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Abstract
The present study investigates the tribological performance of 3D printed Ti6Al4V total hip replacements (THR) compared 
to conventionally produced THRs from CoCrMo and FeNiCr alloys. The objective was to evaluate the suitability of 3D 
printed titanium alloy, with and without DLC coating, for THR rubbing surfaces and to investigate the potential benefits of 
3D printing technology for friction and lubrication. A pendulum hip joint simulator was employed to replicate the swinging 
motion of a hip joint, thereby enabling the measurements of coefficient of friction (COF) and the observation of lubricant 
film formation under realistic conditions between the metal femoral head and acetabular cup. The experiments demonstrated 
that additive manufacturing enables the creation of specific surface topographies that can enhance protein adsorption, but 
also introduce surface imperfections negatively affecting tribological properties. The elevated surface roughness of additively 
manufactured femoral heads did not inevitably result in an increase in COF and was comparable to that of conventionally 
manufactured femoral heads. The additively manufactured Ti6Al4V head without DLC coating also exhibited a more rapid 
increase in lubricant film thickness during dynamic motion. In conclusion, the findings indicate that while 3D printing offers 
promising advancements in implant customization and material properties, its application requires careful consideration of 
surface finishing and coating methods to achieve optimal tribological performance.
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1  Introduction

Total hip arthroplasty (THA) represents a significant 
advancement in surgical techniques, with millions of indi-
viduals reporting enhanced quality of life following the 
procedure. A common indication for total hip replacement 
(THR) is a traumatic hip injury or advanced arthritis of 
the hip. In such cases, the procedure has the potential to 
significantly alleviate pain and restore mobility. Although 
THR has a high survival rate of approximately 77.6% at 
25 years [1], it can occasionally fail at an earlier point 
in time [2], which presents a specific risk for younger 
patients. For patients aged between 50 and 54 years, the 
estimated lifetime risk of THR revision is up to 29% [3]. 
Therefore, research focused on improving the durability of 
THR remains crucial. The longevity of THR is influenced 
by a number of factors, the majority of which relate to 
the implant/bone interaction, as well as the wear of the 
articulating surfaces [4]. When identifying the main cause 
of implant failure, aseptic loosening due to osteolysis is 
often recognised as a primary cause [5]. Loosening results 
from wear particles released from the rubbing surfaces 
during joint articulation, emphasising the critical role of 
biotribology in improving implant durability [6]. The wear 
of articulating surfaces is closely related to the materials 
of rubbing surfaces.

One of the most widely used groups of materials for 
THR rubbing surfaces is metal alloys, including stainless 
steel and CoCrMo. Metal femoral heads or acetabular cups 
are conventionally manufactured by casting and polish-
ing. However, additive manufacturing (AM) of CoCrMo 
or titanium alloys represents a progressive method of 
production, offering numerous potential advantages for 
THR development. An important focus in additively 
manufactured THR research is understanding the changes 
in lubrication, friction, and wear processes in compari-
son with conventionally produced THR, as these factors 
could significantly impact the performance and lifespan 
of the implants. Addressing these challenges through an 
enhanced understanding of lubrication performance is 
essential, as insufficient lubrication leads to increased 
friction and an elevated wear rate, which ultimately deter-
mines the lifespan of implant.

Mavraki and Cann [7] were the first to use optical inter-
ferometry to measure lubricant film thickness, simplifying 
THR conditions into a ball-on-disc setup (steel ball and 
glass disc). They found that the film thickness increased 
with motion speed for bovine serum (BS), whereas a 
synthetic protein solution mimicking synovial fluid (SF) 
showed a more constant film thickness across varying 
speeds. Subsequent research [8] examined the effects of 
pressure and temperature, revealing that film thickness 

rapidly decreased under sliding conditions as proteins 
were wiped away. Fan et al. [9] replaced the stainless-
steel ball with a CoCrMo femoral head to study the effects 
of speed and lubricant composition under sliding condi-
tions. A thin adhered layer formed quickly, with the film 
thickness increasing due to hydrodynamic effects, particu-
larly at lower speeds. Myant et al. [10] adopted the same 
experimental configuration, focusing on the behaviour of 
key SF proteins, such as albumin and γ-globulin. Static-
load experiments showed that γ-globulin formed a more 
substantial adsorbed layer, while albumin created only a 
thin layer unaffected by protein concentration. In dynamic 
tests, both proteins formed agglomerations that periodi-
cally increased the film thickness.

