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Abstract: Hip joint replacements represent the most effective way of treatment for patients suffering from joint 

diseases. Despite the rapid improvement of implant materials over the last few decades, limited longevity 

associated with wear-related complications persists as the main drawback. Therefore, improved tribological perfor-

mance is required in order to extend the service life of replacements. The effect of surface texturing of ultra- 

high molecular weight polyethylene (UHMWPE) acetabular cup was investigated in the present study. Unique 

tilling method was utilized for manufacturing the dimples with controlled diameter and depths on the contact 

surface of the cup. The experiments with four commercial femoral components and two model lubricants were 

realized. The main attention was paid to a coefficient of friction considering the differences between the 

original and the dimpled cups. Results showed remarkable lowering of friction, in general. Focusing on the 

simulated human synovial fluid, friction was reduced by 40% (alumina ceramic), 38.8% (zirconia toughened 

ceramic), 25.5% (metal), and 9.9% (oxinium). In addition, the dimples helped to keep the friction stable without 

fluctuations. To conclude, the paper brings a new insight into frictional behaviour of the hip replacements 

during running-in phase which is essential for overall implant lifespan. It is believed that proper surface 

texturing may rapidly improve the life quality of millions of patients and may lead to considerable financial 

savings. 
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1  Introduction 

It is often reported in literature that human joint 

replacements suffer from limited longevity which is 

usually associated with aseptic loosening due to 

osteolysis [1, 2]. Osteolysis is a wear-related problem 

indicating the importance of tribological performance 

of the implants [3, 4]. Therefore, correlation between 

lubrication, friction, and wear has to be well understood 

when aiming on the improved durability of the replace-

ments. Regarding wear, it was shown that wear rate 

is significantly higher during running-in phase [5, 6]. 

It is assumed that wear is a consequence of elevated 

friction associated within sufficient lubrication. Recently, 

number of papers dealt with lubrication analysis 

using optical methods [7, 8]. Various effects such as 

kinematic conditions [9], material and geometry [10], 

or the role of synovial fluid (SF) constituents [11, 12] 

were clarified. However, in an effort to lengthen the 

implant lifespan, fundamental analyses have to be 

supported by suggestions. The aim is to enhance 

lubrication performance, thus decreasing friction 

during running-in to slow down the wear process. 

From the engineering point of view, surface texturing 
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seems to be very effective solution [13−15]. 

Considering the application of surface textures on 

artificial joints, most of the previous studies were 

focused on wear rate evaluation. Pilot study was 

provided by Ito et al. [16]. The authors applied concave 

dimples on the surface of metal femoral head, finding 

significant reduction of counter polyethylene (PE) 

surface wear. The positive effect was attributed to 

reduction of abrasive wear by reservoirs for released 

particles and improved lubricity due to continuous 

supply of the lubricant stored in the dimples. The 

same material combination was later tested in pin-on- 

plate configuration while the results confirmed redu-

ction of wear rate. It was pronounced that suitable 

shape of the textures may extend longevity of implants 

by more than two times compared to smooth sliding 

surfaces [17]. The study was extended by Borjali et al. 

[18], who examined effect of the dimple pattern 

made on metal polished surface sliding against PE 

specimen. Three PE based materials used for prosthetic 

joints were investigated; UHMWPE, highly cross- 

linked PE (HXPE), and vitamin E highly cross-linked 

PE (VEXPE), respectively. In general, the lowest wear 

rate was observed for VEXPE. Nevertheless, the 

effect of surface texturing was the most apparent in 

the case of conventional UHMWPE. Recent paper 

introduced by Langhorn et al. [19] confirmed previous 

findings about metal-PE contact pair. The authors 

observed reduction of wear rate by more than 50% 

when textured metal surface was employed. 

Frictional behaviour of metal-PE contact was 

studied by Cho and Choi [20]. Pin-on-disc sliding 

tests were conducted while the contact surface of the 

disc was modified. Various depths and surface coverage 

densities were investigated. Lowering of friction was 

observed regardless the texturing parameters. For the 

given conditions, 25% surface coverage with the 

dimples having the depth 25 µm were found to be 

optimal. The effect of micro texturing on friction and 

wear of ceramic materials was discussed by Roy et al. 

[21]. Pin-on-disc tests were performed under loading 

conditions corresponding to normal gait of a hip joint. 

Both friction and wear were reduced significantly, 

specifically by 22% and 53%. It is apparent that pin-on- 

disc does not correspond to the real joint arrangement. 

