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Abstract 20 

This contribution is aimed at the detailed understanding of lubrication mechanisms within total knee 21 

replacement. While Part I is focused on the experimental investigation, Part II deals with the 22 

development of a predictive numerical model. Here, a knee simulator was used for direct optical 23 

observation of the contacts between a metal femoral and a transparent polymer components. Transient 24 

dynamic conditions were applied. Mimicked synovial fluids with fluorescently labelled constituents 25 

were used as the test lubricants. The results showed that γ-globulin forms thin boundary lubricating film, 26 

being reinforced by the interaction of phospholipids and hyaluronic acid. Further development of 27 
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lubricating film is attributed to albumin layering. Based on the results, a novel lubrication model of the 28 

knee implant is proposed. 29 

 30 
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1. Introduction 34 

Surgery known as total knee arthroplasty (TKA) is bringing relief from pain and improving the knee 35 

function for up to 25 years after the surgery for the majority of patients [1],[2]. The numbers of TKAs 36 

done world-wide continue to grow with a current rough estimation of about two million TKA surgeries 37 

performed annually [3],[3]. Aseptic loosening in conjunction with periprosthetic osteolysis have been 38 

reported to be a leading long-term cause of TKA failure to date [5]. Osteolysis has been causally linked 39 

to wear of polyethylene surfaces. This pathogenic concept has been supported by isolation of a huge 40 

amounts of polyethylene particles in the periprosthetic tissues, histopathological examination of 41 

retrieved periprosthetic tissues, and a wide range of experimental studies [6]. Since the introduction of 42 

highly cross-linked polyethylene (HXLPE) in TKA, the reasons for revision of TKA have gradually 43 

changed in favor of alternative causes of TKA failure [7],[8]. This change is a consequence of the 44 

increasing use of HXLPE that was initially reserved for applications in total hip arthroplasty (THA) [9]. 45 

While there is not information yet available, based on registry data roughly 80% of TKAs survive 25 46 

years [10]. In order to increase the life span, more tribological fine tuning might be helpful 47 

Joint surface wear has been studied in both THA [11] and in TKA [12]. Despite the fact that the 48 

basic typology of material damage is very similar [13],[14],[15],[16], there are obvious differences 49 

regarding wear rates [17]. Generally speaking, the wear performance of TKA depends on in vivo loading, 50 

design factors of the implant, and surgical and patient-specific factors. For example, polyethylene 51 

damage in a TKA may depend on gait characteristics [18] or the locking mechanism of the polyethylene 52 

insert in the metal tray [19]. Despite all the technological developments, the material characteristics of 53 

the implant play an important role [20].  54 
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Based on recent projections for the use of total joint replacement by 2050, there will be an 55 

enormous increase in the amount of TKA surgeries in the USA [21] and most likely worldwide. More 56 

and more, TKA is implanted in ever younger patients, which requires longer survival times of the 57 

implant. Although, HXLPE liners exhibit lower wear rate in comparison to non-XLPE [22], this may 58 

not always translate into fewer particles in vivo [23]. Also, a detectable surface damage of retrieved 59 

HXLPE liners from aseptically failed TKAs has been observed [13],[24]. Finally, there is an uncertainty 60 

related to a reduced inflammatory and osteolytic potential of HXLPE particles [25],[26] despite that 61 

some studies report their decreased specific biological activity [27],[28]. Clearly, there is a higher 62 

proportion of smaller particles produced by HXLPE compared to non-XLPE [29]. Taken together, there 63 

is still room for further tribological improvements of TKA. In this context, it is vital to understand the 64 

individual biotribological situation and wear behavior in a particular TKA over time, and dependent on 65 

everyday activities. This includes the study of the formation and retention of lubricant films. Ideally, 66 

tribological testing should conform to ISO 14243 [30], [31], which is an established standard for wear 67 

rate assessment of knee replacements [32]. The main motivation of using standardized conditions is in 68 

ability of comparison of the findings and data across various simulators, approaches and methodologies. 69 

Apparently, ISO is not able to cover all the clinical performance considering various activities or the 70 

effects such as sudden impacts. However, it should be noted that when revealing the fundamentals, the 71 

standards provide a suitable base which is frequently followed by researchers. 72 

Assuming wear is considerably influenced by lubrication performance, and the efficiency of 73 

lubrication thus remarkably influences the implant lifetime [33], it must be emphasized that the 74 

lubrications mechanisms within TKA have not yet been sufficiently clarified. While few studies reported 75 

in literature deal with numerical simulation, see Part II [34], even less focus was on experimental 76 

investigation. A pilot study employed a technique based on resistivity measurement when detecting 77 

thickness of the lubricant layer in the contact between a metal ball and a conductive silicone rubber layer 78 

representing the tibial insert [35]. The contact was lubricated by silicone oils while the authors mostly 79 

focused on the influence of contact geometry. It was concluded that an ellipse-like contact with 80 

transversely elongated ellipse supported thicker films compared to a longitudinal ellipse or circle shaped 81 

contact. The importance of synovial fluid lubrication was later highlighted by Scholes et al. [36],[37] 82 
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who studied the influence of kinematics and loading conditions on biotribological performance of hip 83 

implants and a prototype of polyurethane (PU) unicondylar knee replacement [36]. A prototype of PU 84 

knee implant was further investigated in terms of wear and lubrication in the subsequent paper [37]. 85 

Among others, the authors pointed out that the adsorbed proteins form solid-like films protecting the 86 

surfaces against extensive wear. The necessity of proper selection of the model lubricant was discussed 87 

as well. This statement is supported by later investigation provided by Bortel et al. [38]. The authors 88 

pointed out that often-employed calf serum may hardly mimic behavior of synovial fluid. The authors 89 

suggested model fluids containing proteins, hyaluronic acid (HA), phospholipids (PLs), and salts. It was 90 

concluded that proper composition of model fluid may provide clinically realistic friction and wear data 91 

when testing the prosthesis. Further investigation aimed at the detailed assessment of the influence 92 

albumin protein, which is dominant in both calf serum and synovial fluid, on wear of ultra-high 93 

molecular weight polyethylene (UHMWPE) [39]. It is suggested that conformational changes of 94 

albumin due to binding bilirubin contained in the fluid may lead to the formation of the bridges between 95 