The importance of replicating realistic joint movement 
was later confirmed in studies by Myant et al. [11], who 
found that transitioning from unidirectional to reversal 
motion, better mimicking the joint function caused a sig-
nificant reduction in the lubricant film thickness. The knowl-
edge was summarized in the upcoming study, which pre-
sented multiple aspects of the so-called protein aggregation 
lubrication (PAL) regime, highlighting the main differences 
against classical elastohydrodynamic lubrication (EHL) 
theory [12]. To address the issue of surface conformity and 
contact pressure, Vrbka et al. [13] modified the experimental 
ball-on-disc setup by a concave glass lens. This adjustment 
enabled a more accurate representation of lubricant behav-
iour, showing that conformal contact led to a thicker and 
more stable lubricant film. To further enhance the impor-
tance of contact conformity, the authors later developed a 
pendulum-based simulator that replicated the actual contact 
arrangement of a hip joint, introducing a ball-in-cup con-
figuration suitable for in-situ contact observation [14]. The 
findings confirmed that smaller implants promoted thicker 
lubricant films, and lower clearances significantly improved 
lubrication performance [15].

In later studies, Nečas et al. [16] compared BS with model 
SFs containing albumin, γ-globulin, hyaluronic acid (HA), 
and phospholipids in concentrations mimicking healthy and 
pathological SF. It was revealed that the composition and 
interaction of SF constituents are critical for lubrication, 
with HA playing a vital role in film formation. To further 
investigate the role of individual SF constituents within 
THR lubrication, Nečas et al. [4] developed methodology 
based on fluorescent microscopy to focus on the perfor-
mance of stained albumin and γ-globulin. Their experiments 
revealed that γ-globulin formed a thin, stable layer, while 
albumin contributed to film enhancement. Further research 
explored the differences in lubrication mechanisms in hard-
on-soft and hard-on-hard implant pairs. Various lubricants 
were tested, revealing that γ-globulin, HA, and phospho-
lipids interact to form a thin boundary layer, which allows 
albumin to layer on top [17]. In hard pairs, the lubricant 
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film tended to thin, while using poly(methyl methacrylate) 
(PMMA) cups increased film thickness, aligning with previ-
ous findings on the sensitivity of SF films to contact pres-
sure. Despite having thicker films, soft pairs showed higher 
friction, suggesting that internal friction within the lubricant 
film plays a significant role [18].

Previous research has focused primarily on metal THR 
components. Vrbka et al. [19] compared the lubrication 
behaviour of metal and ceramic femoral heads under bovine 
serum lubrication, examining the influence of speed and 
the slide-to-roll ratio (SRR). Their results indicated that 
metal femoral heads generally formed a thicker lubricant 
film under most conditions. In a subsequent study, Vrbka 
et  al. [20] investigated the COF using a pendulum hip 
joint simulator, analysing the effects of implant material 
and diameter for metal-UHMWPE, ceramic-UHMWPE, 
and ceramic-ceramic pairs. The highest CoF (≈ 0.16) was 
observed for the metal-UHMWPE pair, while ceramic-
UHMWPE showed lower friction (≈ 0.14), with a further 
decrease (≈ 0.13) for large diameter THR. The lowest fric-
tion (0.12) was recorded for the ceramic-ceramic pair, with 
increased diameter also contributing to the reduction in fric-
tion. Another comparison of metal and ceramic THR was 
made by Necas et al. [21]. The highest friction was found in 
the metal–metal contact. For the ceramic-ceramic pair, the 
friction was approximately half that of the metal pair. This 
behaviour was observed regardless of the applied test fluid. 
When the polyethylene disc was used as the counterpart to 
the ceramic ball, the friction was very low, in some cases 
less than 0.05. Generally, the lowest friction was observed 
for the ceramic-polyethylene pair.

AM represents a progressive method of production across 
a wide range of applications, and is also being integrated into 
the manufacturing process of joint implants [22]. Currently, 
3D printing is most commonly utilized in the fabrication of 
prostheses for the reconstruction of bone segments or entire 
bones affected by injury, osteomyelitis-induced defects [22], 
or tumour resection [23]. Moreover, the manufacturing pro-
cess allows for the creation of a structured implant surface, 
which facilitates enhanced bone ingrowth, maturation and 
fixation stability [24].

One of the biocompatible materials suitable for 3D print-
ing is titanium alloy Ti6Al4V. The majority of publications 
on 3D printed Ti6Al4V alloy have primarily focused on 
sections of the joint replacements that do not form rubbing 
surfaces. Nevertheless, a number of studies have initiated 
this research, offering preliminary insights into this field of 
investigation. In a study conducted by Grosse et al. [25], 
a comparison was made between the wear characteristics 
of CoCr and titanium alloys produced through conven-
tional manufacturing (CM) processes. The findings indi-
cated that the titanium alloy exhibited wear levels that were 
up to double those observed in the CoCr alloy. Similarly, 

