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Abstract
The presented study deals with the analysis of the tribological behaviour of the Ti6Al4V alloy manufactured conventionally. 
The study aimed to verify whether the titanium alloy is suitable for use as a contact material in small joint implants, as addi-
tive manufacturing of this alloy can in the future provide certain benefits, such as individualization and simplification of the 
implant construction, or controlled porosity. The tested pair consisted of a pin and a glass plate lubricated with model synovial 
fluid. The contact area was observed with colorimetric interferometry. Alongside film thickness, friction, and wear scars were 
measured. From the designed experimental conditions, the titanium alloy was not able to create a sufficiently thick lubrication 
film to overcome its surface roughness and damage to contact surfaces occurred. Friction was comparable for all the tested 
configurations. The application of conventionally manufactured titanium alloy as a contact surface in small joint implants 
seems to not be suitable since its performance fell short when compared to conventional cobaltous alloy. Nevertheless, there 
are various alternative methods available, such as unconventional manufacturing, polishing, surface texturing, and coating.
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Graphical Abstract
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1  Introduction

Interventions, especially the replacements of human joints, 
have become a necessity for today's population. The num-
ber of all joint replacements applied to the human body 
is rising every year. In the human body, there are various 
kinds of joints, and their full functionality is necessary for 
everyday life, for example, small joints, such as the big 
toe's first metatarsophalangeal joint (first MTP joint). This 
joint is responsible for a person's stability and is the most 
stressed joint in the foot during normal movement activi-
ties. Based on the study by Korim et al. [1] which reviewed 
the conducted arthrodesis, hallux valgus and hallux rigidus 
are the most frequent diseases affecting the first MTP joint, 
accounting for 36.6% and 34% of the cases, respectively. 
Recently, mainly hallux valgus has been discussed, as many 
middle-aged women suffer from this deformity because it is 
closely associated with wearing tight shoes or high heels. 
There are two main approaches to treating these deformities. 
The first, which is mainly invasive, is arthrodesis (fusion). 

This is a definitive and irreversible operation in which the 
affected joint is immobilized by fusing the bones together. 
The second option is joint arthroplasty. With this method, 
the joint motion can be preserved and this intervention does 
not affect the gait pattern [2]. Based on the statistics from 
Germany [3], between 2008 and 2017, only a few of the 
first MTP joint arthroplasties were made compared to arthro-
desis, although it may have certain benefits. On the other 
hand, the first MTP joint replacements are not as reliable 
as arthrodesis these days. One of the most common types 
of total arthroplasty for the first MTP joint is ToeFit-Plus® 
[2]. Titchener et al. [4] reported a revision rate of 24% at an 
average of 33 months post-operatively for this implant, while 
the majority of revisions were caused by frank loosening or 
progressive lucency, mainly on the phalangeal side.

The first MTP joint replacements evolved in shape or used 
materials in the past [5]. During these days, the most com-
mon type is a metal-on-polyethylene total MTP replacement. 
These replacements consist of two stems from titanium alloy 
with porous structures, a CoCrMo metatarsal head, and 
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UHMWPE phalangeal plateau. Lately, additive manufactur-
ing (AM) has become more frequent in all production areas, 
and this method is also suitable for joint replacements as the 
AM might bring benefits in the production of personalized 
metal-on-metal (MoM) small joint implants [6]. The most 
common method for producing artificial joints is selective 
laser melting (SLM) [7]. In such manufacturing, Ti6Al4V is 
more suitable than common CoCrMo alloy which is the most 
common contact surface in joint replacements these days 
[8]. The titanium alloy has excellent biocompatibility, good 
corrosion resistance, and high strength ratio [9]. Moreover, 
this alloy fabricated with a porous structure has comparable 
mechanical properties to a natural bone and can improve 
ingrowth of the stems and increases bone-implant stability 
[10]. To ensure the applicability of Ti alloy, the material 
must be subjected to detailed testing and compared with 
conventional Co alloy based on their performances.

To bring the experimental conditions close to reality, 
boundary conditions, such as kinematics and load, have 
to be defined. The kinematics of the first MTP joint was 
described by Durrant et al. [11]. The model provided knowl-
edge about the joint movements and described their variance 
between the individual subjects. The loading of the joint, 
or the contact pressure, was examined by Flavin et al. [12] 
and Al-Munajjed et al. [13]. The main feature ensuring the 
proper behaviour of the replacement in the human body is 
the ability to form a sufficiently thick lubrication film that 
can separate interacting parts of the replacement in order to 
reduce the generation of wear particles.