Since it was shown that contact conformity plays an 

important role, Choudhury et al. [22] focused on the 

effect of the dimples made on the femoral heads on a 

friction coefficient. The measurements were realized 

using pendulum hip simulator in order to ensure real 

contact geometry [23]. The effect of material combi-

nation and the diameter was studied. Focusing on the 

role of surface texturing, metal-on-metal (MoM) and 

metal-on-PE (MoP) contacts were analysed while 

three dimple arrays (square, triangle, and circular) 

were designed. Surprisingly, in the case of MoP 

contact, the effect of the dimples was found to be 

negative independently of an array. For MoM, tri-

angular and square arrays led to decreased friction 

while circular arrangement caused friction increase [22]. 

A phenomenon of elevated friction in some cases was 

attributed mainly to the larger diameter and the 

depth of the dimples made by laser texturing. Size of 

the dimples probably led to starved lubrication 

conditions eventually. Therefore, an issue of texture 

geometry was emphasized among others. 

Several authors also aimed on the effect of 

texturing on lubrication performance. Initial numerical 

study was presented in Ref. [24]. MoM model of the 

hip implant was developed. Simple cylindrical dimples 

were modelled considering steady state and walking 

conditions. The results indicated that texturing of the 

contact surfaces may have positive effect on the 

reduction of asperity contact ratio, thus improving 

the lubrication conditions. The study was later 

extended, focusing on the lubrication of a knee 

implant [25]. In such case, the contact of metal 

femoral and PE tibial components was considered. 

Combined effect of texturing was observed. Although it 

was shown that a lateral condyle benefits from the 

introduced dimples, opposite behaviour was observed 

for a medial compartment. In Ref. [26], lubrication 

model of the hip implant was developed aiming on the 

development of an optimal design of microtextures. 

It was found that the textures increase load-carrying 

capacity and the film thickness, together with 

lowering the contact pressure. The results were 

supported by experimental investigation of friction 

with the designed structure pattern. Metal cylinder 

with the dimpled contact surface rotated against 

stationary PE specimen while friction decreased by 

nearly 50%.  

It is well known in biotribology that numerical 

models often suffer from specific limitations such as 
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adsorption or agglomeration of proteins which can be 

hardly simulated. Therefore, an experimental investi-

gation takes place in order to provide relevant 

information about the lubrication mechanisms. A 

unique study, combining the direct film thickness 

measurement together with assessment of the effect 

of surface texturing, was presented by Choudhury et 

al. [27]. Contact of metal dimpled ball and glass 

acetabular cup was observed while the effect of 

triangular, ellipse, and square dimples on the film 

thickness development was assessed. Non-dimpled 

head was considered as a reference while the film 

thickness was always higher for the textured heads, 

independently of the dimple shape. In particular, 

especially in the case of square and triangular 

dimples, substantial increase of lubricant film was 

observed. 

Based on the above references, it is apparent that 

surface texturing affects friction, lubrication, and 

wear which influence the service-life of the joint 

implants. Various studies were performed, aiming on 

the various aspects of texturing while positive effect 

on the tribological performance was observed in the 

most cases. Nevertheless, it should be emphasized 

that the authors always considered hard (metal, 

ceramic) surface to be dimpled. This may lead to 

negative effect in a long-term point of view. Once the 

dimples are filled by wear particles, abrasive wear 

may increase. Therefore, a motivation for the present 

study is to examine the effect of the dimples made on 

UHMWPE cup surface in order to lower running-in 

friction coefficient thus preventing excessive wear. It 

is suggested that decreased friction at the beginning 

of operation leads to longer running-in phase, thus 

ensuring more favourable contact conditions. Eventually, 

durability of the implants may be extended due to 

slower wear progression. 

2  Materials and methods 

The experiments were realized using a pendulum 

hip joint simulator presented in the previous studies 

[8, 23, 28]. The acetabular cup is fixed by a resin in a 

stainless steel pot which is mounted to a base frame. 

The head is attached to a swinging arm using a cone. 

At the beginning of the experiment, the pendulum 

arm is deflected to initial position and is released. 

Spontaneous swinging is then damped due to friction 

between the ball and the cup. Instantaneous deflection 

of the pendulum is recorded via an angular velocity 

sensor. Subsequently, the signal is processed enabling 

to obtain the friction coefficient. Evaluation is based on 

a linear model of damping. It should be emphasized 

that the employed materials exhibit linear decay. 

Exponential response occurs when viscoelastic materials 

such as cartilage or hydrogel are introduced. Illustration 

of the simulator together with the representative 

decay signal record is shown in Fig. 1.  