Odehnal et al. [26] observed comparable results, noting 
that the Ti6Al4V alloy exhibited significantly higher wear 
accompanied by the formation of deep grooves. Moreover, 
the formation of the lubricating film was investigated, and 
it was found that the Ti6Al4V alloy demonstrated infe-
rior lubricating properties in comparison to the CoCrMo 
alloy. Other studies have employed experimental methods 
to compare the properties of AM and CM titanium alloys. 
A comparison of the percentage of α and β phases reveals 
significant discrepancies [27] in the relative proportions of 
these phases. In the case of the CM alloy, the alpha phase 
represents a mere 25% of the total composition, whereas 
in the AM alloy, this proportion rises to 75%. Goyal et al. 
[28] and Bartolomeu et al. [27] conducted experiments in 
ball-on-disk configuration to compare AM and CM titanium 
alloys in contact with an Al₂O₃ ball and simulated body fluid 
(SBF), respectively, with phosphate buffered saline (PBS) 
as a lubricant. The findings showed that, regardless of the 
applied load, a reduction in wear was consistently observed 
for the AM alloy. This is attributed to the presence of harder 
microstructural constituents, which are formed during pro-
duction through the utilization of a high cooling rate. Moreo-
ver, Goyal’s [28] experiments demonstrated a reduction in 
the coefficient of friction (CF) for all forces. In contrast, 
Bartolomeu [27] reported that a notable difference in friction 
was not apparent.

Although it has been demonstrated that the use of AM 
has resulted in enhanced wear characteristics, there is still 
a lack of comprehensive characterization of the tribological 
behavior of the AM titanium alloy in the frictional contact. 
It may therefore be necessary to employ a coating in order 
to optimize the performance of the alloy. Diamond-like car-
bon (DLC) is the most prevalent coating material used for 
articular implants, which offers a crucial benefit of reducing 
the wear rate. However, the DLC coating can also have a 
negative impact on the human body, particularly in terms of 
the delamination [29] that can occur. Consequently, efforts 
have been made to identify an appropriate interlayer [30, 31] 
or finishing operation to be applied to the substrate material 
[32] in order to enhance its behaviour and prevent potential 
issues.

In addition to additively manufactured metal components, 
DLC can also be applied to polymer components. Xie et al. 
[33] deposited a-C:H coating on UHMWPE resulting in 
increased hardness (0.139 GPa compared to 0.010 GPa of 
the UHMWPE substrate), scratch resistance and wear resist-
ance. Improved wear resistance of a-C:H coated UHMWPE 
against Al₂O₃ ball mating surfaces was also reported by 
Puértolas et al. [34], although higher COF was observed 
compared to uncoated UHMWPE. Increased COF due to an 
a-C:H coating on a UHMWPE substrate was also reported 
by Rothammer et al. [35, 36], with the authors attributing 
this behaviour to coatings having higher surface roughness 
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compared to the uncoated substrates. However, the wear of 
UHMWPE was significantly reduced, reaching up to 49% 
reduction against CoCr and 77% reduction against Ti6Al4V. 
In another study, Rothammer et al. [37] investigated the wear 
resistance of ta-C coatings. In sliding experiments using 
metal pin on UHMWPE disc configuration, the disc wear 
rates were reduced by 48% (against CoCr) and 73% (against 
Ti6Al4V) compared to uncoated pairings. Similarly, pin 
wear rates were reduced by a factor of 20 (CoCr) and 116 
(Ti6Al4V).

The lubrication of THR is a complex process, the out-
come of which is influenced by a number of factors. These 
include the material used for the femoral head and acetabular 
cup, implant geometry, surface conformity, SF composition, 
motion dynamics, and so forth. The ongoing research in this 
area is contributing to a refinement of our understanding of 
lubrication processes, which may identify potential areas 
for improvement in future THRs. The advent of additive 
manufacturing technologies gives rise to novel research 
questions, particularly in the context of 3D printing of bio-
compatible materials such as the Ti6Al4V alloy. It prompts 
the inquiry of whether a 3D printed femoral head can serve 
as a rubbing surface for a THR. It is therefore pertinent 
to ask whether the tribological properties of a 3D printed 
Ti6Al4V femoral head are comparable to those of conven-
tionally manufactured THRs made from stainless steel or 
CoCrMo alloys. In addition, it is worth investigating whether 
its tribological behaviour can be improved in any way, for 
example, by applying a coating to the rubbing surfaces. In 
order to respond to these questions, the present study aims to 
conduct a comprehensive tribological assessment of a con-
ventionally produced metal femoral heads and a 3D printed 
Ti6Al4V femoral heads with or without a DLC coating in a 
realistic ball-in-cup configuration. The pendulum hip joint 

simulator, together with the optical interferometry and fluo-
rescent microscopy apparatus, will be utilised to analyse the 
COF and lubricant film formation in the contact between the 
CoCrMo, FeNiCr or Ti6Al4V femoral heads and the ultra-
high-molecular-weight polyethylene (UHMWPE), PMMA 
or glass acetabular cup.