UHMWPE and metal counterfaces, which eventually leads to elevated wear rate. The authors further 96 

found that these conformational changes may be prevent by the interaction of albumin with fatty acid. 97 

Nevertheless, it is assumed that albumin behavior has a substantial impact on wear processes within 98 

metal-PE implants. PE wear is further influenced by variations in constituent fractions [40], 99 

antimicrobial agents, polypeptides, or dilutive media [41]. The effect of dilutive media on wear of XLPE 100 

was studied by Guenther et al. [42]. The authors concluded that phosphate buffered saline should be a 101 

preferable media when differentiating the materials behavior maintaining the clinical relevance. 102 

Assuming that composition of synovial fluids of individuals substantially varies [43], laboratory 103 

investigation unnecessarily suffers from some uncertainty. 104 

Lubrication mechanisms of knee implants were later investigated in more detail by Flannery et 105 

al. [44],[45]. In particular, the combined role of protein adsorption was explored while the protective 106 

function of adsorbed layer was confirmed despite elevated friction level. These studies further 107 

highlighted the fundamental role of the lubricant nature when experimentally testing the knee 108 

replacements. Following the suggestions about the importance of lubrication, a knee simulator was 109 

developed for the ability of direct in situ observation of the contact between real-shaped knee implant 110 
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components [46]. A pilot study introducing the general principle and methodology was recently 111 

followed by the study aimed at the behavior of the dominant proteins in model synovial fluid [47]. Using 112 

the simulator and fluorescent imaging, it is possible to observe the formation of the film containing key 113 

blood plasm proteins, HA and phospholipids PLs in appropriate concentrations. This approach has 114 

previously been employed successfully when the lubrication mechanisms within THA joints were 115 

studied [48],[49]. The results for swing phase showed considerable differences in the contact 116 

appearance. With respect to the synovial film formation, a pronounced interplay between the different 117 

molecules was found. Thereby, the lubricant layer thickness stabilized within roughly 30 to 50 s for 118 

most of the lubricants with clear differences for specific test fluids. Protein agglomerations were present 119 

over the entire contact area and could be clearly detected. However, the study was mainly limited by the 120 

assumption of simplified loading and kinematic conditions that did not completely correspond to actual 121 

gait cycles, possibly affecting lubricant film formation process. 122 

 Based upon our preliminary work, it is apparent that lubrication mechanisms within TKA need 123 

to be further investigated. As presented above, most of the experimental studies used simplified 124 

geometries and/or inappropriate lubricant and/or experimental conditions. Thus, the main motivation of 125 

the present contribution was to experimentally assess the formation of the lubricating film, focusing on 126 

the specific synovial fluid constituents with respect to (i) implant geometry, (ii) actual fluid behavior, 127 

and (iii) loading and kinematic conditions during gait. Moreover, both the lateral and medial 128 

compartments were analyzed. In order to further investigate the mechanistic interactions of the synovial 129 

fluid constituents during lubrication, a sophisticated numerical model was employed that is presented in 130 

the Part II of the study [34]. 131 

 132 

2. Materials and methods 133 

2.1 Knee joint apparatus, measurement method 134 

The experiments were realized using a simulator, which enables the investigation of both THAs and 135 

TKAs with the use of the specific measurement modules. The machine was presented in more detail in 136 

a previous paper [47]. The tibial plateau was fixed in a frame performing motion in anterior/posterior 137 

(AP) direction and theoretically enabling application of internal/external (IE) rotation. The femoral 138 
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component of the knee implant was fixed in a top swinging arm with controlled flexion/extension (FE) 139 

rotation and axial (AX) load. Thus, the real contact pairing was considered and the contact area was 140 

observed with the use of fluorescent optical module. To be able to observe specific contact locations on 141 

the lateral and medial compartments, the optical system was mounted on a movable platform enabling 142 

the microscope to be set to the specific position. Otherwise, such a complex observation could not be 143 

done due to large contact area migration along AP direction. The CAD model of the test device, the 144 

knee module and real appearance of illuminated test specimens are shown in Fig. 1. 145 

 146 

Fig. 1. (A) Knee test rig digital model. (B) Detailed measurement setup. (C) Real appearance of the 147 

contact couple under fluorescent illumination (partially edited based on [46],[47]). 148 

 149 

Lubricant film formation was evaluated by means of mercury lamp-induced fluorescence. This 150 

method has been successfully utilized in various fields of tribology since the 1970s [50]. Although the 151 

method is frequently presented as a suitable technique for direct quantitative measurement of film 152 

thickness [51],[52],[53], it features some specific limitations disabling quantitative evaluation in this 153 

particular case. The point is that the method is suitable especially for non-reflective materials, e.g. 154 

rubbers or polymers. However, the chromium contained in the original femoral component leads to a 155 
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loss of fluorescent intensity, so-called quenching [54]. Moreover, undesired interference fringes arise 156 

since the surface is highly reflective, preventing accurate film thickness calibration [55]. Hence, the 157 

recorded intensity represents a dimensionless averaged thickness of the layer, allowing to explore 158 

general trends and differences between various model lubricants. This is valid due to the proportionality 159 

of lubricant layer thickness and emitted intensity [56]. This approach was recently validated upon 160 

investigation of hip implants [48]. 161 

 162 

2.2 Samples and lubricants 163 

The contact of original femoral CoCrMo alloy and real-shaped polymer tibial knee components was 164 

observed. Tibial plateaus made from UHMWPE could not be used because of their non-transparent 165 

nature. Therefore, the original geometry of the insert was obtained using optical scanning and the model 166 

was subsequently fabricated by micro-chip machining from poly(methyl)methacrylate (PMMA). The 167 

motivation for usage of PMMA comes from similar surface nature compared to UHMWPE. In addition, 168 

this material is frequently employed in tribological testing of implants since it has been used as a bone 169 

cement, potentially being exposed to rubbing with joint components [57]. Prior to testing, the surface 170 

roughness was analyzed with a 3D optical profiler, revealing that the averaged values were comparable 171 

for both the tested components, being somewhere between 10 and 50 nm dependently on the location. 172 