 

Fig. 1  (a) A schematic illustration of the pendulum hip joint simulator. (b) Overview of the tested femoral components, detail of the 
contact couple, and representative linear decay signal. 
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In the present study, various material combinations 

were tested. Four commercially available balls were 

used; metal, alumina ceramic, zirconia toughened 

ceramic, and oxinium, in particular. Two cups made 

of UHMWPE (GUR 1050) were tested. The first, 

reference cup was original without surface texturing. 

The second cup was fabricated from PE stock with 

the defined dimensions and the surface roughness 

corresponding to the original component. Circular 

dimples were subsequently made on the contact surface. 

Various approaches may be used for surface texturing. 

One of the ways is to use a micro drilling. However, 

the technology suffers from limited accuracy. Another 

option is to use a laser. Nevertheless, in such case, the 

diameter and the depth of the dimples cannot be 

precisely controlled. In addition, the sleeves around 

the dimples occurring due to elevated temperature 

leading to increased wear are often observed. Therefore, 

so-called “tilling” technology, previously successfully 

applied when texturing aluminium alloy [15], was 

employed in the present study. The dimples were 

made by fixing the fabricated UHMWPE cup to a 

chuck of CNC machining centre. One by one, the 

dimples were manufactured by removing the material 

by interrupted micro cutting using an end mill with a 

cutting edge. It should be emphasized that the 

process is fully automated and thus very fast. The 

dimple production rate is about 100 per second. The 

overall texturing process takes around one minute, 

dependently on the cup size and dimple pattern 

design. Therefore, the introduced method is very 

effective for routine use in large series. 

Array and the dimensions of the dimples were 

designed based on the previous experience of the 

research team. The diameter and the depth of the 

dimples were set to 300 and 5 μm, respectively. The 

designed coverage ratio was 15%. The shape and the 

pattern of the dimples could be precisely controlled 

by adjusting tool path, rotation speed, and feed rate. 

A macroscopic image of the textured surface, the 

detail of the group of the dimples, and one random 

dimple are shown in Fig. 2. Topography map of the 

bottom of the dented cup is shown in Fig. 3. A nominal  

diameter of the tested implants was 32 mm. Before 

the experiments, the surface properties and the actual 

diameters of all the specimens were carefully checked 

using a 3D optical profiler and an optical scanning  

 

Fig. 2  Macroscopic image of (a) the dimpled cup and (b) group 
of the dimples taken by laser microscope. (c) Detail of the dimple 
taken by confocal microscope. 

method [29]. Summary of the test samples together 

with the information about surface roughness, material 

properties, and contact conditions are presented in 

Table 1. Although a diametric clearance considering  
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Table 1  Overview of the test samples and contact conditions. 

Sample 
Actual 

diameter 
(mm) 

Surface 
roughness 

(nm) 

Elastic 
modulus 

(GPa) 

Poisson’s 
ratio 

Metal head 31.96 12.05 230 0.29 

Alumina head 31.97 9.03 340 0.28 

Zirconia 
toughened 

head 
31.97 12.01 320 0.28 

Oxinium 
head 

31.90 57.63 98 0.3 

Original 
UHMWPE 

cup 
32.24 573 0.8 0.37 

Dimpled 
UHMWPE 

cup 
32.35 625 0.8 0.37 

Contact couple 
Diametric 
clearance  

(µm) 

Contact 
pressure 
(MPa) 

Contact 
diameter

(mm) 

Metal-on-original | 
metal-on-dimpled 

280 | 390 3 | 3.7 18.5 | 16.6

Alumina-on-original | 
alumina-on-dimpled 

270 | 380 2.9 | 3.6 18.7 | 16.8

Zirconia-on-original | 
zirconia-on-dimpled 

270 | 380 2.9 | 3.6 18.7 | 16.8

Oxinium-on-original | 
oxinium-on-dimpled 

340 | 450 3.4 | 4  17.4 | 15.9

 
the dimpled cup is larger, the value is within the 

tolerances measured for the original commercial 

UHMWPE cups. 

All the experiments were realized under fully 

flooded conditions. Before the test, the cup was filled 

by a lubricant. Two various model fluids were 

employed. Initially, a phosphate buffered saline (PBS) 

was used as a reference. Subsequently, the contact 

was lubricated by the designed model SF. It is well 

known that the proteins significantly influence 

frictional behaviour of metal/ceramic-on-PE pair [30, 

31]. Composition of simulated SF was as follows: 

albumin = 20 mg/ml, γ-globulin = 3.6 mg/ml, hyaluronic 

acid (HA) = 2.5 mg/ml, phospholipids (PH) = 0.15 mg/ml; 

which fits to a physiological SF composition. To 

avoid results influence due to adsorption of the SF 

constituents, a strict cleaning procedure was followed. 