The formation and thickness of the lubrication film can 
be influenced by various parameters. Myant et al. [14] dem-
onstrated the impact of contact pressure, where its increase 
resulted in a decrease of lubrication film thickness. Kin-
ematics, respectively the relative speed and slide-to-roll ratio 
(SRR) was described by Nečas et al. [15], who showed that 
the relative speed works differently for various SRR, i.e., 
the increase in relative speed for SRR 0 led to an increase 
in film thickness; on the other hand, for SRR 1.5, it led to a 
decrease in film thickness. Another factor potentially influ-
encing the behaviour may be connected to contact surfaces, 
as human joints are tested with synovial fluid (SF) consisting 
of proteins with the ability to adsorb on the contact sur-
faces and its presence can affect the overall behaviour [16] 
of the system. The ability to form a stable and sufficiently 
thick lubrication film is usually connected to the number of 
proteins in the contact area. Nečas et al. [17] presented that 
the behaviour of lubrication film thickness is dependent on 
the composition of SF and tried to connect the behaviour of 
individual constituents, such as albumin and γ-globulin, to 
the lubrication film thickness. It was found that the trends 
of albumin and lubrication film thickness were comparable, 
while the γ-globulin development was observed only on a 
small scale [15]. Therefore, it appears that the main role of 

forming the lubrication film lies in albumin, while its pres-
ence and maintenance in the contact area might be affected 
by other constituents [18, 19]. The study made by Ranuša 
et al. [20] showed differences in the behaviour of samples 
with differences in surface topography. The tested Ti alloy 
had significantly worse surface roughness compared to Co 
alloy, resulting in the presence of a larger amount of pro-
teins in the contact area. The well-formed and stable lubrica-
tion film is closely connected to other observed parameters, 
such as friction and wear, while these two parameters are 
closely related to good functionality and the lifetime of the 
replacement.

In the case of load, the increase of normal force leads to a 
decrease in friction [21, 22]. On the other hand, while lower 
friction occurs in higher load conditions, findings by Gao 
et al. [23] showed that the higher load contact is more likely 
to produce a higher rate of wear particles; therefore, lower 
friction does not always mean a lower wear rate. The studies 
dealing with the lubricant concentration [24–26] similarly 
showed that friction increases with an increasing number 
of proteins in the lubricant. When comparing the Co and Ti 
alloys according to the coefficient of friction (CoF), the val-
ues are not so different [27] On the other hand, when com-
paring the generation of wear particles, the titanium alloy is 
worse, while the released particles were approximately twice 
as high as for CoCrMo [28]. These findings could mean that 
the titanium alloy is incompatible with the use in the joint 
implants for contact surfaces, as the excessive number of 
released particles is undesirable for the patient’s health [29]. 
Nevertheless, the benefits coming with additive manufactur-
ing and simplifying the implant shape construction prede-
termine that the use of this alloy could find its application.

Based on the performed research and the knowledge 
gained in the past in this area of interest, further and com-
plementary research seems more than needed since a bet-
ter understanding of the given phenomena can lead to an 
increase in the lifespan and functionality of the implant, 
which are currently a big problem, as the revision operations 
rate is still too high for this joint [4]. To obtain such research 
that can reveal the behaviour in the contact area, the problem 
has to be examined at its roots. The main question posed 
in this publication was “What are the main differences in 
the tribological behaviour of conventionally manufactured 
CoCrMo and Ti6Al4V alloys in the simulated small joint 
implant (first MTP joint)?” and the sub-question: “Is the 
Ti6Al4V alloy suitable for further investigation as a poten-
tial material for human joints?” To answer these questions, 
the research is supplemented with the development of lubri-
cation film thickness, an analysis of friction, and an analysis 
of contact pair roughness, or its wear scars. Combining these 
observed aspects should provide the necessary insight into 
the issue and show whether it makes sense to conduct fur-
ther research on Ti6Al4V alloys as possibilities for contact 
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surfaces in small human joints, where additive manufactur-
ing might find its application.

2 � Materials and Methods

2.1 � Experimental Apparatus

The experiments were performed on the universal tribometer 
[20, 30], providing reciprocal movement in a pin-on-plate 
configuration with a stable sample (pin) and a moving plate 
(glass). The experimental apparatus is shown in Fig. 1. The 
tribometer construction enables the use of optical methods 
to observe the contact area and measurement of the fric-
tion simultaneously. As the main goal of the study was to 
describe the lubrication mechanism, colorimetric interfer-
ometry [31] was used to observe the contact area to obtain 
information on the film thickness and its development.