 Considering the model lubricants, the present study was divided into two parts. At first, the 173 

authors concentrated on the comparison of the experimental approach with numerical modeling as 174 

presented in Part II [34]. For this purpose, the contact was lubricated by pure mineral oil R834/80 175 

(Paramo, Czech Republic) having a dynamic viscosity η = 0.179 Pa·s at ambient temperature. Mineral 176 

oil is suitable not only because it can be clearly assessed for the numerical model, but also because it 177 

naturally emits fluorescence, so there is no need of fluorescent markers [58]. Both lateral and medial 178 

compartments were studied while instantaneous oil film intensity was taken at six positions of the 179 

contact corresponding to 0%, 14%, 25%, 45%, 60% and 80% of the applied gait cycle, as is illustrated 180 

in Fig. 2A. In order to show repeatability, the experiments were repeated three times on different days 181 

for both the compartments and all the locations. 182 
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 183 

Fig. 2. (A) Course of AX load, FE rotation, AP translation. (B) Detail of the contact components. (C) 184 

Illustration of AX, FE, and AP with highlighted contact position. 185 

 186 

Subsequently, the present study concentrated on the behavior of specific synovia constituents 187 

during film formation process. In that case, thirteen different lubricants of various complexity were used 188 

while various constituents were fluorescently stained. PBS represented a base medium. The initial 189 

experiments were carried out with labelled albumin from bovine serum (A2153, Sigma-Aldrich) based 190 

lubricants. A second set was carried out with the fluids containing stained bovine blood γ-globulin 191 

(G5009, Sigma-Aldrich). A third series was realized with labelled HA (Sodium Hyaluronate powder, 192 

Contipro). The details about fluorescent labelling may be found in the previous study [48]. Finally, a 193 

combined series was realized with the master model liquid, which contained all the three aforementioned 194 

constituents stained. The motivation of this test was to confirm the expected film formation based on 195 

the observation of individual constituents. PLs (P3556, Sigma-Aldrich) were also considered in this 196 

study. However, these were not stained due to very low concentration and very limited ability of staining 197 

using commercial products and established procedures. Despite the presence of specific constituents that 198 
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was different in various lubricants, the concentration was kept constant to avoid any distraction due to 199 

fluid composition. Concentrations of albumin, γ-globulin, HA, and PLs were 24.9 mg per ml, 6.1 mg 200 

per ml, 1.49 mg per ml, and 0.34 mg per ml, respectively. This composition reflected the average 201 

composition of patients expecting TKA [43][40]. Both, the lateral and the medial compartments were 202 

investigated being lubricated by the artificial model fluids mimicking synovial fluid. However, the 203 

observation was done exclusively for maximal load, i.e. the load peak which occurs at 14% of the cycle 204 

(point (b), see Fig. 2A) due to the necessity to move the optical system when focusing on other positions 205 

and the excessive amounts of lubricant required. Repeatability of the system was studied using simple 206 

albumin and simple γ-globulin solutions, however, not with complex solutions because of the excessive 207 

amounts of lubricant required. Nevertheless, due to the superposition character of the study and due to 208 

the strict compliance with the laboratory protocol, we believe the generated data is representative. The 209 

information about the concentration of specific constituents together with the observed location is 210 

summarized in Tab. 1. 211 

According to laboratory protocol, stained and non-stained constituents were prepared 212 

separately. Prior further use, these were stored frozen at -22 °C. The solutions were then thawed 213 

naturally being exposed to ambient temperature for 1.5 hours before the test started. After natural 214 

thawing under ambient temperature, stained and non-stained constituents were mixed together by mild 215 

shaking. After each experiment, the lubricant was discarded. Both the test specimens (femoral 216 

component, tibial insert) were carefully cleaned following the established protocol [48]. 217 

 218 

Tab. 1. An overview of the test lubricants (partially modified based on [48]. 219 

No. Stained constituent Non-stained constituent Total concentration Dynamic viscosity Observed location 

1. Mineral oil - - 179 mPa∙s a, b, c, d, e, f 

2. Albumin (24.9 mg/ml) - 24.9 mg/ml 1.7 mPa∙s b 

3. Albumin (24.9 mg/ml) γ-globulin (6.1 mg/ml) 31 mg/ml 2 mPa∙s  b 

4. Albumin (24.9 mg/ml) 
γ-globulin (6.1 mg/ml) 

HA (1.49 mg/ml) 
32.49 mg/ml 3.2 mPa∙s b 

5. Albumin (24.9 mg/ml) γ-globulin (6.1 mg/ml) 32.83 mg/ml 3.3 mPa∙s b 
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HA (1.49 mg/ml) 

PLs (0.34 mg/ml) 

6. γ-globulin (6.1 mg/ml) - 6.1 mg/ml 0.5 mPa∙s b 

7. γ-globulin (6.1 mg/ml) Albumin (24.9 mg/ml) 31 mg/ml 2 mPa∙s b 

8. γ-globulin (6.1 mg/ml) 
Albumin (24.9 mg/ml) 

HA (1.49 mg/ml) 
32.49 mg/ml 3.2 mPa∙s b 

9. γ-globulin (6.1 mg/ml) 

Albumin (24.9 mg/ml) 

HA (1.49 mg/ml) 

PLs (0.34 mg/ml) 

32.83 mg/ml 3.3 mPa∙s b 

10. HA (1.49 mg/ml) PLs (0.34 mg/ml) 1.83 mg/ml 2.2 mPa∙s b 

11. HA (1.49 mg/ml) 
Albumin (24.9 mg/ml) 

PLs (0.34 mg/ml) 
26.73 mg/ml 3.2 mPa∙s b 

12. HA (1.49 mg/ml) 
γ-globulin (6.1 mg/ml) 

PLs (0.34 mg/ml) 
7.93 mg/ml 3 mPa∙s b 

13. HA (1.49 mg/ml) 

Albumin (24.9 mg/ml) 

γ-globulin (6.1 mg/ml) 

PLs (0.34 mg/ml) 

32.83 mg/ml 3.3 mPa∙s b 

14. 