Both the ball and the cup were firstly cleaned by a 

sodium dodecyl sulphate solution. Subsequently, the  

components were rinsed by a pure water and dried 

by a pressed air. Finally, the specimens were washed 

in an isopropyl alcohol. The attention was also paid 

to storage conditions. WhilePBS was stored in a 

fridge, the SF was deeply frozen to –22 °C and was 

stored in a freezer to avoid protein degradation. Prior 

to the experiments, the lubricants were removed 

from the freezer/fridge to heat up naturally to an 

ambient temperature. The experiments were realized 

under controlled laboratory temperature (22 ± 1 °C) 

as it was shown that an elevated temperature to body 

level does not affect the lubrication conditions [32]. 

Based on the previous research of lubrication mecha-

nisms within the hip replacements, a load was set to 

532 N for all the tests. Such load level is basically 

lower compared to physiological conditions. However, 

it should be emphasized that during the gait cycle, 

the load is transient with short-term high-load peaks. 

In the case of the pendulum, the mean load value 

throughout the cycle corresponds to the mean level 

of physiological loading. Therefore, it is assumed 

that the overall load effect is comparable. Resulting 

contact stresses and the diameters of the contact 

zones for various couples are stated in Table 1. 

 

Fig. 3  (a) Macroscopic image of the dimpled cup with the indicated circle area. (b) Topography map within the area. 
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Initial deflection of the pendulum was 16° and was 

controlled by a digital angle gauge. In order to 

provide statistically relevant data, the swinging test 

was carried out 8 times in a sequence. Once the 

motion stopped, the pendulum was deflected and 

released again. In addition, the complete series of the 

tests were repeated once more another day. All the 

series of eight swinging tests were performed without 

the lubricant change or additional supply. It should 

be noted that the swinging time was from two to four 

minutes dependently on the contact couple and the 

applied lubricant. Therefore, the whole series did not 

last longer than forty minutes. It is expected that the 

lubricant does not degrade within that time. When 

the contact couple was changed, fresh lubricant was 

applied.  

3  Results 

The results for the metal head are shown in Fig. 4. 

The friction coefficient for the contact lubricated by 

PBS is plotted on Fig. 4(a). As can be seen, inde-

pendently of the tested cup, friction is very stable 

over the measurement series. In particular, for the origi-

nal cup, friction is around 0.16 while for the dimpled 

cup it decreased to around 0.1. In the case of PBS, no 

fluctuations were observed and the data showed only 

a little variance. Figure 4(b) shows the data under 

lubrication by model SF. It is apparent that friction 

significantly increased compared to PBS. This indicates 

clear role of the proteins aggregating and adsorbing 

on the surfaces, thus causing sudden jumps in the 

results. Focusing on the effect of surface texturing, 

the dimples led to a substantial lowering of friction 

from near 0.4 to 0.3. 

Following experiments were conducted with alumina 

ceramic femoral head. The results are shown in Fig. 5. 

As in the previous case, PBS results exhibited stable 

behaviour (Fig. 5(a)). Compared to the metal, friction 

is much lower. Moreover, the dimples contributed to a 

further decrease from 0.1 to 0.08. As is shown in Fig. 5(b), 

introduction of SF led to relatively scattered results 

when the original acetabular cup was used. An 

average value of friction was around 0.29. The dimples 

on the cup caused that the behaviour was stabilized 

and the friction coefficient remarkably dropped to 

approximately 0.17. 

In the present study, two generations of the ceramic 

materials were investigated. In the next series of the 

tests, zirconia toughened ceramic head was employed 

while the results of friction are plotted in Fig. 6. 

Contrary to previous experiments, especially during the 

first round of testing, PBS led to slightly fluctuating 

results. Average friction for PBS was around 0.16. 

Notwithstanding, the positive effect of the dimples 

could be observed, causing a drop to less than 0.1. 

Moreover, as is apparent from the graph, friction ten-

dency was stabilized. In the case of SF, continuously 

increasing friction with each following swinging test 

was observed for the non-textured cup. The dimples 

contributed to maintain significantly lower and steady 

friction (Fig. 6(b)) which was reduced from around 

0.36 to 0.22. 

Oxinium is recognized as an advanced material for 

the joint prostheses combining an advantage of tough 

elastic core and wear resistive contact surface. The 

results of the friction coefficient are displayed in Fig. 7. 