2.2 � Contact Pair and Lubricant

The contact pair consisted of a pin made from alloys used 
in implantology: CoCrMo (ASTM-F75) or Ti6Al4V (ISO 

5832-3). The implant manufacturer [32] produced the 
test pins using a certified process involving cold drawing, 
followed by machining to a 15 mm radius, and polish-
ing to a roughness of Ra = 0.01 ± 0.005 μm for CoCrMo, 
and Ra = 0.04 ± 0.01 μm for Ti6Al4V as the conventional 
machining for joint implants allowed for the used materi-
als. The finishing process followed the certified method, 
which showed that it was not possible to bring the surface 
roughness of Ti6Al4V alloy closer to the one obtained for 
CoCrMo alloy. The second articulating part was a plate 
made from B270 glass, as one transparent part was nec-
essary for observations using colorimetric interferometry. 
To enhance the observation conditions, the plate was on the 
contact surface coated with the Chromium layer (reflectiv-
ity of 25%). The other side of the plate was covered with 
an antireflective layer. The use of counterpart made from 
glass shows that the observed simulated joint more likely 
corresponds to the metal-on-metal joint implant type, as the 
material characteristics are closer to each other than for the 
metal-on-polymer type. The material characteristics of con-
tact bodies are shown in Table 1.

The presented study used the model SF as the testing 
lubricant. The model SF was synthetically prepared based on 
the samples extracted from patients with arthroplasty [33]. 
The final composition of the model SF was made by diluting 
the required number of constituents in phosphate-buffered 
saline (PBS). The concentration of diluted components, 
respecting the properties of SF for patients after arthroplasty, 
is as follows: albumin (26.3 mg/ml), γ-globulin (8.2 mg/ml), 
hyaluronic acid (0.82 mg/ml), and phospholipids (0.35 mg/
ml).

2.3 � Loading and Kinematic Conditions 
of Experiments

As there is no available ISO standard for testing of small 
joint implants, especially the first MTP joint investigated in 
this study, the loading and kinematic conditions had to be 
determined based on the analytic models or ISO standards 
used for testing of total knee replacement (TKR) [34] or 
total hip replacements (THR) [35]. Durrant et al. [11] pre-
sented a model where the initial metatarsal declination angle 
is 15°, and the terminal declination angle is approximately 
80°; these angles can vary for different subjects. Using a Fig. 1   Scheme of the experimental apparatus

Table 1   Material 
characteristics, loading, and the 
resulting contact area based on 
the Hertz theory

Material Young’s modulus Poisson’s ratio Applied load Contact pressure Calculated 
contact 
area

CoCrMo 241 GPa 0.29 0.5 N 105.5 MPa 0.095 mm
Ti6Al4V 114 GPa 0.34 0.73 N 105.5 MPa 0.115 mm
Glass B270 71 GPa 0.22
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typical radius of total replacements for this joint, the contact 
path was calculated for ~ 12 mm. Nevertheless, the 20 mm 
stroke was used in the experiments due to dead ends occur-
ring in the testing cycle as the measuring of friction and 
observing the contact area requires a sufficiently long stroke 
with stable normal load and speed stabilization. The tested 
speeds were chosen according to the speeds that may appear 
in the 1. MTP joint during the gait cycle based on the sagittal 
plane kinematics presented by Allan et al. [36]. Based on the 
development of the declination angle, the recalculation of 
peripheral speed was made. Considering that the duration 
of the cycle is one second [34, 35] and the typical radius 
of rotation for the 1. MTP joint is about 13 mm [37, 38]; 
the recalculation showed that for the most of the cycle, the 
speed is very low (approx. 1–6 mm/s). The considerable 
speeds occur between 40 and 65% of the cycle, varying from 
7 to 65 mm/s. Two speeds, 20 mm/s and 40 mm/s, were 
selected from this range for the experiments. The expected 
contact pressure is in the 1. MTP joint highly influenced by 
high conformity of the implant´s parts, where both curva-
ture radiuses are 10 mm. This results in contact pressure at 
about 7–8 MPa [12]. When transformed to the experimental 
conditions (pin-on-plate), this contact pressure (~ 7.9 MPa) 
is obtained for the material combination of CoCrMo and 
UHMWPE by applying 0.5 N. In order to maintain the recal-
culated contact force of 0.5 N on the material combination 
used in experiments (CoCrMo on Glass), the resulting con-
tact pressure was 105.5 MPa. To compare the behaviour of 
two tested materials (CoCrMo and Ti6Al4V), the contact 
pressure was unified in this study. The resulting contact 
forces applied on two tested configurations after recalcula-
tion based on the contact Hertz theory are as follows: 0.5 N 
(CoCrMo/Glass) and 0.73 (Ti6Al4V/Glass). The load was 
monitored and controlled during the experiments to ensure 
no more than ± 5% deviation from the desired value.