Albumin (24.9 mg/ml) 

γ-globulin (6.1 mg/ml) 

HA (1.49 mg/ml) 

PLs (0.34 mg/ml) 32.83 mg/ml 3.3 mPa∙s b 

 220 

2.3 Experimental conditions 221 

Since one of the goals of this study was to evaluate and visualize film formation under realistic transient 222 

loading and kinematic conditions, the parameters of the gait cycle were set following ISO 14243-3 223 

standard [31] for AP translation and AX load. IE rotation was fixed as it varies in only a limited range 224 

throughout the cycle (0° to 5.2°). Following the mechanical properties of the components (ECoCrMo = 240 225 

GPa, υCoCrMo = 0.29, EPMMA = 3.5 GPa, and υPMMA = 0.34) the axial load was proportionally lowered 226 

(varying from 15 N to 175 N) compared to ISO standard in order to obtain a contact pressure at 227 

maximum load comparable to CoCrMo/UHMWPE contact pairing as UHMWPE has seven-fold lower 228 

elastic modulus than PMMA. Thus, the maximum pressure was between 25 and 35 MPa for lateral and 229 

medial compartment, respectively. These values are in accordance to those presented in Part II [34], as 230 

well as in other literature [59],[60]. Range of FE rotation was between 0° (initial position) and 58° 231 
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(maximally deflected position). AP translation ranged from 0 mm (initial position) to -5.2 mm 232 

(maximally shifted position). The tests were performed at 1 Hz frequency and ambient temperature 233 

(23°C – 25°C). 234 

The plotted film thickness in results section represents an average value throughout the contact 235 

zone highlighted in the recorded images. The length of the tests was set to 30 s as it was previously 236 

shown to be adequate to clarify the interaction of the constituents and to get contact images of sufficient 237 

quality and resolution. At the end, an extra time test was conducted with complex model fluid no. 14. In 238 

that case, the experiment was run five times while 30 s were recorded within the first test. Then, the 239 

experiment was restarted, while the 30 to 60 s period was recorded. Thus the second test lasted 60 s, 240 

however, only 30 s were recorded. The same for interval 60 to 90 s, 90 to 120 s and 120 to 150 s, 241 

respectively. Therefore, the overall duration of the time test was 450 s. One of the benefits of this test is 242 

that continuity of the data is considered as a proof of measurement repeatability. 243 

 244 

3. Results 245 

3.1 Mineral oil 246 

Initial tests were carried out using mineral oil enabling to compare the experimental measurement with 247 

the developed numerical model presented in Part II [34]. Both the lateral and the medial compartments 248 

were investigated while six specific locations throughout the cycle were observed (see Fig. 2A). Results 249 

of fluorescent intensity (experiment) and dimensionless specific film thickness (simulation), which 250 

represents overall lubricant gap height averaged over the contact domain [34], are displayed in Fig. 3A. 251 

Apparently, there is a good agreement of both approaches. Qualitatively, the measured data 252 

corresponded to those predicted by the model in most locations ((b) to (f)). The only considerable 253 

difference is observed at point (a) where AX load and AP translation exhibit a substantial transition at 254 

the same time, possibly leading to some fluctuations in experimental results. Further small disagreement 255 

may be identified for medial compartment between points (e) and (f). While simulation showed slight 256 

improvement of the lubricant layer in this phase, the experiment exhibited a drop of the film. This 257 

behavior is attributed to the fact that FE motion reaches the maximum between these points and the 258 

motion is being reversed which may lead to partial removal of the lubricant layer. This phenomenon 259 



 

12 
 

may be hardly simulated. Further, the contact zone on medial condyle moves and changes its shape 260 

considerably between (e) and (f), as can be seen in Fig. 3B.  261 

Focusing on the development of the film formation during the cycle, the lateral compartment 262 

exhibits sudden jump at the beginning of the experiment compared to medial one. During the rest of the 263 

cycle, the film thickness is quite comparable with the exception of point (e) where medial compartment 264 

showed enhanced film thickness. Qualitatively, this also agrees very well with the numerical study (see 265 

Fig. 3A). As is shown in Fig. 3A, the repeatability of the data was excellent for the medial condyle and 266 

standard deviations may be only hardly distinguished for most of the locations. In the case of the lateral 267 

compartment, a slight variance was observed at the beginning of the cycle, while this stage is associated 268 

with transition from maximal to minimal FE rotation together with swift from minimum to maximum 269 

AX load. Corresponding images of the observed areas with highlighted contact zones are presented in 270 

Fig. 3B. It should be noted that the sizes of the contact are not proportional to load in all the locations 271 

due to varying radii of the lateral and the medial compartments along sagittal and frontal axes. In some 272 

images, the contact area cannot be clearly recognized as these pictures are taken during the experiment. 273 

The positions and shapes of contact areas were determined based on the appearance of the static image 274 

taken at each specific phase. The differences of the contact areas underline the differences in the load of 275 

both the compartments due to geometry. 276 

 277 

 278 
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 279 

 280 

Fig. 3. (A) Oil film intensity for both the lateral and the medial compartments at specific locations 281 

throughout the cycle. (B) Fluorescent images with highlighted contact area for lateral (top) and medial 282 

(bottom) compartments at the locations. The white arrows in the top row of contact images (B) 283 

indicate lubricant inlet into the contact (upward/downward orientation is given by a combination of FE 284 

rotation and AP translation). 285 

 286 

3.2 Albumin-based fluids 287 

Further, an analysis of model synovial fluid lubricants was conducted. The first set of the tests was 288 

carried out with albumin-based lubricants. The results for lateral compartment are displayed in Fig. 4A. 289 

