluid flowing from the A C pores is slower in the second phase (still no 
sliding speed - phase (2)), which causes the compression to approach an asymptote. 
When the sliding speed in the contact occurs, raising of the compression rate stops, 
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the trend of compression ratio begins to decrease, and the CoF trend falls down 
(phase (3) - sliding speed 60 mm/s). Authors explain this change by hydration of 
the A C pores by fluid due to hydrodynamic pressure, therefore the compression 
ratio decreases. After a certain time (phase (4) - still sliding speed 60 mm/s), the 
compression ratio, again, approaches an asymptote, nevertheless from the other 
side, and the imbibition rates balance the exudation rates. The CoF level does not 
change. When the sliding speed changes to lower level, the compression rates again 
begin to raise along with the CoF value (phase (5) - change of sliding speed to 
10 mm/s). The flowing of fluid into the A C pores goes down, which causes the 
raise of compression and friction. 

The field of biotribology of NSJ does not only include studies dealing with the 
friction behaviour of the A C , but there are also studies focused on defining the 
lubrication system prevailing in the A C contact. Studies with this focus are not very 
common, especially in further past, however, they are starting to appear in 
increasing numbers. The basis of understanding of lubricating system of the A C is 
described by porous structure influence, due to which the A C has unique 
tribological and mechanical properties. Greene G. W. et al. [11] performed a study 
dealing with synovial fluid (SF) flowing through the A C structure. The A C 
structure contains negatively charged proteoglycans, which cause proteoglycans to 
bind to HA, making the A C structure very highly hydrophilic (attracting water) 
[12]. This combination is entangled in collagen fibres on the A C surface, creating 
the gel-like layer on the A C surface. The diameter of pores in uncompressed state 
is less than 10 nm, and after compression of the A C , the diameter decreases. Size 
of the pores is an order of magnitude smaller than the collagen fibres, therefore the 
water is flowing or defunding through them [13]. When the A C is compressed, the 
size of the pores decreases and the flowing of water is limited. This aspect causes 
retention of water in the A C pores which allows for better load transfer. The 
pressured A C structure allows for the fibrous tissue to be held together, therefore, 
the mechanical properties in tension are improved [14]. The authors in [11] 
performed experiments with pork A C removed from knee and the A C sample was 
placed between two glasses plates. Fluorescently marked lubricants were used for 
the experiment. The A C sample was compressed by the glass and the contact was 
excited by laser. The fluorescence microscope was used as an observational optical 
device. The observation was focused on flowing of lubricant from the A C pores 
and the intensity of emitted light from contact was recorded. The authors also 
studied recovering ability (hydration) of the A C , where the amount of lubricant in 
dependency on time were observed. The results confirmed the hydration ability of 
the A C in uncompressed state, however the hydration in compressed state has also 
been demonstrated. Uncompressed state of the A C allows for flowing of lubricant 
through the A C structure in both horizontal and vertical direction. This 
phenomenon is allowed by two types of pores, vertical and horizontal. The flowing 
of lubricant through and out of structure fundamentally affects the E M through 
compression process. The scheme of this is given in Fig. 2.2. In the first state 
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(uncompressed state Fig. 2.2-A), the A C has high elasticity modulus (EM) and 
high load is required to open the structure to flowing. When the A C is subjected to 
compression, the horizontal pores begin to expand at the expense of the vertical 
pores, which shrink with compression. The flowing of lubricant out of the structure 
begins, especially from the vertical pores (Fig. 2.2-B). When larger compression 
occurs, the E M is low due to low lubricant volume in the A C structure. The 
horizontal pores are flattened and the flowing or diffusion of lubricant is difficult, 
therefore limited (Fig. 2.2-C). The last state of compression process is a state in 
which the collagen fibres are touching each other. The content of lubricant is very 
limited and the whole load is transferred by the solid phase of the A C structure. 
The load required for deformation is higher, which causes the increase of E M . The 
last state of compression process is shown in Fig. 2.2-D. The compression of the 
A C structure causes weeping of lubricant out of the A C pores, creating the 
lubricating film in the contact. This phenomenon is allowing the extrusion of the 
lubricant out of the A C structure, which works as a pump of lubricant to the A C 
contact. This principle is the basis of lubricating processes in the SF. It creates the 
basis of all models of lubricating modes and theories. 
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Fig. 2.2 - Compression process [11] 

The Stribeck curve is an important tribological criteria, based on which the 
tribological properties are evaluated. The Stribeck surfaces were used in [15] by 
Gleghorn J. P. et al. to evaluate the tribological properties of the A C . The authors 
set two configurations of testing sample of A C (pivoted rod system (Fig. 2.3-A) 
and cylindrical rod system (Fig. 2.3-B)) and wide range of experimental 
conditions, from which the Stribeck surfaces were composed. The experiments 
were carried out with three types of lubricants, PBS, bovine synovial fluid (BFS) 
and unique synovial fluid (ESF). The authors constructed the Stribeck surfaces for 
both types of testing samples and for PBS and ESF. If the A C sample is mounted 
by cylindrical rod, the Stribeck surface shows a significant break between the 
boundary and mixed regions (Fig. 2.3-C), which the sample mounted on pivoted 
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rod does not report (Fig. 2.3-D). The authors justify the significant break of 
Stribeck surface, in case of the tests with cylindrical rod, by presence of wedge gap, 
which causes the hydrodynamic pressure in the A C contact. The experiments with 
PBS and ESF show that the ESF used as a lubricant gives several times lower 
values of CoF in the boundary region than PBS, nevertheless the CoF values in the 
hydrodynamic region are similar. 

Fig. 2.3 - A - A C mounting by pivoted rod; B - A C mounting by cylindrical rod; C, D - Stribeck surfaces from mean 
CoF , lubricant P B S . C - pivoted rod; D - cylindrical rod [15] 

In addition to the basic types of lubricating regimes that were mentioned e.g. in 
[16], [15], there are only few studies focused on the description of lubricating 
regimes, that were published so far. Until recently, there were only a few basic 
models of A C lubricating, weeping [17], boosted [18], biphasic [19] and boundary 
[20] A C lubricating regime, and only recently have these been expanded by 
Murakami T. et al. in [21], which adds another model - adaptive multimode 
lubrication mechanism (see Fig. 2.4). The adaptive multimode lubrication 
mechanism draws all mentioned regimes together into one group, and it says that 
the regime changes with operation conditions. The NSJ can respond to change of 
operation conditions and adapts the lubricating mechanism, while maintaining the 
protection of the A C . The adaptive multimode lubricating mechanism explains the 
difference between the Stribeck curve for hard contact (e.g. artificial joints) and 
A C contact. Due to the unique structural properties of the A C , the CoF stays at low 
levels, despite the sliding speed being very low; in this case the biphasic lubrication 
is active. The load is transmitted by reaction from solid phase of A C on one hand, 
and on the other hand the load is transmitted by reaction force from pressure of SF 
captured in the A C structure. When low sliding speed occurs in the A C contact and 
it is loaded by low force, the lubricating regime is different in each place, depending 
on the surface irregularities of the A C . The places that are in contact operate in 
boundary, hydration or gel-film lubrication; these places are the most prone to 
damage. The rest of the surfaces that are not in direct contact with the second 
cartilage, are lubricated by weep lubricant from cartilage structure. The 
hydrodynamic pressure begins to gain importance when the A C contact is loaded 
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with high sliding speed, and the adaptive multimode mechanics is suppressed, 
therefore the hydrodynamic lubricating regime occurs. 
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Fig. 2.4 - Adaptive multimode lubricating mechanism [21] 