2.4 � Experimental Setup and Evaluation 
of the Results

The experiments were designed to observe the behaviour of 
lubrication film thickness in short terms. The experiment 
was divided into three parts. After each part, the contact pair 
was unloaded to depict the relief of the joint. Each partial 
experiment consisted of 20 cycles, which gives the number 
of 60 cycles for the whole experiment, composed of two 
unloading stages. Each configuration was tested on three 
different contact pairs to achieve sufficient repeatability. The 
presented results were evaluated from the observation of 
contact in only one direction (marked as “Evaluated area” in 
Fig. 2A). This area is also cropped off the first and last 2 mm 
of the deflection; as in these parts (dead ends) of the cycle, 
the relative speed was not constant and it was not marked 
as relevant to the results. Continuous development of both 

CoF and lubrication film thickness was recorded during the 
experiment (see Fig. 2B, C). For CoF, the whole marked area 
– green oval (see Fig. 2B) is represented in the results by the 
average value for each cycle. While observing the lubrica-
tion film thickness and its development over time, it was 
found out that the thickness was dependent on the observed 
point of the cycle. In light of this finding, three points were 
selected and observed to describe possible inconsistencies 
during the cycle. These points are marked green in Fig. 2C.

3 � Results

3.1 � Analysis of Surface Roughness Before 
the Experiment

A roughness analysis of the samples was carried out to 
define the boundaries of lubrication film thickness, i.e., a 
separation of the contact surfaces with a certain probabil-
ity. A sufficiently close zone adjacent to the contact area 
was selected for this observation. The zone was based on 
the expected size of the calculated contact area, which was 
doubled in cases where the contact area did not appear on 
the expected canopy. The surface roughness distribution 

Fig. 2   Scheme for the evaluation of the results: A relative speeds with 
a marked area of evaluation; B evaluation of CoF; C evaluation of 
lubrication film thickness
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(its irregularities) of both examined alloys was Gaussian. 
Two borders were determined, the first representing a 95% 
probability of separation of contact pairs and the second a 
99% probability. The values were established based on the 
measurements (see Table 2) to 35 nm (CoCrMo) and 110 nm 
(Ti6Al4V) for a probability of 95%, or to 45 nm (CoCrMo), 
and 160 nm (Ti6Al4V) for a probability of 99%. These bor-
ders are represented in the results graphs as red dashed, or 
solid lines.

3.2 � Lubrication Film Thickness

For the lubrication film thickness, the experiments with an 
entrainment speed of 20 mm/s (see Fig. 3) showed similar 
results in case of reaching a sufficiently thick film layer for 
both of the materials, and the separation of contact pairs 
did not occur (except for the first few cycles for 2. PIN 
made from Ti alloy). The measured thickness was generally 
higher for the Ti alloy (e.g. point at 10 mm deflection at 
30th cycle: ~ 15 nm for CoCrMo and ~ 55 nm for Ti6Al4V). 
Nevertheless, due to its worse surface roughness, it was not 
sufficiently high as the thickness did not reach either of the 
shown boundaries (red dashed or solid line).

On the other hand, the experiments with an entrainment 
speed of 40 mm/s showed different results for each material 
(see Fig. 4). While using the CoCrMo alloy, the contact pairs 
were separated for almost the whole experiment (except for 
the first few cycles for 1. PIN). On the contrary, while the 
Ti6Al4V alloy was used, the film thickness showed quite 
similar behaviour as at a lower speed and it did not reach suf-
ficient values to separate the contact pair completely (except 
for the first few cycles for 2. and 3. PIN).

3.3 � Wear Scars after Experiments

The findings regarding the lubrication film thickness of 
tested samples correspond with the roughness measurements 
(wear scar analysis) after experiments, where a combination 
of CoCrMo and glass at 40 mm/s showed no signs of wear. 

Overall, the wear scars on the tested samples differ for each 
material and relative speed applied (see Fig. 5 and Table 3).

The CoCrMo samples are most likely to create a regular 
oval wear area oriented with a longer axis in the direction 
of the movement (Fig. 5A). On the other hand, the Ti6Al4V 
pins did not create such an oval wear area, but these samples 
were characterized by the formation of separated grooves 
that were considerably deeper and also longer in the direc-
tion of the movement (Fig. 5B). Table 3 shows the charac-
teristics of the wear scars for all tested samples. Significant 
differences were observed for Ti alloy pins at 20 mm/s where 
1. PIN showed similar wear scars as Co pins (oval area) and 
2. PIN had no scars at all.

The typical wear scars for each material are illustrated 
more precisely in Fig. 6. The wear mechanism of Ti6Al4V 
and CoCrMo alloys differs, as observed in the images. 
The images of Ti6Al4V show a non-uniform wear pattern 
accompanied by the creation of deeper separate grooves, 
while the wear area of the CoCrMo sample is characterized 
by the creation of regular oval wear areas without irregulari-
ties. The images depict the abrasion for both materials, but 
the release of Ti6Al4V wear particles caused the three-body 
abrasion.