It is evident that addition of γ-globulin and HA did not enhance the film formation. However, when all 290 

the constituents including PLs were considered, the film was the thickest. Overall, similar tendency was 291 

observed for all the tested lubricants with initial gradual increase and stabilization after 15 – 20 s. An 292 

increase of film thickness can be clearly recognized when focusing on the contact images in Fig. 4C. In 293 
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the figure, an interesting phenomenon leading to enhancement of the layer towards positive AP direction 294 

may be observed. This is associated with large protein clusters near the contact boundary. In the video 295 

of the test, it could be clearly observed that the femoral implant rolls up the lubricant in the direction of 296 

AP motion. Different behavior was observed for medial compartment (Fig. 4B). In that case, simple 297 

albumin and the mixture of the proteins showed a slight increase with subsequent decrease and 298 

stabilization. However, when HA and HA with PLs were added, the film dropped immediately after the 299 

beginning of the experiment. This was accompanied by the removal of the protein agglomerations out 300 

of the contact zone, as is apparent from Fig. 4D for time t = 10 s and later. Overall, a thicker lubricant 301 

layer was detected for lateral compartment, independently of the test lubricant. 302 

 303 

Fig. 4. (A) Evolution of albumin-based fluorescent intensity versus time for lateral and (B) medial 304 

compartment at point (b). (C) Fluorescent images for lateral and (D) medial compartment (the symbols 305 

in top left corner refer to the graphs above). The white arrows in the top left contact images (C), (D) 306 

indicate lubricant inlet into the contact. 307 

 308 
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3.3 γ-globulin-based fluids 309 

Subsequent tests were realized using the lubricants on γ-globulin basis. The results of film intensities 310 

are shown in Fig. 5A and 5B. As can be seen, these fluids generally exhibited much thinner film 311 

compared to albumin solutions. The graphs contain the scaled details, showing that the film gradually 312 

increased in the case of the lateral condyle (Fig. 5A). As for albumin solutions above, an increase of 313 

film is attributed to grouping of the proteins near contact boundary, as is displayed in Fig. 5C. Focusing 314 

on the medial compartment, very limited film formation was observed, as is displayed in Fig. 5B and 315 

5D. Negligible fluctuations of the layer attributed to repeated entrapment and release of the proteins in 316 

and out the contact zone can be observed in Fig. 5D. 317 

 318 

Fig. 5. (A) Evolution of γ-globulin-based lubricant film intensity versus time for lateral and (B) medial 319 

compartment at point (b). The details in top right corners are the same graphs with scaled y-axis. (C) 320 

Fluorescent images for lateral and (D) medial compartment (the symbols in top left corner refer to the 321 

graphs above). The white arrows in the top left contact images (C), (D) indicate lubricant inlet into the 322 

contact. 323 
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 324 

3.4 Hyaluronic acid-based fluids 325 

HA is considered to be strongly supportive in terms of lubrication performance. Nevertheless, very 326 

limited ability to form stable lubricating layer of HA was recently observed for hip replacements [61]. 327 

In general, intensity of HA film is comparable to those for γ-globulin (Fig. 6A and 6B). Focusing on the 328 

lateral compartment, only the mixture of HA and albumin caused slight increase of HA layer. However, 329 

this can hardly be recognized on the contact images (Fig. 6C), indicating the effect was limited. In the 330 

case of the medial condyle (Fig. 6B and 6D) simple HA showed a continuous development, which 331 

corresponds to the contact images of the top row in Fig. 6D. When comparing both compartments, it is 332 

evident that HA shows a stronger tendency to be entrapped within medial compartment pointing on the 333 

sensitivity to load/contact pressure.  334 

 335 

Fig. 6. (A) Evolution of HA-based fluid film intensity versus time for lateral and (B) medial 336 

compartment at point (b). The details in top right corners are the same graphs with scaled y-axis. (C) 337 

Fluorescent images for lateral and (D) medial compartment (the symbols in top left corner refer to the 338 
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graphs above). The white arrows in the top left contact images (C), (D) indicate lubricant inlet into the 339 

contact. 340 

 341 

3.5 Complex solutions 342 

Finally, results for three different complex solutions with labelled albumin, γ-globulin, and HA were 343 

compared to those for the liquid containing all the aforementioned constituents to be stained at the same 344 

time (master lubricant). This experiment is supposed to reveal the film formation mechanism by 345 

comparison of the trend for the master curve with the trends for the individual curves. As shown for 346 

lateral compartment (Fig. 7A and 7C), the overall tendency was in satisfactory compliance with the 347 

development of albumin-based complex fluid. This indicates a fundamental role of albumin in film 348 

formation process. The dominant presence of albumin can be clearly recognized when comparing top 349 

and bottom row of images in Fig. 7C. The lower intensity of the master curve compared to the albumin 350 

curve can be attributed to emission reabsorption, while the emitted intensity of the first fluorescent 351 

marker further excites another marker [62]. If the reabsorption would not take an action, the total 352 

fluorescent emission of the master curves would be higher. In preliminary tests dealing with the 353 

estimation of reabsorption level in a simplified ball-on-disc setup, it was found that combination of the 354 

markers used in the present study (Rhodamine-B-isothiocyanate and Fluorescein-isothiocyanate) led to 355 

a drop of intensity in the range from 25% to 40% for the expected thicknesses (several hundreds of nm 356 

to units of μm). Therefore, it is assumed that without the presence of this reabsorption phenomenon, the 357 

maximum intensity for the lateral condyle (Fig. 7A) would be somewhere between 2200 and 2500. 358 

Regarding the medial compartment (Fig. 7B), the expected maximum intensity, if reabsorption could be 359 

eliminated, is in the range from 1200 to 1400. 360 

Considering the medial compartment, the master curve is somewhere between albumin and 361 

other two curves for γ-globulin and HA based solutions. Thus, it can be estimated that the two 362 

constituents contribute to enhanced lubrication of the medial condyle despite the albumin drop. 363 