2 � Materials and Methods

2.1 � Experimental Setup

In order to replicate the swinging motion of a hip joint, a 
pendulum hip joint simulator (Fig. 1) was utilized to con-
duct frictional measurements and observations of lubricant 
film formation. The simulator comprises a static frame that 
holds a pot with an acetabular cup fixed with a resin, and a 
movable frame (pendulum). The femoral head is attached 
to the movable frame, which applies a load on the femoral 
head and enables the swinging motion between the femoral 
head and the acetabular cup. The range of swinging motion 
is limited by the simulator design and is ± 16°, which corre-
sponds to the range of flexion–extension motion in a human 
hip. The frequency of the swinging motion is approximately 
0.5 Hz, which is closely comparable to the slow pace of gait 
observed in elderly people.

In order to observe the formation of the lubricant film, 
two distinct optical techniques were utilized. The first 
method, fluorescence microscopy, permits the separation 
and observation of individual constituents of SF (albumin, 
γ-globulin, HA), so their role in lubricant film formation 
can be clarified. The principle of fluorescence phenomena 
involves three stages. Initially, photons are excited by the 
light source and subsequently absorbed by the fluorescent 

Fig. 1   Experimental apparatus
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dye within the tested lubricant. This phase is called excited-
state lifetime, lasts 1–10 ns, while the molecule undergoes 
relaxation. This results in partial energy dissipation, which 
enhances the fluorescence emission. Consequently, the emit-
ted photons have lower energy, causing the emitted radiation 
to have a longer wavelength than the excited radiation. This 
shift allows for the separation of excitation and emission, 
enabling the determination of the fluorescence yield.

For fluorescence measurements, the pendulum simulator 
was enhanced with the incorporation of a bespoke micro-
scope, as illustrated schematically in Fig. 1 (left). The con-
tact area was illuminated by a light-emitting diode, and the 
light passed through a set of optical filters to achieve the 
required wavelength of emitted and excited light. The data 
obtained from the in-situ observations were recorded with 
a high-speed complementary metal-oxide semiconductor 
(CMOS) camera, the Andor Neo 5.5 (Andor, Belfast, UK). 
As a counter surface to the metal femoral heads, a transpar-
ent PMMA acetabular cup was used. PMMA was selected 
for its transparency and to mimic the mechanical properties 
of the UHMWPE acetabular cup, a commonly used mate-
rial in orthopaedics. The functionality of the apparatus had 
already been validated and described in more detail in a 
previous publication by Nečas et al. [17].

To obtain specific information about lubricant film thick-
ness, a fluorescence microscope was replaced with an opti-
cal interferometry apparatus (Fig. 1 (right)). This configura-
tion comprised a high-speed digital camera Phantom v710 
(Vision Research, Wayne, NJ, USA), an optical microscope, 
and a light source. The apparatus has been validated and 
described in detail in previous studies [14, 15]. The PMMA 
acetabular cup was replaced by a BK7 glass cup, which 
was coated with an anti-reflective layer on the bottom and a 
semi-reflective chromium layer on the frictional surface to 
enhance the contrast of interference fringes. The glass cup 
was selected for its transparency and suitability for achieving 
optimal coating adhesion.

2.2 � Materials

Femoral heads, machined in both additive and conventional 
ways, were tested. Conventional methods, namely casting 
and polishing, were employed to produce CoCrMo (ASTM-
F75) and FeNiCr (ISO 5832-1) alloy samples. Ti6Al4V 
(ISO 5832-3) samples, with or without a DLC coating, were 
manufactured using the SLM 3D printing method, followed 
by conventional surface finishing. All femoral heads were 
produced by ProSpon (Kladno, Czechia), certified producer 
of Ti6Al4V 3D printed bone implants and joint replace-
ments. The DLC coating was applied by HVM PLASMA 
(Prague, Czechia) using plasma-assisted chemical vapor 
deposition (type: Cr + W–C:H + DLC, hardness 2 000 HV, 
adhesion HF2). Prior to the experiments, the geometry of all 

femoral heads was evaluated using an optical 3D scanner, 
the ATOS Triple Scan (GOM, Braunschweig, Germany), in 
order to analyse the exact diameter and to identify any devia-
tions from an ideal spherical shape. The nominal diameter 
of the femoral heads was 28 mm, whereas the 3D scanner 
measured a real diameter of a 27.98 mm for all four femoral 
heads. The 3D scans of the femoral heads are presented in 
Fig. 2 (left column).

Additionally, the surface topography of the samples 
was evaluated. The surface roughness (Sa) was determined 
using a Bruker Contour GT-X8 optical profilometer (Bruker, 
Billerica, MA, USA), which employs phase-shifting inter-
ferometry. Each femoral head was measured five times 
on different parts of the surface, with each evaluated area 
set to 0.4 × 0.55 mm. The mean surfaces roughness of the 
femoral heads was as follows (mean ± standard deviation): 
7.19 ± 0.62 nm for CoCrMo, 11.46 ± 2.33 nm for FeNiCr, 
34.21 ± 4.59 nm for Ti6Al4V and 50.10 ± 15.44 nm for 
Ti6Al4V + DLC. Figure 2 (middle and right column) illus-
trates typical greyscale images of the surface and surface 
roughness measurements for each femoral head.