3.4 � Coefficient of Friction

Figure 7 shows the evolution of CoF for all tested configu-
rations. The yellow dots, representing the average value of 
CoF for three samples are in the graphs supplemented with 
standard deviation (SD). All configurations showed a simi-
lar behaviour, with CoF settled down at values around 0.4 
after an initial increase. The rehydration stages after 20 or 
40 cycles (marked with vertical black dashed lines) did not 
significantly affect the behaviour of CoF at the tested speeds 
of 20 mm/s. On the other hand, when the relative speed 
of 40 mm/s was applied, a slight decrease of CoF can be 
seen after the rehydration stages for Ti6Al4V and a much 
greater decrease for CoCrMo. Nevertheless, the decrease 
lasted only one cycle and then the friction returned to the 
expected value. The values of CoF for CoCrMo at 40 mm/s 
(the only configuration that reached the selected boundaries 
for separated contact pairs) were the most inconsistent with 
the highest SD (see Fig. 7D).

The development of friction was supplemented with 
stacked graphs of friction force evolution throughout the 
experiments for each configuration (see Fig. 8).

The friction force values were evaluated using the meth-
odology outlined in Fig. 2A as averages of three repeated 
experiments. Grey stripes indicate the beginning and end of 
each cycle, representing parts of the cycle, where the rela-
tive speed was unstable. Each material displayed a unique 
stacked pattern of the evolution due to the application of 
different loading forces. The development in each cycle 

Table 2   Probability of full film lubrication based on contact pair 
roughness

Material Sample 95% Probability of 
separated contact pairs

99% Probability of 
separated contact 
pairs

CoCrMo PIN 1 30 nm 41 nm
PIN 2 35 nm 47 nm
PIN 3 34 nm 48 nm

Ti6Al4V PIN 1 102 nm 166 nm
PIN 2 113 nm 182 nm
PIN 3 100 nm 128 nm
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Fig. 3   Development of film thickness at 20 mm/s for A CoCrMo and B Ti6Al4V. Interferograms with marked contact areas correspond to 3. PIN 
for each configuration (the inlet zone is on the left side)
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Fig. 4   Development of film thickness at 40 mm/s for A CoCrMo and B Ti6Al4V. Interferograms with marked contact areas correspond to 3. PIN 
(CoCrMo) and 2.PIN (Ti6Al4V) (the inlet zone is on the left side)
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remained quite stable during the entire experiment after 
the initial rise due to the increase in relative speed for all 
configurations except for the Ti6Al4V at 40 mm/s, where 
an additional lower peak occurred at around 5 mm, and the 
upper peak at around 7 mm of displacement.

4 � Discussion General Discussion

The presented study focused on comparing and describ-
ing the tribological behaviour in the contact area of two 
materials suitable for human joint implants, a conventional 
CoCrMo alloy, and a 3D printing-friendly Ti6Al4V alloy. 
The experiments were designed to provide a general over-
view of these two conventionally manufactured materials. 
Three tribological parameters were measured or observed: 
lubrication film thickness, friction coefficient, and wear 

scars on the tested pins. The kinematics and load used in 
the experiments on the reciprocal tribometer with pin-on-
plate configuration [30] were designed based on the litera-
ture [11–13] or ISO standards [34, 35], while the deflection 
in one direction was set at 20 mm. To obtain a frequency of 
0.5 Hz and 1 Hz, the applied entrainment speed was 20 mm/s 
and 40 mm/s, respectively. The load was set to 0.5 N for 
CoCrMo alloy and 0.73 N for Ti6Al4V, as it was recalcu-
lated using the Hertz contact theory based on similar contact 
pressures.

The experiments showed that it is difficult to create a 
sufficiently thick lubrication film layer under the experi-
mental conditions designed, as the height of the lubricant 
did not reach values sufficient to overcome the average 
roughness of the contact pair (see Figs. 3 and 4). This 
is accompanied by the formation of wear scars that are 
undesirable in human joints (see Fig. 5 and Table 3), as 

Fig. 5   Wear scars on A CoCrMo samples, and B Ti6Al4V samples. Graphs represent the profile cuts of PIN 1 of each material with marked bor-
ders (red and green lines), corresponding to surface pictures of wear areas