Nevertheless, the thickness of the lubricating layer is more than double for lateral compartment, 364 

indicating more favorable contact conditions, potentially positively affecting wear resistance. 365 

 366 
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 367 

Fig. 7. (A) Evolution of complex fluorescent intensity versus time for various complex model fluids 368 

for lateral and (B) medial compartment. (C) Fluorescent images for lateral and (D) medial 369 

compartment (the symbols in top left corner refer to the graphs above). The white arrows in the top 370 

left contact images (C), (D) indicate lubricant inlet into the contact. 371 

 372 

In order to reveal the behavior of synovial fluid film in a longer time frame, cumulative tests were 373 

performed while only 30 s of the experiment were recorded as explained in section 2.3. Once the first 374 

test (30 s) finished, the contact was kept loaded for five minutes while neither FE rotation nor AP 375 

translation were applied. After the break, the experiment was restarted lasting 60 s while the 30 to 60 s 376 

period was recorded. This approach was repeated five times to get a cumulative data for 450 s of 377 

swinging. As there was no unloading phase, this experiment corresponded to an accumulation of a 30, 378 

60, 90, 120, 150 s lasting walk and five minutes of still stand between the steps. As can be seen in Fig. 379 

8A and 8B, the film increased during the first part of the test for lateral condyle. However, longer time 380 
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led to the removal of the constituents out of the contact, decreasing the lubricating film which was 381 

stabilized eventually. When analyzing the medial compartment, the lubricant layer exhibited a slight 382 

drop followed by an enhancement of the layer at the beginning of the experiment (Fig. 8A). The later 383 

phase was accompanied by quite stable behavior as can be seen for the contact shown in Fig. 8C.   384 

 385 

Fig. 8. (A) Time test - development of complex lubricant film intensity versus time for lateral and 386 

medial compartment. (B) Fluorescent images for lateral and (C) medial compartment (the symbols in 387 

top left corner refer to the graph (A)). The white arrows in the top left contact images (B), (C) indicate 388 

lubricant inlet into the contact. 389 

 390 

4. Discussion 391 

4.1 General discussion 392 

The contribution focused on the assessment of lubrication mechanisms in TKA, focusing on the behavior 393 

of specific constituents contained in synovial liquid. The main benefits come from analyzing both the 394 

TKA separately and ability to distinguish dominant constituents of synovial fluid and to describe its 395 

mutual interactions. Concentrating on albumin protein, positive influence on lubricant film was 396 

observed when all the studied constituents were considered for the lateral compartment. On the contrary, 397 

opposite influence was reported for the medial condyle, indicating sensitivity of the layer on load. 398 

Albumin also showed a strong tendency to agglomerate, creating protein clusters. Focusing on γ-399 

globulin solutions, these exhibited very thin lubricant layer for both the compartments. Despite the lower 400 

thickness, the layer was more stable and uniformly distributed over the contact with only localized 401 
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agglomerations formed along AP direction. Similar behavior was also observed for HA which only 402 

hardly formed a stable lubricating layer.  403 

To evaluate the lubrication mechanism, protein adsorption has to be taken into account. The 404 

ability of the proteins to adsorb on the rubbing surfaces is crucial in order to form boundary lubricating 405 

film. Protein adsorption on solid surfaces is a complex phenomenon combining hydrophobic, hydrogen-406 

bonding, and electrostatic interactions [63]. Based on the literature, it is assumed that albumin and γ-407 

globulin exhibit stronger adsorption to hydrophobic surfaces [64]. This is confirmed by the present 408 

observation. As PMMA is highly hydrophobic [65], the proteins tend to be adsorbed as can be clearly 409 

seen in contact images in Fig. 7C and 7D. Focusing on the specific proteins, its primary structure has to 410 

be taken into account. While albumin is dominantly presented in an α-helix form, γ-globulin has a β-411 

sheet form. Based on recent observation, it is assumed that β-sheet exhibits a stronger adsorption onto 412 

rubbing surfaces while α-helix forms lubricating film of low shearing resistance, contributing to lower 413 

friction between the surfaces [66],[67],[68]. Stronger adsorption of γ-globulin is also expected for the 414 

femoral component of the TKA which is considered to be neither hydrophobic nor hydrophilic. 415 

Nevertheless, γ-globulin showed more pronounced connection to CoCr surface compared to albumin 416 

[69]. It must be emphasized that all the above information based on the particular investigations seem 417 

to be in accordance with the present observation. 418 

Assuming the behavior of individual constituents in model synovial fluid, an illustrative 419 

lubrication model of the knee implant is proposed and is visualized in Fig. 9. It should be highlighted 420 

that the model is based on the detailed observation of the video records of the experiment. It could not 421 

be established only based on the images of the contact zones presented in the paper. Thereby, we suggest 422 

that the relative motion of the opposing bodies leads to strong adsorption of thin, stable and uniform γ-423 

globulin film on the contacting surfaces. This is supported by the clusters of γ-globulin which were 424 

found to move simultaneously with the movement of the femoral component, indicating adsorption to 425 

the metal surface. Further γ-globulin agglomerations remained at the same spot throughout the 426 

experiment which confirms the adsorption on the stationary PMMA insert. Moreover, referring to the 427 

video of the experiment, simple HA with PLs moved in a slightly chaotic way when examined alone 428 

despite the comparable intensity to γ-globulin (Fig. 5 versus Fig, 6). The film was apparently stabilized 429 
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when γ-globulin was added to the fluid. This point is supported by Yarimitsu et al [70], who observed 430 

improved HA adsorption when it was mixed together with γ-globulin. Very low ability of adsorption of 431 

sodium hyaluronate (salt form of hyaluronic acid) on polymer substrate was observed also by Serro et 432 

al [33]. Therefore, it is assumed that γ-globulin layer is reinforced by the molecules of HA and PLs as 433 

it was discussed that HA exhibits substantially stronger interaction with γ-globulin compared to albumin 434 