Lastly, the wettability of the femoral heads was character-
ized using the sessile drop technique, whereby the contact 
angle between the femoral head surface and a drop of model 
SF (described subsequently) was measured. The results are 
presented in Fig. 3.

As counter-surfaces to the femoral heads, UHMWPE, 
PMMA, and BK7 glass acetabular cups were used. The 
UHMWPE cup was selected for analysis of friction in real-
istic material combinations, while the PMMA and BK7 cups 
were necessary for in-situ observation of the contact area 
using fluorescence microscopy and optical interferometry. 
As with the femoral heads, the acetabular cups were scanned 
with a 3D scanner to measure the nominal diameter of the 
spherical surface, and an optical profilometer was used to 
analyse surface roughness. The results are presented in 
Table 1.

As a lubricant, model SF was prepared in accordance 
with methodology outlined by Galandaková et al. [38]. PBS 
was used as the basic solution, with the following addi-
tions: bovine serum albumin (BSA, Sigma Aldrich A7030, 
St. Louis, MO, USA), γ-globulin from bovine blood (BSG, 
Sigma Aldrich G5009, St. Louis, MO, USA), hyaluronic 
acid (HySilk, Contipro, Dolní Dobrouč, Czechia) and L-α-
phosphatidylcholine (Sigma Aldrich P3782, St. Louis, MO, 
USA). The concentrations reflected those found in the SF 
of healthy individuals, specifically: albumin 20 mg/ml, 
γ-globulin 3.6 mg/ml, HA 2.5 mg/ml and phospholipids 
0.15 mg/ml. For the purpose of measurements using the 
fluorescent microscope, the individual components of the 
model SF were labelled with fluorescent dyes. Albumin was 
labelled with Rhodamine B isothiocyanate (RBITC, Sigma 
Aldrich 283,924, St. Louis, MO, USA), while γ-globulin 
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Fig. 2   3D scan, surface image and typical surface roughness measurements results for femoral heads made from: a CoCrMo, b FeNiCr, c 
Ti6Al4V, d Ti6Al4V + DLC

Fig. 3   Contact angles for femoral heads measured with model SF: a CoCrMo, b FeNiCr, c Ti6Al4V, d Ti6Al4V + DLC
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and hyaluronic acid were labelled with fluorescein isothio-
cyanate (FITC, Sigma Aldrich F7250, St. Louis, MO, USA).

2.3 � Test Conditions and Results Evaluation

All tests were conducted under fully flooded conditions 
using model SF. The temperature of the contact bodies was 
maintained at 37° throughout the measurements. A load of 
532 N was applied by dead weight on the contact bodies, 
resulting in varying contact pressure values depending on 
the material of the ball and cup. The exact contact pres-
sure values for each material combination were determined 
through the application of Hertzian theory and are presented 
in Table 2.

Firstly, the COF between femoral heads and the UHM-
WPE cup was measured through the implementation of the 
following methodology: the pendulum frame was meticu-
lously deflected by 16° and subsequently released, thereby 

enabling spontaneous damped oscillatory motion to occur. 
The angular velocity of the pendulum arm was monitored 
using an accelerometer. The measurement was repeated 
10 times conclusively without unloading the contact. The 
data were processed using MATLAB software (MathWorks, 
Inc., CA, USA), with the peaks of the angular velocity fitted 
with a linear function as described in a study by Crisco et al. 
[39], and the COF values calculated.

In order to simulate the standing and walking phases 
of the gait cycle, a combined kinematics approach was 
employed for both fluorescence microscopy and optical 
interferometry (Fig. 4). The initial phase entailed the cyclic 
loading and unloading of the static contact. A total of ten 
cycles were performed, comprising a ten-second loaded 
phase and a twenty-second unloaded phase. Subsequently, 
a 60-s relaxation period was conducted under loaded condi-
tions. In the second phase, the pendulum arm was deflected 
by 16◦ and released to initiate spontaneous damped oscilla-
tion, as was done during the frictional measurements. The 
third phase comprised maintaining the contact under static 
loaded conditions for a further 300 s, allowing for the obser-
vation of the relaxation of the lubricant film.

The film thickness values were evaluated from the opti-
cal interferometry images and videos, while the fluores-
cent intensity values were measured from the fluorescence 
microscopy videos and images. Fluorescent intensity values 
were normalized in order to account for variations in the 
initial settings of the light source, microscope filters and 
used fluorescent markers, which can influence the initial 

Table 1   Characteristics of 
acetabular cups

Material Experiment Diameter (mm) Diametric clear-
ance (µm)

Surface roughness
(Sa) [nm]

UHMPWE COF measurement 28.22 240 2709 ± 140
PMMA In-situ observation by 

fluorescent micros-
copy

28.11 130 15.6 ± 0.44

BK7 glass In-situ observation by 
optical interferometry

28.05 70 3.6 ± 0.09

Table 2   Values of contact pressures

Material BK7 glass cup
contact pres-
sure (MPa)