Table 3   Wear scars on tested samples

* The wear scar of the Pin was similar to the ones in CoCrMo/Glass configuration

Tested condi-
tions

Sample x-axis width y-axis width Central depth Tested condi-
tions

Sample x-axis width y-axis width Central depth

CoCrMo 
Glass
20 mm/s

PIN 1 157 μm 124 μm 86 nm Ti6Al4V
Glass
20 mm/s

PIN 1* 168 μm 123 μm 127 nm
PIN 2 139 μm 120 μm 92 nm PIN 2 Non-visible signs of wear
PIN 3 126 μm 86 μm 81 nm PIN 3 139 μm 87 μm 203 nm

CoCrMo 
Glass
40 mm/s

PIN 1 Non-visible signs of wear Ti6Al4V
Glass
40 mm/s

PIN 1 255 μm 154 μm 583 nm
PIN 2 Non-visible signs of wear PIN 2 196 μm 65 μm 437 nm
PIN 3 Non-visible signs of wear PIN 3 298 μm 131 μm 984 nm
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they are associated with the release of wear particles into 
the human body. The only difference was observed for 
the CoCrMo alloy at 40 mm/s, where the lubrication film 
thickness reached the limit of 95% probability of contact 
separation and also reached the 99% probability in some 

cycles. The formation of a sufficiently thick film layer is 
accompanied by non-visible signs of wear on these pins 
(see Table 3). Throughout all experiments, the lubrica-
tion film thickness in the observed points did not change 
much over time. The film thickness tended to stabilize at 

Fig. 6   Comparison of wear scars for Ti6Al4V and CoCrMo alloy at 20 mm/s

Fig. 7   Development of CoF for Ti6Al4V A 20 mm/s, B 40 mm/s and CoCrMo C 20 mm/s, D 40 mm/s
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different values depending on the configuration: ~ 20 nm 
(CoCrMo), ~ 75 nm (Ti6Al4V) at 20 mm/s; and ~ 55 nm 
(CoCrMo), ~ 65 (Ti6Al4V) at 40 mm/s. As shown in the 
previous average values of film thicknesses, the Ti alloy 
reached overall higher values. These findings are related to 
the study of Ranuša et al. [20], where, in the experiments 
with Ti alloy, there were more adhered proteins in the 
contact area compared to the experiments with Co alloy. 
Therefore, we believe that a higher number of proteins in 
the contact area leads to an increase in lubrication film 
thickness. This statement is also supported by the study 
of Nečas et al. [15], where the development trends of film 
thickness measured by colorimetric interferometry were 
similar to the trends obtained by observing individual con-
stituents in SF by fluorescent microscopy.

The behaviour of lubrication film formation with synovial 
fluid described by Myant et al. [39] showed the formation 
of aggregated proteins in the inlet zone. In the experiments 
performed in this study, the changes in the inlet zone, such 
as the formation of proteins, only occurred under specific 
conditions which appeared randomly. For example, the sec-
ond pin from CoCrMo at 40 mm/s (see Fig. 5), where the 
film thickness increased significantly in the initial cycles 
until stabilizing at a similar value to other samples. After 
10–30 cycles (depending on the observed point), the inlet 
zone disappeared (see Fig. 9), and the observed contact area 
behaved in the same way as in the other configurations. The 
reason, why the inlet zone appeared, was apparently due 
to the denser occurrence of proteins, which, however, were 

moved away over time and the aforementioned stabilization 
occurred.

Although Protein Aggregation Lubrication (PAL) char-
acteristics occurred, it was only under specific conditions 
(mentioned above) or at the beginning and end of the cycles, 
where the relative speed was very low and these values were 
not considered in the evaluation. Based on the observations, 
a higher number of proteins is needed to create character-
istic PAL conditions. Nevertheless, the used model SF was 
prepared on the basis of the extracted samples from patients 
after arthroplasty [33], so the composition of the model SF 
should correspond to the real state of the human joints. Also, 
artificial starvation of the contact due to a lack of lubricant 
should not occur, as the contact pair was completely flooded. 
At the same time, the good flooding was checked during the 
experiments, and, if necessary, lubricant was added to pre-
vent its occurrence. As can be seen from the pictures, while 
a visible inlet zone occurs, the film thickness is much higher 
(see Figs. 2, 4. PIN from CoCrMo). In order to improve the 
lubrication mechanism, an effort should be made to keep as 
many proteins as possible in the contact zone and its sur-
roundings, which will lead to an increase in the overall thick-
ness of the lubrication film.