Against expectations, oxinium head exhibited the 

highest friction from all the tested materials, inde-

pendently of the applied lubricant. Possible causes of 

higher friction are discussed below. Focusing on the  

general effect of surface texturing, the behaviour is 

similar to previous observations. Friction dropped 

from 0.34 to 0.25 for PBS and from 0.42 to 0.38 for 

model SF. Assuming that the most important results 

regarding potential clinical application are those for 

simulated SF, the effect of the dimples is not as 

considerable in the case of oxinium. Although friction is 

quite high, it was reduced by less than 10% (Fig. 7(b)). 

Figures 4−7 showed development of the friction 

coefficient for various femoral heads and lubricants. 

To provide a clear comparison of results, Fig. 8 and 

Table 2 containing evaluation summary are presented. 

As is clear from Fig. 8, the dimples on the cup surface 

led to friction reduction for all the head materials 

whether the contact was lubricated by PBS or SF. 

Focusing on the specific results for PBS solution, the dim-

ples helped to decrease friction by 36.3% (maximum– 

zirconia toughened ceramic) to 19.7% (minimum– 

alumina ceramic). Summarizing the data for simulated 

SF, maximum reduction of friction was around 40% 

in the case of zirconia toughened ceramic. Considering 

the alumina ceramic and the metal, friction dropped 

by 38.8% and 25.5%, respectively. 
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Fig. 4  Results of friction coefficient for metal femoral head using (a) PBS and (b) model SF. 

 

Fig. 5  Results of friction coefficient for alumina ceramic femoral head using (a) PBS and (b) model SF. 

 

Fig. 6  Results of friction coefficient for zirconia toughened ceramic femoral head using (a) PBS and (b) model SF. 

 

Fig. 7  Results of friction coefficient for oxinium femoral head using (a) PBS and (b) model SF. 
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Fig. 8  Results summary (the number above each bar indicates mean coefficient of friction). 

Table 2  Results summary: n = number of measurements; CoF = coefficient of friction; SD = standard deviation; % Diff. = percentage 
difference, i.e., decrease of friction for the dimpled cup (for mean value). 

Cup Metal femoral head 

PBS solution (n = 16) Synovial fluid (n = 16) 
 

Median CoF Mean CoF SD % Diff. Median CoF Mean CoF SD % Diff 

Original 0.159 0.162 ±0.020 0.392 0.394 ±0.031 

Dimpled 0.104 0.105 ±0.021 
–35.2% 

0.289 0.294 ±0.031 
–25.5% 

 Alumina ceramic femoral head 

PBS solution (n = 16) Synovial fluid (n = 16) 
 

Median CoF Mean CoF SD % Diff. Median CoF Mean CoF SD % Diff 

Original 0.095 0.096 ±0.014 0.266 0.285 ±0.066 

Dimpled 0.074 0.077 ±0.017 
–19.7% 

0.168 0.171 ±0.022 
–40.0% 

 Zirconia toughened ceramic femoral head 

PBS solution (n = 16) Synovial fluid (n = 16) 
 

Median CoF Mean CoF SD % Diff. Median CoF Mean CoF SD % Diff 

Original 0.144 0.155 ±0.049 0.385 0.362 ±0.062 

Dimpled 0.097 0.099 ±0.020 
–36.3% 

0.225 0.221 ±0.020 
–38.8% 

 Oxinium femoral head 

PBS solution (n = 16) Synovial fluid (n = 16) 
 

Median CoF Mean CoF SD % Diff. Median CoF Mean CoF SD % Diff 

Original 0.334 0.341 ±0.035 0.430 0.422 ±0.028 

Dimpled 0.251 0.253 ±0.045 
–25.7% 

0.385 0.380 ±0.043 
–9.9% 
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4  Discussion 

Within the last few decades, lifespan of the joint 

replacements became a subject of many debates 

throughout engineering and medical disciplines [4, 

33−35]. Most of the implants fail due to wear-related 

causes highlighting the necessity of the improved 

tribological performance [1, 2, 36]. Some of the 

studies concentrate on the development of new mate-

rials or coatings [37−40]. The limitation is that it takes 

a long time to bring the new materials to practice. In 

particular, it is necessary to consider risks associated 

with biocompatibility [41], long-term and complicated 

process of clinical testing [39], or unexpected behaviour 

(e.g. delamination in the case of coated implants) [42, 

43]. Assuming an expected rapid increase of the joint 

replacements by 2030 [44], it is highly topical to find 

a solution which will be easy and fast to implement 

(a), will not endanger patients (b), and will bring a 

clear improvement leading to a longer implant 

survival (c). It is apparent that the development of 

material, design, or coating application is a long-term 

process. In order to fulfil three above requirements in 

a reasonable time frame, together with adequate 

expenditures, surface modification of the existing 

implants seems to be an opportunity. 