The principle of hydration lubrication was described by Jahb S. et al. [22]. The 
study was focused on modelling the NSJ by two plates of mica opposite each other. 
The mica plates represent the A C surfaces with similar hydrophilicity properties, 
which allows the specific chemical properties of lubricating film. The authors 
simulated the lubricating model by A F M , therefore in micro scale. Friction effects 
were monitored, and based on them, the theoretical model of hydration lubrication 
mechanism was described. Due to similar hydrophilicity of mica and A C , the 
bonding of lubricant components is possible. The H A creates surface layer on the 
mica plate due to its hydrophilicity, which creates suitable conditions for bonding 
of phospholipids. The phospholipids bond the H A and also bond themselves with 
lipid tails, which creates the phospholipidic bilayer (see left Fig. 2.5). When both 
mica surfaces are covered by phospholipidic bilayers, the so-called hydration shell 
is formed (see Fig. 2.5-B). If sliding occurs between the mica plates, the slip phase 
is on the borderline between both phospholipidic bilayers in the middle of 
hydration shell (see Fig. 2.5-B). Due to charge of phosphate core, the water in 
vicinity (lubricant) bonds to phosphate core. Sliding between plates causes 
exchange of water molecules between individual phosphate cores (Fig. 2.5-A); 
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therefore, the friction process takes place here(Fig. 2.5-B). High energy is 
necessary to break the hydration shell; therefore, it can transfer high load. 

PC lipids 

Collagen network Lubric in 

A B 

/ P I P I P i 
f A r A f A r J 

&V slip /cVcVcVc \ ptant1 

< — 
Fig. 2.5 - In the left - phospholipidic bilayer on the cartilage surface; In the right - Hydration shell - the principle of 

hydration lubrication. A - exchange of water molecules from the vicinity and between phosphate cores; B 
- t h e hydration shell - position, where the sliding occurs [22] 

The unique structure of A C is undoubtedly one of the basis properties allowing 
the movement of NSJ nearly without friction, however, for long-term movement, 
the protection of A C surface, in which the gel-like layer fulfils its role, is necessary. 
The significance and impact of individual lubricating mechanisms have been 
investigated by several authors in the past; however, the main focus was on the 
importance of the gel-like layer and adsorbed film. The presence of the gel-like 
layer was presented e.g. by Forsey R. W. et al. [23], where the reciprocating 
experiments between cartilage pin and plate were performed. Furthermore, the A C 
samples were evaluated on penetration of A C surface by HA, which creates the 
gel-like layer. The evaluation was allowed due to fluorescently marked HA. The 
results show that the H A targets defects on the A C surface and it tends to cling to 
chondrocytes under the A C surfaces, which is allowed only to smaller molecules 
of H A and the rest remains on the surface and creates the gel-like layer (Fig. 
2.6-A). Therefore, the H A plays important role in damaged NSJ, where the 
damaged regions are protected by it (Fig. 2.6-B). 

Fig. 2.6 - The bovine A C surfaces in 600x magnification; A - A C surface is coated by HA; B - HA targets to the 
artefacts [23] 

11 



The importance of the gel-like layer on the A C surface and its function at 
protecting the A C was published by Murakami T. et al. [24]. Authors carried out 
the experiments and based on them, the impact of the gel-like layer on the A C 
surface was specified. The presence and importance of the gel-like layer and 
adsorbed protein film on the A C surface were approached by Higaki H. et al. in 
their study [25]. The surfaces are covered by gel-like layer, and the protein film is 
adsorbed on it (see Fig. 2.7). The importance of gel-like layer in the role of a wear 
protector were proven, and frictional tests confirm this. 

A B 

100jj.ni Joint cavity 
a ^-»- Adsorbed film 

Gel layer 

Collagen 
fibrill 

Fig. 2.7 - Surface structure; A - snap from optical microscope; B - A C transverse section [25] 

Several studies investigate the A C contact using more methods simultaneously, 
as was mentioned earlier. However, one of the methods is always the friction 
measurement, which the authors combine with the other methods. For better 
understanding of lubrication mechanism in the A C contact, the visualization of its 
contact is the most useful method. The studies focused on simultaneous friction 
measurement and visualization are rare and the P V A hydrogel is predominantly 
used instead of the A C sample. Such focused research was published by 
Seido Y. et al. in studies [26] and [27]. Both of these studies are focused on 
visualization of the P V A hydrogel contact during reciprocating test, and the impact 
of different lubricants (especially the role of individual parts of the lubricant in film 
formation) was examined. The reciprocating tribometer in pin-on-plate 
configuration was used as an experimental device. The P V A hydrogel was used as 
a pin sample doing the motion, while glass was used as a plate. The fluorescence 
microscopy was used as a suitable optical method for visualization. The fluorescent 
snaps of the contact were taken always after fixed time, always before and after 
experiments; the visualization was not performed during the reciprocating 
experiment. The results show the importance of y-globulin protein in formation of 
the lubricating film. As is evident, the lubricants containing y-globulin protein 
report more protein clusters, nevertheless there is a strong dependence on the ratio 
of lubricant components. Authors monitored number of particles in the contact 
during the experiments, and the dependency between number of particles and 
lubricant composition arose (see Fig. 2.8). The clusters created by the y-globulin 
also show higher amounts (Fig. 2.8-A) than the clusters created by albumin 
proteins (Fig. 2.8-B). The simple protein solutions show no significant gradual 
adsorption during the experiment, which is the same in both cases in which both 
components are marked (lubricant A , B, E, F in Fig. 2.8). When the lubricant is 
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more complex, such as the solution of albumin and y-globulin, the number of 
particles is rising during experiments, nevertheless this phenomenon only applies 
to specific concentration of both components of the lubricant (albumin - 0.7 wt%, 
y-globulin -1.4 wt%), Such concentration is shown by lubricant C G and CA. in Fig. 
2.8. The lubricant, with marked y-globulin gives higher values of particles in the 
contact, therefore the increase is steeper. The lubricants that contain both 
components in the same ratio (DG and DA) show also increase of adsorbed particles 
in the contact; however, the increase stops during the experiment. Although more 
complex lubricants show lower number of particles, the gradual increasing of the 
number of particles is guaranteed. The highest number of particles in the contact is 
shown in simple lubricant B and F, both of which contain higher concentrations of 
components; consequently, a higher concentration of simple solution means a 
higher number of particles. The results show that the y-globulin proteins adsorb in 
the contact first, and only then the albumin proteins adsorb on the y-globulin layer. 
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Fig. 2.8 - Number of particles during friction reciprocating test. A - marked component - y-globulin solution (A, B -
simple y-globulin solutions - A - 0.7 wt%; B - 1.4 wt%;CG - albumin 0.7 wt% + y-globulin 1.4 wt%; DG -

albumin 1.4 wt% + y-globulin 1.4 wt%)); B - marked component - albumin (E, F - simple albumin 
solutions - E - 0.7 wt%; F - 1.4 wt%;CA - albumin 0.7 wt% + y-globulin 1.4 wt%; DA - albumin 1.4 wt% + 

y-globulin 1.4 wt%) [27] 