Nissim et al. [40] created a computational model for 
PAL, which is typical for SF-lubricated contacts with. For 
the evaluation of the computational model, the results from 
Myant et al. [41] were used. The model showed quite a good 
compliance between experimental and simulation data. Fur-
thermore, the model described the differences between PAL 

Fig. 8   Friction force development for Ti6Al4V A 20 mm/s, B 40 mm/s and CoCrMo, C 20 mm/s, D 40 mm/s
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and EHL regimes and showed that the presented model for 
PAL is more in coincidence with experimental data. For 
the presented study, the obtained data do not fully corre-
spond with the described model. The experimental results, 
such as the height of the lubrication film thickness did not 
reach such values as the model presents, but it also did not 
behave as a classic EHL regime. As both this study and the 
described simulation worked with the same contact pairs 
(CoCrMo on glass), it is possible to compare these results. 
For a steady lubrication film thickness, the values are as fol-
lows: 20 nm (EHL model), 140 nm (PAL model), and 40 nm 
(experiments in this study) for relative speed of 20 mm/s, 
and 30 nm (EHL model), 190 nm (PAL model), and 55 nm 
(experiments in this study) for relative speed of 40 mm/s. 
The main differences occur in the formation of aggregated 
proteins in the inlet zone, as the results in this study showed 
that the inlet zone was formed only in a few conditions, 
where the lubrication film thickness was much higher and 
could be comparable with the PAL model. As the conform-
ity of the contact pair could play a major role in the ability 
to form stable inlet zones, this problem could have occurred 
due to the divergence in the radius of the tested or simu-
lated pins. While a pin radius of 15 mm was used in this 
study, the PAL model used a radius of 19 mm. Moreover, 
the commonly used first MTP joint replacements have an 
even higher conformity (as the structure is comparable to 
THR–ball-in-socket), so it may be necessary to bring the 
experimental setup closer to reality to achieve more accurate 
results for this problem.

When trying to put together the knowledge of all the 
parameters measured or observed in this study, certain 
correlations can be found. The main findings were made 
for the CoCrMo configuration at 40 mm/s, which showed 
that it is possible to generate a sufficiently thick lubrication 
film to separate contact pairs, as this configuration did not 
show any wear scars on the tested pins. This fact is accom-
panied by the development of friction (see Fig. 7). This 
configuration showed the most unstable curve (see SD in 
Fig. 6), as well as the lowest values of friction compared to 
the other configurations. Moreover, the unloading phases 
at the 20 and 40 cycles showed a significant momentary 
decrease in CoF. On the other hand, the other configura-
tions did not show such behaviour, and it can be said that 
these material combinations did not show good enough 
results at defined speeds. In order to obtain a good behav-
iour of the Ti alloy, certain adjustments of the contact 
surface have to be made.

In all the tested configurations, the CoF stabilized at 
the value of 0.4 (see Fig. 7). The only observable evolu-
tion occurred at the beginning of the experiments, where 
the CoF increased with sequent cycles. As well as materi-
als, the change of relative speed did not visibly influence 
the CoF. This finding confirms that the contact pressure 
mainly affects the CoF by increasing the load for identical 
contact pairs [21, 22, 42] when the contact is under full-
slip conditions, so that the slide-to-roll ratio does not enter 
this problem as a variable parameter. Although the force 
has changed slightly in the results presented due to different 

Fig. 9   Creation of inlet 
zone (on the right side) with 
protein aggregation (marked 
with black dashed lines) for 
CoCrMo at 40 mm/s: A 5th 
cycle, B 15th cycle, C 25th 
cycle, D 30th cycle



Tribology Letters (2023) 71:125	

1 3

Page 13 of 15  125

material properties (0.5 N and 0.73 N), the contact pressure 
has remained the same.

4.1 � Data Repeatability

The data repeatability in tribological problems using model 
synovial fluid as a lubricant could be more difficult to obtain 
due to its complex composition. To avoid this problem, the 
SF model used was prepared at one time, so the concentra-
tion of each constituent should be similar. Also, the tested 
samples could differ in their geometry or surface roughness. 
Each configuration was tested on three different contact pairs 
in order to obtain a sufficiently large set of results to provide 
sufficient repeatability. As shown in Figs. 3 and 4, the overall 
development of film thickness was similar for the different 
samples. Nevertheless, some differences can be found. For 
example, the lubrication film thickness is highly affected 
at the beginning of the experiment, or after each unloaded 
phase. Figures 3 and 4 show that proteins at different con-
centrations can enter the contact area after the application 
of load, which leads to a significant increase in lubrication 
film thickness (e.g. Pin 2 in CoCrMo at 40 mm/s). Although 
this increase occurs, the lubrication film thickness stabilizes 
after a few cycles at a value similar to other tested samples.