[70] and it is well known that HA and PLs tend to interact. Thus, it is suggested that γ-globulin creates 435 

a boundary lubricating layer. However, because of β-sheet structure and structure of HA, internal 436 

adhesive forces within the layer are not sufficient to enable continuous growth of the layer. Hence, the 437 

further increase of film thickness is attributed exclusively to albumin which has a good ability to be 438 

attached to the boundary layer and its α-helix creates strong mutual bonds, enhancing the lubricating 439 

film. This mechanism is partially disrupted in the case of the medial compartment. In that case, the film 440 

formation is limited, indicating the importance and sensitivity of the film to the load. As described in 441 

chapter 2.3, the difference in contact pressure considering both the compartments is around 5-10 MPa 442 

which is equal to 15% to 30% of the maximum load of the lateral compartment. While γ-globulin and 443 

HA seem to be resistive against the higher load (simple HA even increases, see Fig. 6B), the albumin 444 

layer is disrupted, leading to decrease of the lubricating film, as is shown in Fig. 4B. The film disruption 445 

is thus assumed to be related to (a) thinner unstable film at medial compartment and (b) increased portion 446 

of the applied load. Such a load difference apparently leads to worse lubrication conditions, which may 447 

contribute to a reduced service live of the medial compartment. Although it is well known that wear is 448 

influenced by more factors than only lubrication, it is suggested that insufficient lubrication contributes 449 

for elevated wear of the medial compartment, which is eventually responsible for shorter implant service 450 

life. This statement is supported by our clinical observation during revising surgeries, revealing the 451 

medial compartment to be generally more damaged compared to the lateral one. It also agrees with the 452 

findings reported in literature [71],[72]. The assumption about the negative effect of elevated load at 453 

medial compartment is further supported by investigations of O’Brien et al. [73], who have shown that 454 

increasing contact pressure may result in increased XPE wear. The authors further pointed out at some 455 

limitations of simplified pin-on-disk testing, which highlights the importance of realistic geometry and 456 

applied conditions applied in the present study. Nevertheless, it should be noted that wear is influenced 457 
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not only by lubrication and load. Other factors such as oxidation [13], position of the knee axis of 458 

rotation [74], or implant instability [75] have to be taken into account. Notwithstanding, lubrication 459 

seems to be an important contributing factor, which definitely cannot be neglected. 460 

 461 

Fig. 9. Lubrication model of TKA. 462 

  463 

4.2 Data repeatability 464 

Synovial fluid lubrication is considered to be very complex and sensitive to measurement 465 

methodology. Ideally, all the experiments should be repeated multiple times in order to enable a detailed 466 

statistical evaluation. However, the present study employed 14 different lubricants, while the 467 

measurement repetition with all the fluids would unquestionably be very time and cost demanding. 468 

Regarding the fluid composition, this was designed to mimic diseased synovial fluid. Total protein 469 

concentration well corresponds to results published by Guenther et al. [76] (31 mg/ml versus 30 mg/ml), 470 

who analyzed samples of osteoarthritic and periprosthetic synovial fluid of forty patients. Further, the 471 

applied concentration of albumin is similar to those recommended in literature [38]; however, 472 

concentration of γ-globulin, HA is lower while concentration of PLs is higher. The designed 473 

composition is based on ongoing analysis of synovial fluids samples extracted during revision surgeries. 474 

Nevertheless, lower HA concentration does not need to be necessarily considered to have a negative 475 

effect since it was shown that the concentration of HA has not a substantial impact on wear of XPE [42]. 476 
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Moreover, the concentration of HA (1.49 mg/ml) is nearly identical to those applied by DesJardins et 477 

al. [77], who performed rheological analysis of bovine serum mixed with 1.5 mg/ml of HA. The results 478 

indicated that the solution viscosity was not statistically different from those of synovial fluid taken 479 

during revision over a scope of shear rates corresponding to physiological conditions. Nevertheless, the 480 

lower viscosity of the applied lubricants (see Tab. 1) than reported in literature [38] is attributed mainly 481 

to lower concentration of HA and its lower molecular weight [78]. Referring to Fig. 3A, only a negligible 482 

variance of the results was observed for oil experiment which was repeated three times for all the 483 

investigated areas. Moreover, the authors recently published a number of studies dealing with lubrication 484 

of hip joints, establishing very strict laboratory protocols in order to eliminate external influences 485 

affecting the data. Nevertheless, four additional measurements were conducted with the use of simple 486 

protein (albumin, γ-globulin) solutions to demonstrate the repeatability.  487 

As can be seen in Fig. 10A, there is a little variance for the lateral compartment while the 488 

difference of the end values is around 20%. This difference is attributed to normalization process, which 489 

is undertaken as the first step during data evaluation. Each experiment starts at a different intensity level. 490 

This is due to three dominant factors such as (i) type of fluorescent marker used, (ii) ambient light 491 

conditions, and (iii) intensity of light source (listed from the most to the least influencing factors). For 492 

the comparison of the individual experiments, initial value of fluorescent intensity is thus set to a specific 493 

chosen value (1000 in the case of our study) while all the rest intensities are multiplied/divided by the 494 

normalization constant. Normalization is based on a single image taken right after start of the test. Due 495 

to the high frame rate, a couple of images may be chosen to represent a calibration image. The first 496 

image is not necessarily always the best. Thus, the data in Fig. 9A for the lateral condyle represent two 497 

extreme values of normalization constants. Despite that, the agreement of the data is very satisfactory. 498 

Focusing on the medial compartment, the compliance of the data is even better. Similar behavior may 499 

be seen for γ-globulin solution (Fig. 10B). The lateral compartment exhibits some differences; however, 500 

the change of the intensity is nearly negligible focusing on the scaled y-axis. For the medial 501 

compartment, the data are nearly identical, overlapping each other.  502 
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 503 

Fig. 10. (A) Illustration of data repeatability for albumin and γ-globulin solutions for lateral and (B) 504 

medial compartment. The detail in top right corner of Fig. 9B is the same graph with scaled y-axis. 505 