A schematic model of formation of the lubricating film by the proteins 
components contained in the SF was published by Nakashima K. et al. [28]; 
however, the model is valid for hydrogel contacts. The authors performed 
reciprocating test and the additional analysis was performed after the test. The 
analysis was focused on composition of the adsorbed film from P V A hydrogel vs 
glass reciprocating test. The glass sample was observed after the experiments, and 
the adsorbed film was gradually removed. After each removing of the adsorbed 
film, the analysis of the film was performed using fluorescence microscope. 
Authors divided removal of the adsorbed film into three steps - the surface zone, 
the middle zone and the deep zone. Several configuration of lubricant were used 
for testing; each one combined albumin and y-globulin protein in different ratio. 
The snaps from fluorescence microscope were taken sequentially, and both snaps 
were put together in the end. The best results were shown by the lubricant 
containing both proteins (albumin and y-globulin); however, the specific ratio is 
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required (0.7 wt% of albumin and 1.4 wt% of Y-globulin). The snap of this 
experiment is shown in Fig. 2.9-A. The lubricant with reversed composition 
(1.4 wt% of albumin and 0.7 wt% of y-globulin) does not show such good results 
(see Fig. 2.9-B) compared to Fig. 2.9-A. Based on the results of gradual analysis 
of the glass plate, a lubricating formation model was compiled. The best variation 
is the already mentioned lubricant shown in Fig. 2.9. The lubricant being only a 
simple protein solution reduces the wear, but only a little. The last variation shows 
the model of lubricant with too much protein content, which causes increase in 
wear. 

..: 111.11 ill i J y-gk>bul in Supe rposed images 

•l l)m:i 

albumin y-globulin Superposed images 

40uin 

Fig. 2.9 - Fluorescence snaps of glass plate after the reciprocating experiment. A - lubricant composition - albumin 
0.7 wt%, y-globulin 1.4 wt%; B - lubricant composition - albumin 1.4 wt%, y-globulin 0.7 wt% [28] 
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3 ANALYSIS AND CONCLUSION OF LITERATURE REVIEW 

From the literature review, it is obvious that biotribology of NSJ is very 
important and currently developing field, trying to describe the lubrication 
processes prevailing in the NSJ. The review shows that the lubricating processes 
in the NSJ are not fully described, nor fully understood yet. 

The NSJ is a unique tribological object allowing for movement with very low 
friction [9]. The basis of friction properties of NSJ is the A C in combination 
with SF. The A C is a compliant porous material allowing for fluid retention, 
and the E M is very low [9], [11]. Studies focused on the tests of A C confirmed 
that the SF is a unique lubricant, most frequently reporting the lowest CoF [7]. 
The A C shows a dependency between CoF and load, the CoF is decreasing with 
increasing load [7], [8]. The CoF is also affected by the region from which the 
samples are removed. The samples removed from a more loaded region show 
better frictional properties than the samples removed from the regions outside 
the loaded region; this phenomenon is linked with mechanical properties of the 
samples [9], [8]. Furthermore, rehydration of A C in between friction tests 
positively affected the CoF trend. The CoF trend is restarted to the initial value 
[21], [8], [10]. The positive impact of hydrodynamic pressure in the A C contact 
is described by [16], [15]. 

The efficiency of the A C lubrication is express by CoF; however, the 
explanation why the CoF is uniquely low is important for full understanding of 
the NSJ lubrication. The basis of NSJ lubrication are the structural properties of 
A C , which allow flowing of the lubricant into, away from, and through the 
structure of the A C [11], [16]. This phenomenon allows for the hydration of 
cartilage, and the weeping of the lubricant from the A C structure is the basis of 
the lubricating theories [21], [11], [10], [17], [18]. The flowing of the lubricant 
through the porous structure is dependent on the lubricant composition and the 
amount of lubricant contained in the structure influences the E M of the A C , 
which varies with compression rate [11]. The size of molecules of individual 
components in relation to the size of pores is a crucial criterion for penetrating 
the porous structure. The components with larger size of molecules create the 
layer on the A C surface [21], [22], [23], [25], [28]. The surface layer is the basis 
for low friction, and it is very important for A C protection [23], [25]. The layer, 
which is created on the A C surface is composed of two basic component - gel
like H A layer and adsorbed protein film [21], [22], [23], [25], [28]. The gel-like 
layer bonds the chondrocytes in the A C structure located directly on the A C 
surface [23], [24], [25]. This layer is responsible for protection of the A C 
covering the defects on the A C surface [23], [25].The adsorbed protein film is 
formed on the gel-like layer and is an order of magnitude thinner [22], [25]. The 
adsorbed film causes the specific function of A C lubrication, such as the 
hydration lubrication [22]. The adsorption rate depends on the lubricant 
composition, especially on the ratio between the protein components in the 
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lubricant; however the studies were focused only on testing of P V A hydrogel 
[26], [27], [28]. The main role in the formation of the lubricating film in the 
P V A hydrogel contact is played by the protein y-globulin, but also by the right 
composition and the ratio between the components to adhere to [27], [28]. 

Based on the literature review, the only suitable optical method for 
simultaneous visualization of the A C contact lubricated by SF is fluorescence 
microscopy [23], [25], [26], [27], [28]. This method allows for the observation 
of individual components marked by fluorescence die [26], [27], [28]. The 
observation of individual components allows for the description of lubricating 
film formation in the A C contact. The visualization limitation is the necessity 
of using a transparent material as one part of the testing pair; in this case, it is 
mostly glass, which, of course, affects the contact area e.g. from the point of 
view of the E M or contact pressure [10], [26], [27], [28]. Such focused studies 
are very rare; however, the authors used P V A hydrogel instead of A C [26], [27], 
[28], or simultaneous visualization is not performed [10]. The studies dealing 
with the evaluation of the adsorbed film exist but the evaluation is performed 
after the experiments [23], [25]. 

The literature review shows that the research dealing with tribological 
behaviour is very widespread, and its tradition dates back several decades. There 
are many studies dealing with friction behaviour of A C , especially the studies 
that have been published further in the past. Topics of these studies are diverse 
and it is obvious that the frictional behaviour of NSJ is well described. On the 
other hand, there are works focused on the lubricating issues of the NSJ. These 
works deal with formation of the lubricating film in the A C contact. There are 
many theories trying to describe and explain the mechanism of A C lubricating; 
however, only a few of them have an experimental background. There are also 
studies that perform tests to describe the lubricating film formation in the A C . 
These studies use the method of simultaneous visualization of the contact and 
friction measurements; however, they use P V A hydrogel samples instead of A C 
samples. There is no study, which would use the simultaneous visualization and 
friction measurements in the A C contact to describe the lubricating film 
formation. It follows that the lubricating issues are not fully understood, and 
there is no study that would provide a full description of lubricating film 
formation in the A C contact. 
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4 AIM OF THESIS 

The aim of this PhD thesis is to describe the effect of individual components of 
synovial fluid on lubricating film formation in the model of synovial joint. The 
thesis is focused on the experimental analysis of friction coefficient and 
observation of adsorbed lubricating film with the use of the principle of 
fluorescence microscopy. To achieve the main goal of this thesis, the solution to 
the following sub-aims is necessary: 

• Development and design of the experimental device. 
• Development of the methodology for removing and storing of the articular 

cartilage samples. 
• Design of the methodology of experiments. 
• Design of data processing and evaluating. 