The present study was aimed on evaluation of the 

friction coefficient of the hip joint replacements. Four 

commercial femoral heads and two lubricants were 

tested while the measurements were realized with 

the original and the dimpled UHMWPE acetabular cup. 

The research was carried out using the pendulum hip 

joint simulator enabling to simulate steady-state 

flexion-extension conditions. The dimples on the cup 

were fabricated using tilling manufacturing technology. 

The swinging tests were repeated eight times in 

order to get statistically relevant data. In addition, 

the series of experiments for both PBS and SF were 

repeated another day. Under most conditions, very 

satisfactory reproducibility of the data was observed. 

Small differences between the series are attributed 

mainly to the fact that the same (original/dented) cup 

was used while its position in the pendulum frame 

could be slightly different due to twist of the cup. 

In order to show a significance of the obtained 

data, statistical analysis was performed. In total, 256 

experiments were conducted (16 measurements for 

4 head materials, 2 cups, and 2 lubricants). The data 

analysis showed that for most of the head-on-cup 

combinations, the results exhibit normal (Gauss) 

distribution. However, in some specific cases (alumina- 

on-original (SF), zirconia-on-original (PBS), and zirconia- 

on-original (SF), see Fig. 8) apparent data deviation 

was observed. This variance may be clearly seen in 

Figs. 5(b) and 6 for the original cup. Therefore, the 

relevance of these three data sets may be limited. 

Even though, introduction of the dimpled cup led to 

friction stabilization which is accompanied by a rapid 

decrease of a standard deviation (Table 2). Moreover, 

it should be emphasized that Fig. 8 displays the results 

of both the measurement series being analysed together. 

When focusing on individual sets of eight swinging 

tests, the repeatability and thus the statistical evidence 

were even better.   

Focusing on the effect of the implant material, the 

lowest friction was observed for ceramic, followed by 

metal and oxinium. This is in a compliance with 

previous observations [22, 23, 45]. Regarding two 

generations of ceramic, lower friction was detected 

for alumina which also corresponds to literature [4]. 

Bit surprising is elevated friction in the case of oxinium. 

Oxinium head is basically metal substrate with contact 

surface transformed by oxygen diffusion (zirconium – 

2.5% niobium alloy) from metallic to a low-friction 

ceramic nature [46]. Worse frictional behaviour reported 

in this paper is attributed to a significantly higher 

surface roughness resulting to the contact of surface 

asperities, thus leading to a transition from mixed to 

boundary lubrication regime [47]. In addition, diameter 

of the oxinium head is smaller compared to metal or 

ceramic. Therefore, it is suggested that the larger 

diametric clearance also contributes to higher friction 

due to insufficient lubrication conditions [10]. 

The difference in size of the diametric clearance 

considering the original and the dimpled cup needs to 

be clarified as well. As stated in Table 1, the difference 

in clearance is 110 µm while the dimpled cup exhibits 

generally larger clearance. In order to confirm the 

effect of the dimples, it is referred to previously 

published study using the same simulator and 

following the same experimental procedure [23]. In 

that case, the implants of nominal diameters of 28 and 

36 mm supplied by two various producers were investi-

gated. It should be noted that the difference in clearance 
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for both metal-on-PE and ceramic-on-PE pairs was 

always higher than that in the present study. Neverthe-

less, despite a significant clearance difference, variance 

in friction was very limited for most of the tested 

couples. In addition, larger clearance usually led to 

higher friction. Thus, it is assumed that the lower 

friction observed for the dimpled cups (having larger 

clearance) in the present paper may be attributed 

mainly to the dimple effect. 

Behaviour of the joint replacements is indisputably 

influenced by the properties of the lubricant. Human 

synovial joints are lubricated by SF. Ability of film 

formation and viscosity of SF are driven especially by 

content and ratio of the included constituents [48, 49]. 

An issue of optimal model fluid for laboratory tests, 

suitably mimicking human body conditions, is often 

discussed. The authors commonly employ bovine 

serum (BS) solution with given overall protein content 

[50]. However, the content of specific constituents  

is rarely declared in the case of BS. Moreover, the 

composition may vary producer to producer as well 

as series to series. Therefore, it is suggested that 

despite the number of studies employing BS, it might 

be not an optimal equivalent lubricant mimicking 

the behaviour of human SF [51, 52]. Following this 

implication, the model SF was designed while the 

detailed composition is stated above. The concentration 

of the constituents is based on evaluation of the 

samples of human SF extracted from the patients 

during surgeries [53]. The designed fluid composition 

corresponds to a physiological level. Other sets of the 

tests were performed with PBS to get a reference. 