4.2 � Limitations of the Study

The first MTP joint is very complex, and it is not easy to pre-
cisely describe its movement during the gait. Also, no ISO 
standard can be used to define the movement and later to 
compare different designs of experiments. In this study, the 
task was solved in a simplified configuration (pin-on-plate) 
in order to easily characterize the occurring phenomena. The 
kinematics and load were chosen based on the literature or 
tribometer capabilities. However, these input conditions do 
not fully correspond to reality as the conformity of the real 
pair was not considered. Another adjustment from the real 
joint was that the conventional contact pair was changed, as 
one component had to be transparent to enable the use of 
colorimetric interferometry. The glass plate was used as the 
transparent part. This glass plate has quite different mate-
rial properties to those conventionally used in joint replace-
ments. This change may have affected the ability of protein 
to be absorbed onto the contact pairs, as this phenomenon 
was identified as one of the main tribological problems with 
synovial fluid. While the glass was highly hydrophilic, the 
alloys were almost at the boundary between hydrophobic and 
hydrophilic behaviour. The values of the angle of wettability 
(AoW) are summarized in Table 4. Another difference arises 
in the dimensions of the contact area. The estimated con-
tact areas for the configuration with glass are 0.095 mm for 
CoCrMo, respectively, 0.115 mm for Ti6Al4V. These values 
represent approximately 30% of the contact area obtained 

in typical joint materials (CoCrMo and UHMWPE). How-
ever, if we consider the glass to represent a hard contact (as 
mentioned earlier), it would be better to compare the contact 
area with a metal-on-metal total joint replacement, where 
the contact areas will be practically comparable (0.112 mm 
for Ti6Al4V/Ti6Al4V and 0.115 mm for Ti6Al4V/Glass).

5 � Conclusions

The complex friction, lubrication film formation, and wear 
scar analyses were obtained using a pin-on-plate configu-
ration on a universal tribometer with colorimetric interfer-
ometry as the optical observation method. The experiments 
compared two human joint implant materials, conventional 
CoCrMo and Ti6Al4V that might find its use in the future 
for certain benefits (e.g. simplifying the joint geometry, and 
comparable material properties to bone) at two different 
relative speeds. The main conclusions, summed up in bullet 
points, are:

•	 Overall, the Ti alloys produced a thicker lubrication film 
than the Co alloys. Nevertheless, the thickness was not 
sufficient due to its inferior surface quality.

•	 The only tested configuration that created a lubrication 
film layer thick enough to separate the contact pair was 
the combination of CoCrMo with glass at a relative speed 
of 40 mm/s, where the signs of wear also did not occur.

•	 The described PAL, while using the SF model, was found 
only in specific conditions or at low speeds at the dead 
ends of the cycle. While protein aggregation occurred in 
the inlet zone, a thicker lubrication film was formed.

•	 The wear mechanism differs for CoCrMo and Ti6Al4V. 
The Co alloy is more likely to create the regular oval 
wear area. On the other hand, the Ti alloy creates 
bounded grooves that are significantly deeper.

•	 The values of friction were comparable for both tested 
alloys.

To sum up the results and answer the scientific questions 
mentioned in the introduction to this work. Certain differ-
ences were found in the lubrication mechanisms of tested 
alloys. The experiments with Ti6Al4V showed that this alloy 
can create a thicker lubrication film than a Co alloy. Never-
theless, it is necessary to mention the surface quality, or its 

Table 4   The angles of 
wettability for each material

Material Angle of 
wettability

SD

CoCrMo 75.43° 1.65°
Ti6Al4V 78.21° 2.27°
Glass B270 29.08° 3.12°
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roughness. It was not possible to bring the quality of the sur-
faces close enough to each other by using conventional pol-
ishing methods due to the different material characteristics. 
This problem was observed with the Ti alloy where even a 
thicker film was not sufficient enough because the thickness 
of the lubricant did not overcome the average surface rough-
ness, so that the contact pairs were not separated. To avoid 
this problem, it is necessary to improve the surface quality 
of Ti alloy. Two possible ways of achieving this are using 
non-conventional machining/polishing or applying surface 
coatings which in the past have shown a positive influence 
on the contact pair behaviour in various branches of tribol-
ogy. The coating could also benefit the wear mechanism 
by decreasing the number of wear particles or reducing the 
depth of the grooves observed in this study. Another way of 
improving the tested tribological system could be surface 
texturing, which might bring the desired outcome, as it has 
been shown in the past that the textures can increase the 
film thickness.

Based on the findings of this study, it seems that the 
Ti6Al4V alloy may be suitable as a material for small joint 
implants. Nevertheless, it is not possible to use unmodified 
surfaces as the results of this tribological system are insuf-
ficient compared to the conventional CoCrMo alloy in terms 
of achieving a sufficiently thick lubrication film to separate 
the contact pair and thus prevent the undesirable wear of 
joint implants. Future studies should focus on describing the 
lubrication mechanism for additively manufactured Ti6Al4V 
with the aim of improving its behaviour by surface texturing 
and coating.
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