• Series of experiments focused on the analysis of the influence of individual 
components of synovial fluid. 

• Data analysis. 
• Discussion and publication of obtained results. 

4.1 Scientific questions 
• What is the influence of the individual components contained in the model 

synovial fluid on the lubricating film formation in the model of synovial 
joint? 

• How is the friction coefficient affected by the number of dominant protein 
particles in the model of synovial joint? 

4.2 Hypotheses 
• A simple protein solution does not create a stabile lubricating film with high 

friction coefficient. A combination of simple proteins causes the proteins to 
bind to each other. Forming of the lubricating film is mostly affected by 
hyaluronic acid and phospholipids; these components contribute to the 
stability of lubricating film and increase its thickness. 

• It is expected that a higher particle count of dominant proteins component 
adsorbed in the contact causes a higher friction coefficient whereas the 
thickness and area of lubricating film increases. 

17 



4.3 Thesis layout 
The PhD thesis is composed of one paper published in peer-reviewed journals 

and two papers published in journals with impact factor. The first article is focused 
on development and design of the experimental device. The design of reciprocating 
tribometer that allows for simultaneous visualization and friction measurement is 
described. The experimental device containing a fluorescence microscopy is 
introduced. Initial experiments involving simultaneous friction measurements and 
A C contact visualization are performed. The second article is focused on the 
methodology of the experiments. Evaluation of the experimental data is described. 
Furthermore, processing of the experimental data from the fluorescence 
visualization is described, including the software for evaluation. The principle of 
the snap processing is described in detail, and calibration of the fluorescence 
method is examined. The last article is focused on the application of designed 
experimental approach. The experimental set focused on determining the influence 
of the albumin protein on lubricating film formation was performed. The analysis 
of the influence of individual components and their role in lubricating film 
formation is described. This article is a combination of two previous ones, where 
the main aim of this dissertation thesis is answered 

[29] CIPEK, P.; REBENDA, D.; NECAS, D.; V R B K A , M . ; 
KŘUPKA, I.; HARTL, M . Visualization of Lubrication Film in 
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KŘUPKA, I. Biotribology of Synovial Cartilage: A / 
New Method for Visualization of Lubricating Film and muterUlls 
Simultaneous Measurement of the Friction Coefficient. • * * 
Materials, 2020, 13, 1-20. 
Author's contribution: 50% 
Journal impact factor = 3.057, Quart He Q2, CiteScore = 3.26 

[31] CIPEK, P.; V R B K A , M . ; REBENDA, D.; NECAS, D.; 
KŘUPKA, I. Biotribology of synovial cartilage: Role of 
albumin in adsorbed film formation. Engineering Science and 
Technology, an International Journal, 2022, 34: 101090. 
Author's contribution: 50% 
Journal impact factor = 4.36, Quartile Q2, CiteScore = 9.00 
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5 MATERIALS AND METHODS 

None of the commercial tribometer allowed for simultaneous visualization of the 
contact area and friction measurements. Furthermore, the reciprocating motion and 
low loading are necessary to accomplish the aims defined in the previous chapter. 
In order to comply with all of these requirements, the self-designed tribometer was 
developed. The conception of the tribometer was inspired by the previous studies 
where the visualization of the contact area was performed. The experimental device 
used in [10] fulfils the requirements for simultaneous visualization and frictional 
measurements, and the location of the contact area corresponds with the optical 
device used by our department [32]. The requirements for experimental conditions 
were set based on the previous studies and real conditions prevailing in the human 
natural joints [33], [10]. 

The scheme of the self-designed reciprocating tribometer is shown in Fig. 5.1 -A. 
The A C sample is located under a glass plate, and it is static. This arrangement 
allows for continuous observation of the A C contact by fluorescence microscope, 
and the contact area is recorded by a high-speed camera. The contact is flooded 
with the lubricant (model synovial fluid in this case) and the bath is heated to the 
human body temperature. The second part of the contact pair is the glass plate, 
which is the movable part producing the reciprocating motion. The A C sample is 
mounted to a lever, which is fixed by a shaft and bearings. The load on the contact 
is applied through the A C sample by lifting of the lever by the linear stepper motor 
placed under the lever. The basis of the tribometer is a rigid frame, allowing for 
rigid mounting of the movable parts, and movement without clearance. The 
movable glass plate is mounted on the carriage, which is fitted by a ball sleeve. The 
carriage motion is allowed due to its mounting on the guide bars and the carriage 
is reciprocally propelled using a ball screw and stepper motor. The sealing between 
the glass plate and the heated bath prevents leaking of tested lubricant from the 
bath. The device is equipped with two load cells to examine the CoF during the 
experiment. One sensor detects the load force (normal) and the second one the 
friction effects. The whole device is placed under the fluorescence microscope 
allowing the contact observation during the experiments (see Fig. 5.1). The 
Arduino M E G A 2560 microcomputer (Atmel Corporation, San Jose, USA) is 
responsible for controlling of the movable parts of the tribometer; detection of the 
effects of the forces is allowed by the measuring card NI USB 6001 (National 
Instruments, Austin, Texas, USA). The effects of the forces are recorded by 
computer and Lab VIEW software (National Instruments, Austin, Texas, USA) 
using a measuring card. The measuring and controlling equipment are located in 
the control box connected with the tribometer by cables. The experimental 
conditions (e.g., sliding velocity, stroke, load during the experiment, etc.) can be 
modified on the control box using control buttons and display. 
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5.1 Fluoresce microscopy - visualization method 
The optical method based on fluorescence principle was used for the observation 

of the A C contact. Fluorescence is the light emission of the substance. The 
fluorescence emission occurs when the substance is excited by light or other 
electromagnetic radiation; the excited substance begins to emit light. The 
fluorescence phenomenon can be divided into three basic phases excitation, 
excited-state lifetime and fluorescence emission. 

A detailed description of fluorescence microscopy is provided in [34]. The 
scheme and the experimental apparatus in the laboratory are shown in Fig. 5.1. 
The light source is represented by a mercury lamp emitting white light. The 
Fluorescein Isothiocyanate (FITC) and Tetramethylrhodamine (TRITC) filters 
were used for the purposes of this thesis. The filters allow for the change in the 
wavelength of excited and emitted light; FITC (excitation on 490 nm, emission on 
525 nm) and TRITC (excitation on 557 nm, emission on 576 nm). The axial 
resolution of the FITC filter is approximately 290 urn, and 320 urn for the TRITC 
filter. The filter is mounted to the carousel located above the lens. Due to the large 
size of the compliant contact of A C , the double magnification lens was used for 
observation. The depth of field of the apparatus is approximately 200 urn, which 
was sufficient with respect to the sliding speed and the estimated film thickness. 
The image focusing is performed by the field diaphragm and a slight refocusing by 
the z-feed of the optical system. The observation of the A C contact was performed 
through a glass plate made from optical glass B270; therefore, the optical properties 
of the glass did not affect neither fluorescence excitation, nor emission. The same 
apparatus was used for observation of the artificial joint contact represented by 
glass acetabulum and stainless steel hip joint. A description of the optical system 
and its use are published in [32]. 