Independently of the head material, PBS exhibited 

lower friction compared to simulated SF. This confirms 

previous findings that the proteins cause a rapid 

increase of friction considering the metal/ceramic-on- 

PE contact pair [30, 54−56]. 

Focusing on the particular values of friction, the 

data seem to be higher than usually reported. However, 

it must be emphasized that the most of the studies 

describing very low friction factors often deal with a 

simplified configuration (e.g., pin-on-disc) considering 

low loads at low speeds. Therefore, comparable results 

come from the experiments performed using the hip 

simulator employing real ball-on-cup model [22, 23, 

45]. In all the mentioned studies, 25% BS was used as 

the test lubricant. When comparing the results for 

metal and ceramic heads, friction observed in Refs. [22, 

23] was nearly double compared to that presented in 

Ref. [45].  

Generally higher friction coefficient is attributed 

mainly to the increased concentration of SF constituents 

which is indisputably higher than in the case of 25% 

BS. In addition, it is assumed that higher concentration 

of albumin (20 mg/ml) is responsible for elevated 

friction as previously shown [54]. The level of applied 

load may contribute as well. As is stated in materials 

and methods section, the applied load was designed 

in order to mimic average physiological load effect 

throughout the walking cycle. However, the lower 

load causes the phenomenon of slippage at the moment 

of pendulum reversal. According to our previous 

experience, when higher load is applied, slippage 

during reversal is mitigated, thus leading to lower 

friction. Finally, it should be emphasized that the 

arrangement of the ball and the cup is in inversed 

position to enable the contact to be fully flooded which 

may also play a role. Therefore, it is assumed that 

higher friction is due to a combination of higher protein 

concentration (a), substantially higher content of albu-

min (b), lower level of load (c), and inversed geometrical 

arrangement (d). However, when investigating the 

behaviour of the joint replacements, it should be 

emphasized that the specific value of friction/wear 

rate/film thickness is not as decisive. The importance 

comes from the general comparison of the effect of 

various inputs on the observed parameter. Therefore, 

the main outcome of the introduced paper is the per-

centage difference in friction considering the original 

and the dimpled cup. 

Regarding the potential implication for practice, 

the important findings are related to model SF 

behaviour (Table 2, Figs. 4(b), 5(b), 6(b), and 7(b)). 

Independently of the head material, friction was signifi-

cantly reduced by introducing the dimples. The highest 

reduction rate was observed for alumina ceramic (40%) 

followed by zirconia toughened ceramic (38.8%), 

metal (25.5%), and oxinium (9.9%). As can be seen, 

the lower initial friction, the larger friction reduction for 

simulated SF. Moreover, it is assumed that reduction 

of wear would be even higher than reduction of 

friction. As was shown by Roy et al. [21], who studied 

pin-on-disc contact of ceramic counterfaces, surface 

texturing led to 22% friction reduction, resulting in 
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53% wear rate reduction. Thus, it is expected that 

even in the case of oxinium, exhibiting relatively 

insignificant friction reduction, wear rate might be 

lowered substantially.  

Another benefit of the dimples can be observed 

especially in the case of the ceramic heads. Introduction 

of the dimples led to evident stabilization of the friction 

coefficient, indicating more favourable contact condi-

tions (Figs. 5(b) and 6(b)). When thinking about the 

mechanism of friction reduction, it is suggested that 

there are two essential factors. Enhanced lubricant 

film formation due to storage of the fluid within the 

cavities is considered to be the first factor [16]. The 

second point is the reduced contact asperity ratio 

eventually contributing to improved lubrication 

conditions [24]. The second statement is supported 

by the results of oxinium head having higher surface 

roughness, thus resulting to limited dimple effect. 

Positive role of the dimples was already pronounced 

in both experimental [16−22] and numerical [24−26] 

studies. However, the previous papers considered hard 

(metal/ceramic) surfaces to be textured. An explanation 

for such motivation seems to be logical. At first, it is 

much easier to make the texture on the hard convex 

shape. Moreover, it is suggested that the dimples on 

a soft matter material (such as PE) might be removed 

after some time due to articulation of surfaces. Neverthe-

less, this might be a key. As mentioned in introduction 

part, wear is progressive especially during running-in 

phase. Subsequently, the process is stabilized with 

slowly and continuously increasing wear rate [5, 6]. 