PMMA cup
contact pres-
sure (MPa)

UHMPE 
cup
contact pres-
sure (MPa)

CoCrMo 24.1 5.1 2.4
FeNiCr – 5.1 2.4
Ti6Al4V 21.1 5.1 2.4
Ti6Al4V + DLC – 5.1 2.4

Fig. 4   Kinematic conditions of 
the tests



	 Tribology Letters           (2025) 73:68    68   Page 8 of 18

fluorescent intensity. In order to ensure comparability across 
experiments, the initial fluorescent intensity was set to 1 000 
by dividing the starting value by a constant, after which all 
subsequent data from the experiment were divided by this 
constant. This normalization method has been previously 
used and validated in our earlier study [17].

3 � Results

3.1 � Friction

Figure 5 shows the results of the COF measurements per-
formed between the four investigated femoral heads and the 
UHMWPE acetabular cup. The COF values reported for 
three of the four tested femoral heads (CoCrMo, FeNiCr 
and Ti6Al4V) were found to be highly similar. No discern-
ible trend was identified in the COF measurement outcomes 
for CoCrMo and FeNiCr. In contrast, a slight increase in 
COF values from 0.047 to 0.058 was observed for Ti6Al4V 
during the initial five measurements, followed by a period 
of steady-state values during the remainder of the measure-
ment. Furthermore, the CoCrMo and Ti6Al4V exhibited 
identical average COF values following ten consecutive 
measurements, with a value of 0.056. The FeNiCr exhib-
ited the lowest average COF, at 0.048 ± 0.004. Conversely, 
the Ti6Al4V head coated with a DLC layer exhibited COF 
values that were over twice as high as those of the other 
specimens, with an average of 0.137 ± 0.002. The results 
of individual measurements reported an initial increase in 
COF from 0.132 to 0.137, after which the COF values were 
stabilized.

To compare a realistic material combination (metal femo-
ral head and UHMWPE cup) and a hip joint replacement 
model used for in-situ studies of lubricant film formation, 
frictional maseruements between all four metal femoral 
heads and PMMA cup, which was lately used for measure-
ment with fluorescent microscopy, were conducted. The 
results of these measurement are shown in Fig. 6. In com-
parison with UHMWPE, PMMA exhibited a COF value that 
was multiple times higher. The lowest average value of COF 
was observed once more for the FeNiCr, with a value of 
0.214 ± 0.014. The results of the individual measurements 
demonstrated a slight increase in COF from 0.217 to 0.238 
during the initial three measurements, followed by a gradual 
decrease to 0.189 during the remaining measurements. The 
CoCrMo exhibited an average COF value of 0.244 ± 0.011. 
With the exception of the initial measurement, the results of 
the individual measurements exhibited minimal variation, 
with a slight increase from 0.234 to 0.255 observed during 
the final five measurements. In contrast with the findings 
for the UHMWPE cup, the impact of the DLC coating on 
the friction of the 3D printed Ti6Al4V was reversed. The 
3D printed Ti6Al4V femoral head with DLC coating exhib-
ited resutls that were more closely aligned with those of the 
convenionally manufactured specimens (CoCrMo, FeNiCr) 
than the Ti6Al4V head without DLC coating, with an aver-
age COF value of 0.265 ± 0.016. The individual measure-
ments demonstrated a notable decline in COF from 0.299 
to 0.240, during the initial four mesaurements. This was 
follwed by an increase to 0.274 during the remaining meas-
urements. The highest average value of COF was observed 
for the 3D printed Ti6Al4V specimen without DLC coating, 
with an average of 0.354 ± 0.013. The results demonstrated 

Fig. 5   COF between the tested femoral heads and UHMWPE cup: results of individual experiments with each metal femoral head (left), mean 
values and standard deviations for each femoral head material (right)



Tribology Letters           (2025) 73:68 	 Page 9 of 18     68 

a gradual increase from 0.327 to 0.376 in the initial seven 
measurements, followed by a decrase to 0.355 in the remain-
ing measurements.

3.2 � Observation of Individual SF Constituents

The first series of in-situ measurements was focused on the 
role of individual SF constituents in lubricant film forma-
tion. A fluorescence microscope was attached to the pen-
dulum hip joint simulator and albumin, γ-globulin and HA 
were sequentially labelled with a fluorescent dye. Fig. 7 
shows the results of the measurements with SF containing 
fluorescently labelled albumin, with the fluorescent intensity 
(dimensionless film thickness) as a function of time. During 
the first phase of the experiment, which consisted of cyclic 
loading and unloading of the static contact, the fluorescent 
intensity increased for all four femoral heads, caused by the 
formation of a boundary adsorbed film composed of albu-
min, as can be seen from the images of the contact area 
taken during the experiments. The initial fluorescent inten-
sity value has been normalized and is therefore the same 
for all femoral heads. The steepest increase in fluorescent 
intensity during static loading was reported for Ti6Al4V 
and the least steep increase was reported for Ti6Al4V with 
DLC coating. The fluorescent intensity values for individual 
femoral heads at the end of static loading were as follows: 
1639 for Ti6Al4V, 1587 for FeNiCr, 1412 for CoCrMo and 
1233 for Ti6Al4V + DLC.