B 

Microscope 

Emission filter 

Dichrcic mirror 
Excitation filter 

< * > 
Class plate 

High speed camera 
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Control I box 
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Pneumatic table 
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Sample of cartilage 

Fig. 5.1 Fluorescence microscopy. A - Scheme of fluorescence apparatus conception; B - Experimental 
apparatus in laboratory 
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5.2 Specimens and conditions 
5.2.1 A C specimens 

The pin samples removed from the femoral hip head of mature pigs were used. 
The samples were removed as soon as possible after the slaughter of the animal 
from the canopy of the femoral head, and the emphasis was placed on the same 
location of the sampling region through all sampling femoral heads. The emphasis 
was also placed on preserving the undamaged surface of the sampling region. This 
procedure ensures that the removed samples had as similar properties as possible 
because the mechanical and tribological properties strongly depend on the location 
of the sampling region [9], [8]. The ejector and hollow drill bit were used for 
sample removal. At the beginning of this thesis, the hollow drill bit was used to 
remove the samples [29], [30] but these samples had frayed edges. To avoid this, 
the ejector was preferred [31]. The diameters of the samples were 5.7 and 9.7 mm. 
The deviation between the A C samples with different diameters was published by 
Moore A. C. et al. [10], where the analysis of the CoF influence on the diameter of 
the sample was described. The basis of the contact visualization is that the contact 
area has to be of a lesser diameter than the diameter of the sample itself. For the 
experimental tasks focused on visualization, the samples with 9.7 mm diameter 
were used. The removed samples were stored in PBS, deeply frozen (-20 °C) 
immediately after sampling, and the testing samples were defrosted immediately 
before the experimental set. This sampling procedure was used in [35], and verified 
in [36]. The second sample of the contact pair was the glass plate, which fulfils the 
important premise of transparency, in order to ensure an insight into the contact 
area. The glass plate is 154 mm long, 43 mm wide, and 4 mm thick. 

5.2.2 Lubricants 

The PBS was used as a lubricant for the verification phase of this thesis 
(verification of the sampling process, verification and calibration of the 
reciprocating tribometer). Furthermore, the model synovial fluids were used for the 
experimental sets, where the simultaneous visualization and friction measurements 
were performed. The lubricants are shown in Tab. 5-1. The basis of visualization 
is the labelling of observed components; in this case, it was bovine serum albumin 
or y-globulin. The albumin (Sigma-Aldrich, A7030) was labelled by Rhodamine-
B-isothiocyanate (283924, Sigma-Aldrich). In the second case, y-globulin from 
bovine blood (Sigma-Aldrich, G5009) was labelled by Fluorescein-isothiocyanate 
(F7250, Sigma-Aldrich). The other components containing the model SF are H A 
with molecular weight of 1000 kDa and phospholipids. The experimental lubricant 
was prepared by mixing of all the components with PBS. The prepared 
experimental lubricants were wrapped in the aluminium foil to prevent degradation 
of the labelled components by light. The lubricant samples were stored in frozen 
state at -20°C. Defrosting was performed immediately before the experiment. 
Lubricants 1 - 4 were used in the last study attached to this work [31] for 
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clarification of the albumin impact on the lubrication film formation in the NSJ. 
Lubricants 1, 5 and 3 were used in the study [29] to examine the device 
functionality; the study [30] used lubricants 1, 3 and 6. 
Tab. 5-1 - Lubricant composition 

Composition, concentration (mg/ml) 
Lubricant Labelled 
label Albumin Y-

globulin 
HA Phospholipids component 

Lubricant 1 20 - - Albumin 

Lubricant 2 20 3.6 - Albumin 

Lubricant 3 20 3.6 2.5 Albumin 

Lubricant 4 20 3.6 2.5 0.15 Albumin 

Lubricant 5 - 3.6 - Y-globulin 

Lubricant 6 20 3.6 2.5 Y-globulin 

5.2.3 Experimental conditions 

A l l experiments were performed under the conditions which correspond with the 
real conditions in the NSJ; they were inspired by previous studies [37], [33], [38]. 
Contact pressure of 0.8 MPa was used for all experiments, which corresponds with 
10 N of load. The value of contact pressure was determined by the Hertz theory 
and corresponds with the contact pressure prevailing in the hip joint [33]; however, 
the value is strongly dependent on the E A of removed sample, which varies through 
all specimens [9], [8]. A l l experiments in this thesis were performed using the same 
load (10 N), sliding velocity (10 mm/s), and stroke (20 mm) of reciprocating 
motion. Variations in the duration of experiments occur. Longer duration of 
experiment was used for the second study attached to this thesis to verify the newly 
developed method of visualization of the A C contact [30]. Sliding velocity was 
also determined in correlation with the real conditions prevailing in the NSJ during 
human movement. A set sliding velocity of 10 mm/s corresponds with slow human 
walk. The constant velocity during every stroke is possible due to the movement 
system based on the stepper motor and a ball screw. The constant part of the 
velocity trend is approx. 97% of every cycle. The temperature of the human body 
was maintained during all experiments performed with the A C . 

5.3 Methodology and experimental design 
A strictly-defined procedure before, during, and after each experiment was 

defined and followed. The procedure allows for comparability of experiments and 
helps to achieve a better repeatability. Before each experiment, the sample was 
hydrated in PBS to avoid drying out. Due to differences between the A C samples, 
the run-in cycle of each tested sample was used. This cycle is composed from 
20 reciprocating cycles at load of 10 N , and after that the A C sample is unloaded 
in order to rehydrate. This cycle allows weeping of the original SF, which was 
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contained in the structure of the A C before the experiment. The SF is retained in 
the structure and comes from the NSJ of slaughtered animal. The composition of 
this SF may be different; therefore, it is necessary to remove it. The run-in cycle is 
also used when one A C sample is tested repeatedly, for same reasons mentioned 
before; the lubricant contained in the A C structure needs to be removed not to affect 
the experiments. One A C sample is repeatedly tested to achieve comparable results 
from several experiments. Before each experiment, the heated bath was cleared by 
protein removal solution (SDS) to achieve a non-affected lubrication bath. The 
experimental device is covered with a dark tarpaulin to prevent access of light from 
the outside; therefore, the fluoresce excitation and emission are not affected during 
the experiments. Repeated experiments, performed in the third study attached to 
this thesis [31], were carried out with a rehydration cycle between experiments. 
The aim of these experiments was to determine the impact of rehydration together 
with verification of repeatability. Nine experiments were performed in each set, 
which is defined by designed arrangement of the experiments. The experimental 
set was divided into three repeated experiments. The rehydration lasting 2 minutes 
was carried out after each experimental task. The rehydration causes restarting of 
CoF to the initial value, which allows for the use of this phenomenon to perform 
each experimental task as a unique one. This arrangement allows for the 
comparison between the experiments in terms of repeatability, while maintaining 
the comparability between them (experiments with one sample). 