  506 

Considerable proof of experimental repeatability also comes from Fig. 8. As it was described, 507 

the cumulative character of the diagram is based on repeating the tests lasting from 30 to 150 s while 30 508 

s period was always recorded. The transition between the first and the second test for the lateral 509 

compartment was the only point where the data do not directly follow the previous curve. The 510 

explanation of higher emission right after start of the second test is that during the unrecorded period of 511 

the second test (0 – 30 s), the protein layer further increased. Further phases of the experiment revealed 512 

excellent continuity with the intensities at the beginnings of the individual experiments being almost 513 

identical with the intensities at the end of the previous test. This indicates that protein film at the lateral 514 

compartment increased for couple of tens of s after the motion starts with subsequent continuous 515 

thickness decrease. Considering the medial compartment, the film dropped at the beginning which was 516 

followed by a slight increase during the first thirty s (Fig. 10B). This behavior corresponds to observation 517 

displayed in Fig. 7B (grey rhomb data). With increasing time, the film continuously decreased while 518 

perfect continuity of each following test may be observed. Based on above, it is tempting to conclude 519 

that longer uninterrupted walking leads to deterioration of lubrication conditions within TKA, negatively 520 

affecting the service life of the implant. If proved by other experiments, an interrupted walking 521 

alternated with unloading phase enabling film recovery could be recommended in order to prolong the 522 

longevity of TKA. The issue of decreasing film thickness under interrupted loading can be considered 523 

as the main outcome of this experiment. The evidence of data repeatability is in very good agreement of 524 
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the end and initial values of each subsequent measurement steps. As described, every recorded phase 525 

was preceded by time corresponding to the length of the previous test for what the experiment ran 526 

without recording. For example, during the third test, time range from 60 s to 90 s was recorded while 527 

the whole test lasted for 90 seconds. The fact that the results at the beginning of recorded phase of 528 

experiment no. 3 directly follows end values of experiment no. 2 indicate high level of measurement 529 

repeatability. 530 

 531 

4.3 Limitations 532 

The author admit couple of limitations of the performed study. At first, the used transparent 533 

PMMA insert may behave differently compare to conventional UHMWPE to some extent. This a 534 

difference is related to contact mechanics. In general, TKA is exposed to higher contact stress than THA 535 

due to variable geometry of the compartments and generally smaller contact area.  Although the contact 536 

pressure achieved in this study corresponds to metal-UHMWPE pairs, the resulting contact area is 537 

smaller for metal-PMMA contact. This is due higher elastic modulus of PMMA driving the elastic 538 

deformation of the material. However, even in the case of PMMA, contact area in specific locations 539 

ranges from 2 to 5 mm, which is sufficient for the assessment of the formation of lubricant film. The 540 

differences of PMMA and UHMWPE are further discussed in the recent paper [47] and in Part II [34]. 541 

Further, IE rotation was fixed in the present study while lubricant film may be partially affected by this 542 

additional motion. However, based on the current observation, it is concluded that the formed film was 543 

stable even at the phases of the cycle when sliding occurred. Thus, it is expected that consideration of 544 

IE rotation might have some quantitative impact on the film thickness but not on qualitative character 545 

of film formation. Finally, some uncertainty can also be related to proteins and their interactions with 546 

biomaterial, or among themselves in vivo. In particular, the risk associated with conformational changes 547 

of albumin, potentially leading to increased wear reported in literature, needs to be considered [39]. 548 

Neither the contact pressure nor the expected temperature increase in the contact are high enough to 549 

cause change of the proteins structure. These effects are further studied in Part II [34]. Since model fluid 550 

with controlled composition was used, conformational changes due to interaction with other constituents 551 

(e.g. bilirubin) could not occur as well. Nevertheless, focusing on the real-environment conditions in 552 
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human body, these processes definitely play a role. Further, the differences of synovial fluid composition 553 

[43] together with the action of antimicrobial agents, polypeptides [40] were not considered. However, 554 

these limitations are common to many in vitro studies. Some level on uncertainty may also arise from a 555 

limited amount of the applied lubricant (around 10 ml used for full flooding of the tibial insert) as it was 556 

reported that smaller volume of the fluid leads to higher degree of degradation [79]. Nevertheless, this 557 

is rather closely related to long-term wear tests as most of the experiments performed in the present 558 

study lasted couple minutes including test preparation. 559 

 560 

5. Conclusion 561 

The present contribution concentrated on the assessment of lubricant film formation within TKA. The 562 

tests were performed with the use of knee test rig while the metal femoral component was in contact 563 

with the transparent polymer insert. The contact was observed using the fluorescent microscopy method. 564 

Transient dynamic conditions were applied. Initially, the contact was lubricated by mineral oil enabling 565 

to compare the experimental investigation with the developed numerical model which is presented in 566 

Part II [34]. Further experiments were realized using various lubricants, revealing the impact of specific 567 

synovial fluid constituents on evolution of film thickness during the gait cycle. The main conclusions 568 

are: 569 

- Unique approach built on the direct optical monitoring of film formation in TKA was 570 

presented. Initial investigation considering mineral oil as the test lubricant revealed very good 571 

agreement of both experimental and numerical approaches [34]. 572 

- Based on the assessment of the behavior of albumin, γ-globulin, and HA in model synovial 573 

fluids of different degrees of complexity, a lubrication model for TKA was proposed. 574 

- It is suggested that γ-globulin is strongly adsorbed to the substrate, creating a boundary 575 

lubricating layer which is reinforced by HA and PL molecules. Further enhancement of lubricant 576 

layer is due to layering of low-shear albumin layer. 577 

- The medial condyle shows worse lubrication conditions which may potentially lead to 578 

shortening of service life of the TKA. 579 
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- Based on the observation of continuous decrease in film thickness, interrupted walking with 580 

rest periods may beneficially influence the film recovery. Resting periods may therefore be 581 

clinically important to improve implant longevity. 582 
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