Involvement of the swinging motion resulted in an 
increase in albumin fluorescent intensity except for CoCrMo, 
which may have been caused by the damage to the adsorbed 
protein layer during extension of the pendulum frame. 

Individual femoral heads then showed different trends in 
fluorescent intensity during the pendulum swinging motion. 
Overall, the lowest fluorescent intensity was reported for 
CoCrMo, while fluorescent intensity gradually increased 
during the first half of the measurement and then stabilized 
for the remainder of the measurement. At the end of swing-
ing motion, the fluorescent intensity for CoCrMo was 1509. 
The second lowest fluorescent intensity values were meas-
ured for Ti6Al4V, while the progression was almost con-
stant, with fluorescent intensity values fluctuating between 
1684 and 1724. FeNiCr showed an initial increase of fluo-
rescent intensity during the first few seconds, followed by 
a slight decrease. At the end of swinging motion, fluores-
cent intensity for FeNiCr was 1808. The swinging motion 
of FeNiCr also lasted the longest, leading to the lowest COF 
between this femoral head and the PMMA acetabular cup. 
The highest values of fluorescent intensity, 2584 at the end, 
were reported for Ti6Al4V, while the data show a large fluc-
tuation, probably caused by protein agglomerates entering 
and leaving the contact area during the swinging motion. 
The final stage of the experiment, focusing on albumin 
boundary layer relaxation, showed a decrease in fluorescent 
intensity for CoCrMo, FeNiCr and Ti6Al4V + DLC femoral 
head and an increase for Ti6Al4V. At the end of the meas-
urement, the fluorescent intensity values were (from highest 
to lowest) – 3101 for Ti6Al4V, 1648 for FeNiCr, 1554 for 
Ti6Al4V + DLC and 1464 for CoCrMo.

The second set of measurements was performed with SF 
containing fluorescently labelled γ-globulin. The results 
in Fig. 8 show that this time FeNiCr achieved the highest 
fluorescent intensity values at the end of the static load-
ing/unloading phase – 1145. As in the case of the albumin 

Fig. 6   COF between the tested femoral heads and PMMA cup: results of individual experiments with each metal femoral head (left), mean val-
ues and standard deviations for each femoral head material (right)
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measurements, FeNiCr was followed by a CoCrMo and 
Ti6Al4V + DLC with fluorescent intensity values of 1077 
and 1040 respectively. Contrary to the result with albumin, 
Ti6Al4V showed the lowest fluorescent intensity value at 
the end of the static loading phase. The fluorescent intensity 
increased initially, but at the end of the static loading it was 
almost the same as at the beginning of the test, indicating 
that γ-globulin was not part of the adsorbed protein layer or 
that no boundary lubricating layer was formed.

During the second phase, when the pendulum was swing-
ing, Ti6Al4V reported the steepest increase in fluorescent 
intensity and at the end of this phase it reported the high-
est value of fluorescent intensity of all the femoral heads 
tested – 1260. Ti6Al4V + DLC showed moreless constant 
values of fluorescent intensity, fluctuating between 1004 
and 1031, as in the case of measurements with fluorescently 
labelled albumin. Both conventionally manufactured femoral 
heads—CoCrMo and FeNiCr—showed a slight decrease in 
fluorescent intensity. The final relaxation part resulted in 
a gradual decrease in fluorescent intensity for all femoral 
heads tested. At the end of the measurement the fluorescent 
intensity was 1179 for Ti6Al4V, 990 for Ti6Al4V + DLC, 
986 for FeNiCr and 934 for CoCrMo.

The final set of in-situ fluorescent microscopy observa-
tions was made with SF containing labelled HA. The results 
in Fig. 9 showed a gradual increase in fluorescent intensity 

for all femoral heads as in the case of albumin. However, this 
time only a slight increase was observed, which was almost 
identical for all femoral heads. At the end of static loading, 
the fluorescent intensity for individual femoral heads was 
between 1038 and 1095, with the highest value measured 
for CoCrMo and the lowest for Ti6Al4V + DLC. During 
the pendulum swinging motion, the fluorescent intensity 
did not change significantly for most samples. CoCrMo and 
Ti6Al4V + DLC showed an almost constant progress with 
quite similar fluorescent intensity values. For CoCrMo, the 
fluorescent intensity fluctuated between 1051 and 1093 and 
for Ti6Al4V + DLC between 1033 and 1092. The only femo-
ral head that showed an increase in HA fluorescent intensity 
during swinging motion was Ti6Al4V. The fluorescent inten-
sity increased from 1093 to 1183. The damped swinging 
motion between the Ti6Al4V femoral head and PMMA cup 
also lasted the shortest time, elicited the highest COF in the 
contact during motion. The longest swinging motion, i.e. 
the lowest COF in contact, was reported for FeNiCr. FeNiCr 
also reported a decrease in HA fluorescent intensity from 
1141 to 1085. The final relaxation phase again resulted in a 
decrease in fluorescent intensity for all femoral heads tested. 
The most significant decrease was observed for Ti6Al4V, 
which reduced the increase in fluorescent intensity during 
the swinging motion and approached the final fluorescent 
intensity value closer to the rest of the femoral heads tested. 