The outputs of each experiment are the records of forces representing their 
effects, and recorded snaps represent visualization. One of the aims of this thesis 
was to design the methodology of experimental data evaluation. The evaluation 
scheme is given in Fig. 5.2. Each experimental output has to be post-processed in 
two ways, the friction data processing and the visualization data processing. Raw 
data from the forces effects are time, normal load and friction forces. This data is 
saved by computer with sampling frequency of 50 Hz. The friction force is shifted 
due to preloading of the friction sensor. This allows measuring of the friction forces 
in both directions during reciprocating motion. The offset of friction force trend is 
deducted using deduction of mean value (Fig. 5.2-A). It causes shifting of the 
friction force trend around the zero axis. Furthermore, the CoF is calculated by 
dividing the friction and load force. Due to the reciprocating motion, CoF has an 
alternating trend around the zero axis. An absolute value is created from all CoF 
values. The reciprocating motion causes that the CoF takes the zero value when the 
carriage is in the extreme positions. These values are deleted based on the 
difference between two adjacent values; when the difference is greater than the 
decision value, the CoF value is deleted Fig. 5.2-B). The decision value was set 
based on the experience from the tuning phase of the evaluation process. 
Recordings of trends of the effects of forces start immediately before and after the 
experiment. The overlap has to be cropped. Based on the initial movement of the 
sample during the experiment, a peak of friction force appears in its trend, which 
allows us to determine the moment of the beginning of the experiment. 

23 



The CoF trend is the first criterion that is evaluated from the effects of forces (Fig. 
5.2-C). The second one is the percentage difference between the beginning and the 
end, which is determined from the average of the last 1000 and first 1000 values 
of CoF. 

The second parallel input into the evaluation procedure is a visualization record. 
The high-speed camera saves the record with the sampling frequency of 8 snaps 
per second, which can be modified based on the needs of the user and the capacity 
of hardware. Recorded snaps are saved with resolution of 2560 x 2140 pixels, 
which creates the pixel size of 3.75 micrometres with double magnification lens 
(Fig. 5.2-D). The specially designed software for snap evaluation was designed to 
remove the background and highlight lighter points (labelled proteins). The 
background is caused by optical noise and the lubricant contained in the porous 
structure of A C (Fig. 5.2-E). A description of the evaluation software principle is 
given in the paragraph bellow, and in the third study it is attached to this thesis [30]. 
The evaluation software calculates the particle count and their average size, which 
are values important for the forthcoming evaluation. The evaluation software 
processes every snap on record, which allows for determination of the particle 
count trend and the trend of average size of the particles (Fig. 5.2-F). Similar to 
evaluation of the effect of the forces, the values are saved immediately before the 
experiment, and the saving stops when the experiment ends. The beginning is 
detected due to the initial movement of particles on the snap. Furthermore, the 
trends, which are the outputs of the snap evaluation, are processed, and the 
percentage deviations between the beginning and the end are calculated (Fig. 
5.2-G). The evaluation of the influence of SF composition is possible due to 
determination of deviations and trends, which were evaluated using both evaluation 
methods (effects of forces and visualization). 

WW 
-

Fig. 5.2 - Evaluation scheme. A - Friction force trend; B - C o F trend; C - Difference of CoF ; D - Contact snap; E 
Processed snap; F - Particle count; G - Difference of particle count 
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The processing of snaps was based on the unique design of the software (Fig. 
5.3) using the segmentation principle of image processing. Segmentation is the 
process of transforming the individual parts of the snap into meaningful regions or 
objects [39]. This software removed the background and highlighted the labelled 
proteins from snaps in several steps. The whole procedure of snap processing is 
shown in the diagram in Fig. 5.3. First, the contact area was defined by a circle 
(Fig. 5.3-B and Fig. 5.3-C), and the surrounding area was suppressed, i.e., the 
surrounding area did not enter the future processing. The contact area was defined 
based on visual observation; the contact area was clearly visible in each snap. In 
the second step, dual operations, erosion and dilation, were carried out (this 
combination is called morphological opening, Fig. 5.3-D); therefore, at first, the 
structuring element (SE) was searched for in the examined area, and if SE was 
detected, the pixel was added into the center of SE (i.e., the examined area was 
reduced by the SE radius). After that, the overlap of SE in the examined area was 
determined. If SE, at least partially, overlapped with the examined area, the center 
of the resulting area was added (i.e., the examined area was magnified by the SE 
radius) [39]. The opened snap was subtracted from the original snap (Fig. 5.3-D 
and Fig. 5.3-E). Finally, thresholding was carried out (see Fig. 5.3-F and Fig. 
5.3-G); according to the threshold value, all points that were below the threshold 
were suppressed. This principle was used in [40]. The author used the 
morphological opening for processing of microscope snaps of metallic alloy to 
highlight some parts of the snap and remove the background. 

Fig. 5.3 - Snap procedure. A - Original Snap; B - Definition of contact area-area for processing; C - Demarcated 
area; D - Morphological opening-erosion and subsequent dilation; E - Tophat snap; F - Thresholting-

removing of background; G - Final snap 
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6 RESULTS AND DISCUSSION 

The verification of the A C contact using a spectrometer was carried out. Labelled 
proteins, used for mixing of the model SF, were tested using a spectral analysis. 
The combination of labelled albumin and Y-globulin in one solution without A C 
sample, the A C sample itself without lubricant and the A C sample with lubricant 
were tested. The FITC and TRITC filters were used for testing, and the emission 
was monitored. The results are published in the second study attached to this thesis 
[30]. The analysis shows that the individually labelled components contained in 
lubricants do not affect each other. Each labelled component produces light 
emission only in wavelength of assigned filter, and no emission was detected under 
other filters. The results confirm that the A C tissue emitted no light when the 
sample was excited by assigned filters. The conclusion from the spectral analysis 
is that no influence due to unwanted emission occurs. The visualization of 
processing procedure, including the specially designed evaluation software of snap 
processing, was also presented in the second study attached to this thesis [30]. This 
special software removes the background of snaps and highlights labelled particles 
(album or Y-globulin in this case). The essence of this software is given in 
chapter 5.3. The calibration of evaluation software is the basis of correct processing 
of snaps acquired from visualization records. The first step is to define the contact 
area, which is performed by definition of diameter and center of the contact area. 
The basic premise of the process of calibration is that the fluorescence intensity of 
the snap is higher when the contact contains more particles; therefore, the quantity 
of mean fluorescence intensity is the reference value for software calibration. This 
quantity is evaluated for each recorded snap, which gives us the trend of 
fluorescence intensity. The tangent slope for intensity trend is calculated, which 
represents a deviation in lubricating film between the beginning and end of the 
experiment. A wide range of input parameters for the evaluation software is 
determined (TopHat and Treshold) and every recorded snap is processed. The 
tangent slope for each output is evaluated. Acquired tangent slopes are compared 
with the fluorescence intensity outputs; the setting that shows the largest similarity 
to the tangent slope is determined to be correct. The correct setting is valid only for 
the experiments in one set, using the same lubricant (the same labelled component). 
If a different lubricant is used, a new calibration has to be carried out. The 
sensitivity analysis of the evaluation software was published in the third study 
attached to this thesis [31]. The analysis shows the dependency of the software 
input parameters in correlation with fluorescence microscopy. A wide range of 
input parameters is given, and the correct input parameters are located approx. in 
the middle of the presented range. Certain parts of the input parameters (low values 
of Threshold) show a linear dependency. The linearity is valid also for input 
parameters which are close to the setting used for snap processing. Consequently, 
the error caused by using another setting from the linear region is linear, i.e., 
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no deviation occurs when the same setting is used for the whole set of experiments, 
because the results are only mutually compared. 