Although there is a substantial contribution of PE 

creep during running-in [6, 57, 58], friction doubtlessly 

plays a role as well. Therefore, it is concluded that 

the dimples made on UHMWPE cup are able to 

diminish running-in friction and wear. After some 

time, the surface of the cup is polished due to 

articulation having positive effect on surface roughness. 

This leads to a reduction of the contact asperity ratio, 

enabling the implant to operate smoothly for longer 

time. 

The amount of wear particles released during 

running-in period can be hardly estimated. Nevertheless, 

it is expected that wear rate might be lowered 

significantly, since it was shown that wear reduction 

well correlates to friction reduction [59]. The authors 

feel a strong motivation for further investigation. The 

present results are fundamental. Nevertheless, there 

is a lot of aspects which need to be clarified in future 

research. The main attention should be paid to finding 

the optimal parameters of the dimples in terms of the 

geometry and the surface coverage ratio in order to 

maximize friction reduction. 

The authors admit the limitations of the pendulum 

simulator. However, it should be emphasized that the 

pendulum has been representing well-established tool 

for friction investigation of the joint replacements for 

decades. It has been used not only by the scientists, it 

can be found in laboratories of producers of the 

implants as well. Assuming the importance of surface 

conformity, number of studies using multi-directional 

test stations when measuring friction is very limited 

so far [60−62]. Moreover, the pendulum is sometimes 

used in order to validate the multi-axial measurements 

[63]. Therefore, the authors are convinced that despite 

the simplified loading and kinematic conditions, the 

pendulum provides valuable data regarding further 

development of the implants. Positive role of the 

dimples should be confirmed also in terms of wear 

using multi-directional hip simulators with transient 

kinematic and loading conditions to better mimic in 

vivo situation. Simultaneous monitoring of wear and 

friction represents a challenging task for further 

studies. The effect of the combination of the textured 

cup and the textured head should be clarified as well. 

A further shortcoming of the present paper is the 

use of limited number of the cups. It should be noted 

that only one dimpled cup was available for this 

study. After the manufacturing, the shape and the 

dimensions were carefully checked while the dimples 

were fabricated subsequently. Regarding the original 

cup, detailed shape, surface, and dimension analysis 

of three commercial implants was conducted with 

the use of 3D optical scanning [29] and optical profiler. 

Based on the analysis, the cup exhibiting minimum 

sphericity deviation together with the required 

roughness and the actual diameter was used. In order 

to prevent results influence due to wear of the cups, a 

sequence of the experiments with the given fluids 

was kept the same (firstly PBS, then SF). Also an 

order of the heads was the same (metal, alumina, 

zirconia, and oxinium). Nevertheless, it should be 

noted that despite the number of the experiments, 

there was almost no wear. The imaging using laser 
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microscope showed that the number of scratches was 

very limited. Therefore, it is assumed that the results 

should not be affected by the fact that only two cups 

(one original and one dimpled) were used. 

Focusing on the limitations of the present paper, 

the performed study was purely experimental. In 

order to confirm the observed phenomena, numerical 

solution would be helpful. The research team has 

been involved in the development of numerical model 

for the determination of lubricant film thickness 

within the hip implant. It is suggested that in future, 

this model should be further developed in order to 

enable estimation of the coefficient of friction. Then, 

the effect of the textured geometry could be easily 

verified by means of numerical simulation. 

5  Conclusions 

According to author´s best knowledge, the present 

study introduces the first experimental investigation 

of frictional behaviour of the hip joint replacements 

using the surface-textured UHMWPE acetabular cup. 

The main findings can be summarized in the 

following points. 

1) The tilling technology enables to manufacture 

very precise dimples on the shaped soft-matter surfaces 

without undesirable sleeves occurring due to thermal 

influence of the surface in the case of laser texturing. 

2) Under lubrication by model SF, the dimples on 

the cup surface led to a significant reduction of 

friction independently of the head material. In addition, 

the textured cup exhibited stabilized frictional 

behaviour without sudden fluctuations. 

3) The texturing of PE acetabular cups represents 

an easy, time and cost undemanding, and apparently 

effective way to lower running-in friction of the joint 

replacements. Moreover, since conventional, well- 

established materials may be used, there is no threat 

for the patients associated with clinical testing of new 

materials or coating layers.  

4) It is deeply believed that lower friction during 

running-in phase substantially reduces running-in 

wear. This may slow down the overall wear process 

which eventually leads to extended service life of the 

implants. If this assumption would be confirmed by 

long-term wear test and clinical study, introduction 

of surface texturing would improve the life quality of 

millions of patients and would safe an amount of 

financial costs associated with the revising operations. 
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