6.1 Lubricating film formation in the model of synovial joint 
The evaluation of lubricating film formation is based on simultaneous 

visualization and friction measurements, which allow for more comprehensive 
view of the lubricating mechanism prevailing in the NSJ. This unique approach 
allows for the connection between the frictional behaviour and contact observation. 
The particle count and their average size are used as evaluation criteria of the new 
approach, and the connection with CoF was established. The experiments were 
focused on the influence of the individual components of model SF, which is 
possible due to individually labelled components. The tested lubricants (model SF) 
were mixed from simple to more complex solutions. The evaluation was performed 
using a combination of the effects of the individual components in differently 
composed solutions, and their impact to the frictional behaviour of A C contact. 
Consequently, it is possible to evaluate the quantity and quality of the lubricating 
film. This new evaluation approach was published in the second study attached to 
this thesis [30], and the initial results were given. A loading process of the A C 
contact was observed and evaluated by the new evaluation approach, and the results 
show a strong decrease of particle count trend during the loading process. The 
following particle count trend reports only a slight decrease. The dependency 
between the particle count and the average size of protein particles (clusters) was 
found, which shows the relationship between both quantities; as the particle count 
strongly decreases, the average size of clusters shows a steep increase. When the 
contact of the A C sample with glass plate occurs, the snaps of the contact area show 
an outflow of particles from the contact, and the size of clusters strongly increases. 
This phenomenon points to a better ability of the proteins clustering when a high 
contact pressure (load) occurs. A very similar phenomenon was detected in studies 
[17], [41], where the escape of lubricant was also observed; nevertheless, this 
phenomenon was described only theoretically, without the experimental 
background. A new evaluation approach introduced in [30] was used for the 
experimental set focused on albumin impact on lubricating film formation, which 
was published in [31]. This study represents the culmination of this thesis, where 
the developed reciprocating tribometer [29] and evaluation methodology [30] are 
used for the experimental analysis in order to describe the lubricating film 
formation. The experimental set with a gradually composed lubricant was 
performed (see chapter 5.2.2). In order to evaluate the influence of the individual 
lubricant components, the lubricants ranging from a simple to complex protein 
composition were used. The simultaneous visualization and friction measurements 
were performed, and the outputs were processed using the introduced 
methodology. The best frictional behaviour was given by the lubricant with the 
following composition: albumin + Y-globulin + HA; conversely, a simple albumin 
solution shows the worst frictional properties. The lubricant represented by a 
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mixture of proteins (albumin + Y-globulin) shows a slight reduction of CoF. 
A complex model of synovial fluid (albumin + Y-globulin + H A + phospholipids) 
gives lower CoF values than protein solutions; nevertheless, the CoF values are 
higher than the values in the lubricant represented by a mixture of proteins and HA. 
A similar impact of Y-globulin proteins on the frictional behaviour was found in 
[21], [24], where the addition of Y-globulin proteins causes a slight reduction of 
CoF; furthermore, the same impact of H A was observed in these studies. The 
criterion for evaluation of lubricant quantity was determined in the second study 
attached to this thesis [30]. This criterion compiles a dependency between 
lubrication and friction, which is expressed by a graph where the x-axis represents 
Arithmetic mean of CoF x deviation of CoF, and the y-axis represents Protein 
lubrication film area. The x-axis expresses the frictional impact, because the use 
of only the arithmetic mean from the measurements can be confusing; therefore, 
the deviation impact was implemented. The same method was used in relation to 
the axis y. The resulting graph gives an overview of quality and quantity of 
lubricating film created in the model of the NSJ. A l l measurements were plotted in 
this graph, where four areas are drawn. Each of them represents one composition 
of the lubricant. The size of the areas corresponds with standard deviations of 
measurements and represents the stability and robustness of created lubricating 
film. The simple albumin solution shows the greatest area size. The particle count 
trend of this solution declines but the trend of the average size of clusters rises; 
therefore, the area of lubricating film created by albumin proteins slightly expands. 
A count of the albumin clusters in the contact depends on the amount of albumin 
particles around the contact area prior to the loading process - these particles are 
then trapped in the contact. The greatest area size in the resulting graph points to 
the lowest stability of simple protein solution; however, the adsorbed film on the 
A C surface is created. The albumin proteins adsorb on hydrophilic surfaces, which 
was shown in [42]. Consequently, the structural polarity of A C causes the 
attraction and adsorption of water solutions [43]; therefore, the A C surface is 
suitable for albumin protein adsorption. The lubricant flows through the porous 
structure but flowing is dependent on the size of the particles, as mentioned in [11], 
[44]. Due to the pressure gradient, the albumin proteins create clusters larger in 
size, which is the reason why the CoF shows higher values. The second tested 
lubricant (albumin + Y-globulin solution) shows lower values of CoF than the 
previous one, and the particle count also declines during the experiment but the 
decline is stepper. The adsorbed protein clusters show a lover average size, which 
corresponds with a lower area of lubricating film in the resulting graph. The 
Y-globulin proteins are much bigger than the albumin proteins, and due to its 
structural properties, the Y-globulin binds the albumin, which corresponds with 
[45]. The Y-globulin proteins separate the adsorbed albumin film; therefore, the 
average size of albumin clusters in the contact is lower. This phenomenon causes 
a greater thickness of lubricating film, which causes lower CoF values; this 
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deduction is supported by [46]. The lubricant represented by albumin + Y-globulin 
+ H A shows the best frictional properties and the shape area in the resulting graph 
is the lowest. As was mentioned in the review, H A is very important for ensuring 
low values of CoF, and it creates the gel-like layer on the A C surface [5], [23], [25], 
[46]. This layer is very important in prevention of damage, and it is strongly 
hydrophilic [21], [23]. These properties allow a better adsorbtion of the protein 
components contained in the lubricant on the A C surface, which corresponds with 
the largest amount of protein clusters in the contact. Although the particle count 
(albumins clusters) is the highest, the increase in trend of lubricating film area is 
slow. The area of the shape in resulting graph is the smallest, which points to high 
stability of created lubricating film. Albumin binds to Y-globulin, and then is 
adsorbed on H A gel-like layer. The A C structure is well protected from damage, 
and a thick protein film is created, which allows rapid reduction of CoF. The H A 
contained in the lubricant acts as a stabilizer. Complex model synovial fluid 
containing all basic components (albumin + Y-globulin + H A + phospholipids) 
gives a slightly higher values of CoF and lower area of lubricating film than the 
previous lubricant. This composition of the lubricant is the only one with constantly 
raising trend of lubricating film area; this phenomenon wasn't observed in any 
configuration. The rising trend of lubricating film area indicates stability, which 
allows complete protection of the A C surface for a longer period of time. 
Phospholipids are bonded to the H A by phosphate cores and to other phospholipids 
by lipid tails, which is the basis of hydration lubrication [22]. This model assures 
two phospholipidic layers opposite each other (phospholipidic bilayer) to achieve 
the hydration model which is not compliant with the model of NSJ used in this 
thesis. The phospholipids in the lubricant cause the imprisonment of protein 
clusters between them, which leads to accumulation of protein clusters [46]. This 
phenomenon is the reason for the increase in the lubricating film area. The higher 
values of CoF are caused by absence of phospholipidic bilayer. The friction process 
does not take place between the phospholipidic layers as mentioned in [22]. One 
layer of phospholipids acts as a brush, which makes the lubricant flowing through 
the contact difficult. The model of lubricating film formation was published and 
described in the third study attached to this thesis [31]. 
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7 CONCLUSIONS 

A healthy NSJ ensures painless human movement with uniquely low friction, 
thanks to unique tribological properties of the A C . Active life is very important for 
staying happy and without stress, nevertheless it can be interrupted by many kinds 
of joint diseases, which can lead to irreversible destruction of the NSJ. This state is 
often solved by the use of artificial joints. Unfortunately, they have a limited 
service life, which leads to the necessity of replacing the original artificial joint. 
If the necessity of replacement with the artificial joint occurs in young age, there is 
a potential problem with its reoperation, after the service life has elapsed. The 
general effort is to postpone the necessity of replacement of the NSJ with artificial 
joint as long as possible, because the human organism is not able to withstand the 
surgery too many times. The surgery influences the psychological state of the 
patient and also the subchondral bone degradation occurs. In order to avoid the 
necessity of replacing the NSJ with artificial joint, scientists discovered 
viscosuplementation (the supplement based on HA, which is needled to the joint 
gap). This supplement allows restarting of the lubricating processes of NSJ, which 
ideally stops the disease progression, or at least slows it down. The same effect of 
supplements in all patients is not guaranteed, which points to incomplete 
understanding of NSJ lubricating. Full understanding of lubrication processes in 
the NSJ allows us to develop effective treatment for all patients with diseased 
joints. 

The research focused on the biotribology of NSJ contains many studies dealing 
with the frictional properties of the NSJ. Various experimental configurations and 
their impact to friction properties were observed. It can be said that the frictional 
behaviour of the A C is described in detail. Studies dealing with the lubrication 
processes appear a smaller number. The authors observe the impact of composition 
or experimental conditions on the lubricating film forming, using frictional or 
optical methods. The theoretical models of lubrication mechanism were developed 
within these studies, nevertheless, they usually don't have fully experimental 
background. The visualization of the A C contact is rarely discussed by authors, 
however, such focused studies do exist. The authors describe the influence of the 
composition of lubricants on lubrication, and also the impact of concentration of 
individual components of model SF was observed. The simultaneous contact 
visualization and friction measurement is discussed very rarely, nevertheless, a few 
of such focused studies does exist. These studies almost always used the P V A 
hydrogel instead of A C sample, and the visualization was performed either after 
the experiments or was not performed continuously. There is no work performing 
simultaneous A C contact visualization and friction measurements. This thesis fills 
this white space in this field, which can help us to better understand the lubrication 
system prevailing in the NSJ, and the gained knowledge can contribute to 
development of effective treatment of diseased NSJ. 
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The new evaluation approach of a contact provided by the model of NSJ is 
introduced in this thesis and using it, the description of lubricating film forming is 
given. This system of A C contact evaluation has not yet been published. The main 
conclusions of this thesis can be summarized as follows: 
• New evaluating methodology of articular cartilage contact was developed, 

including a specially designed reciprocating tribometer, evaluation software and 
experimental data procedure 

• Due to the new evaluation methodology of articular cartilage contact, the 
lubricating film formation in a model of synovial joint was performed, and the 
impact of individual components using albumin protein observation was 
described 

Regarding the scientific questions, the obtained knowledge can be summarized 
in the following concluding remarks: 

• From the performed investigation, simple albumin solution creates lubricating 
film with high amount of particles in the contact, however, this film is gradually 
wiped, which confirm that simple albumin solution does not create stabile 
lubrication film. The lubricant which consists the mixture of albumin and 
y-globulin proteins, gives better lubricating and frictional properties, which was 
expected based on previous studies. The count of albumin clusters in the contact 
was lower than in the simple albumin solution, which is attributed to the bonding 
between albumin and y-globulin. Due to y globulin protein having bigger size 
than albumin, the y globulin surface is covered by albumin proteins, and 
albumin proteins bind to cartilage surface, optionally to gel-like layer of 
hyaluronic acid. Hyaluronic acid used in lubricant with mixture of proteins 
causes significant reduction of friction and the cartilage contact area shows 
much more particles of albumin. Hyaluronic acid creates the gel like layer on 
the cartilage surface, and due to high hydrophilicity of hyaluronic acid, the 
protein adsorption on the cartilage surface (gel-like layer) is more significant. 
The complex model synovial fluid containing protein components, hyaluronic 
acid and phospholipids gives higher values of friction than lubricant without 
phospholipids; however, the lubricating film area increases, which was 
indicated only for this lubricant composition. 
(HYPOTHESIS WAS NOT FALSIFIED WHITIN THIS THESIS) 

• The best frictional properties were observed for the lubricant with composition 
of protein components and hyaluronic acid, which was also the lubricant that 
shows the highest number of particles in the cartilage contact. Nevertheless, the 
simple albumin solution showed higher particles count in the contact than the 
mixture of albumin and y-globulin, which gives better values of friction 
coefficient. 
(HYPOTHESIS WAS FALSIFIED WHITIN THIS THESIS) 
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ABSTRACT 

The present PhD thesis deals with the lubricating mechanism within a model of 
synovial joint. The aim of this thesis is to describe the effect of individual 
components of synovial fluid on lubricating film formation in the model of synovial 
joint; for this purpose, the experimental analysis of friction coefficient and 
observation of adsorbed lubricating film using the fluorescence microscopy were 
performed. The special self-designed reciprocating tribometer allowing for 
simultaneous friction measurement and contact observation was designed. The 
tribometer was calibrated and verified using a commercial tribometer. Furthermore, 
the methodology of experiments was developed including a design of evaluation 
procedure. In order to process the visualization record, the software based on the 
image segmentation was developed. The last part of the thesis introduces a novel 
methodological approach together with a new self-designed tribometer enabling to 
assess the role of components contained in the model synovial fluid in relation to 
the formation of lubricating film based on in situ observation of the contact area 
and simultaneous frictional measurement. The thesis presents original results 
extending the knowledge in the natural synovial joint biotribology towards the 
further development of effective treatment for patients with diseased joints. 

ABSTRAKT 
Práce se zabývá problematikou biotribologie modelu synoviálního kloubu. 

Cílem práce je popsat vliv složek synoviální kapaliny na formování mazacího filmu 
v modelu synoviálního kloubu. Práce je zaměřena na experimentální analýzu 
součinitele smykového tření a jeho propojení s pozorováním adsorbovaného 
mazacího filmu v kontaktu pomocí fluorescenční mikroskopie. Součástí práce je 
návrh tribometru, který umožňuje vizualizaci v průběhu experimentů. Tribometr je 
vyroben, kalibrován a verifikován pomocí komerčního tribometru. Dále je součástí 
práce návrh metodiky experimentů včetně návrhu postupu pro zpracování a 
hodnocení výsledků. Pro zpracování záznamu z vizualizace kontaktu byl navržen 
speciální software, který pracuje na principu segmentace obrazu. Poslední část 
práce je zaměřena na aplikaci vyvinuté metodologie spolu s nově navrženým 
tribometrem, což umožňuje posoudit roli složek modelové kapaliny u formování 
mazacího filmu v modelu synoviálního kloubu. Experimentální část je založena na 
měření tření za současné vizualizace kontaktu. Tato práce prezentuje originální 
výsledky rozšiřující oblast biotribologie synoviálního kloubu, které mohou pomoci 
dalšímu rozvoji účinné léčby pacientů s nemocnými klouby. 
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