Fig. 7   Time-dependent development of fluorescent intensity for all four tested femoral heads during measurements with SF containing fluores-
cently labelled albumin (top), images of the contact area taken during the experiments (bottom)
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The final fluorescent intensity values were quite close for 
all femoral heads – 1014 for Ti6AL4V + DLC, 1010 for 
Ti6Al4V, 993 for FeNiCr and 963 for CoCrMo.

3.3 � Film Thickness Measurements

In order to obtain information regarding the film thick-
ness between the femoral head and acetabular cup contact, 
the fluorescent microscope was replaced with an optical 
interferometry apparatus (Fig. 1). Additionally, the PMMA 
cup was replaced with a BK7 glass acetabular cup that had 
been coated with an anti-reflex and chromium layer. The 
same measurement methodology, consisting of static load-
ing, dynamic swinging part and lubricant film relaxation 
phase, was applied. In this investigation, only CoCrMo 
femoral head, which is the most commonly used conven-
tionally produced metal femoral head, and the Ti6Al4V 
femoral head, which is representative of the emerging 
generation of 3D printed femoral heads, were tested. The 
results are presented in Fig. 10. As with the observation 
of contact by fluorescent microscopy, the cyclic loading 
and unloading of the static contact resulted in the forma-
tion of an adsorbed boundary layer and a gradual increase 
in the film thickness for both femoral heads. Following 

10 cycles, the film thickness was observed to be 89 nm for 
the Ti6Al4V femoral head. CoCrMo femoral head exhib-
ited film thicknesses of 54 nm. During the swinging phase, 
a notable increase in film thickness was observed in com-
parison to the static loading and unloading cycles for both 
the CoCrMo and Ti6Al4V. However, the evolution of the 
lubricant film thickness for both femoral heads exhibited 
notable differences. While the CoCrMo exhibited a grad-
ual loss of lubricating film thickness during the swing-
ing motion, the Ti6Al4V initially demonstrated a steep 
increase in film thickness, followed by a decrease when the 
motion slowed. Furthermore, the extent of change in thick-
ness was found to vary considerably between these two 
samples. In the case of CoCrMo, the film thickness exhib-
ited a gradual decrease from 138 to 73 nm. In contrast, 
Ti6Al4V initially displayed an increase from 252 nm up 
to 467 nm, followed by a subsequent decrease to 287 nm. 
Furthermore, it can be observed that the movement ceased 
much earlier for Ti6Al4V, at 14 cycles compared to 50 for 
the CoCrMo. This is associated with the elevated COF in 
the contact. In the final phase of the experiment, where the 
adsorbed boundary layer was maintained under static load-
ing, only a slight reduction in film thickness was evident 
for both CoCrMo and Ti6Al4V.

Fig. 8   Time-dependent development of fluorescent intensity for all four tested femoral heads during measurements with SF containing fluores-
cently labelled γ-globulin, images of the contact area taken during the experiments (bottom)
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Fig. 9   Time-dependent development of fluorescent intensity for all four tested femoral heads during measurements with SF containing fluores-
cently labelled HA, images of the contact area taken during the experiments (bottom)

Fig. 10   Time-dependent development of film thickness for CoCrMo and Ti6Al4V femoral heads (top), chromatic interferograms taken during 
the experiments (bottom)
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4 � Discussion

4.1 � General Discussion

The present study offers insight into the frictional behav-
iour and lubricant film formation of 3D printed Ti6Al4V 
THR femoral heads using a pendulum hip joint simula-
tor, which enables measurements in a realistic ball-in-
cup configuration. The results were then compared with 
CM produced femoral head made from CoCrMo alloy 
and FeNiCr stainless steel. The frictional measurements 
comprised 10 repetitions of damped oscillatory motions, 
and in the majority of cases, the data exhibited high lev-
els of reproducibility. The results for the CoCrMo and 
FeNiCr femoral heads were found to be close together 
for both the UHMWPE and PMMA acetabular cups. 
This is primarily attributable to their same diameter of 
27.98 mm, resulting in a same value of diametric clear-
ance [40], comparable surface roughness [20] and wet-
tability [41]. Similarly, Ti6Al4V + DLC exhibited mark-
edly elevated friction caused by higher surface roughness 
and a lower value of contact angle (Fig. 3). The surface 
images of Ti6Al4V + DLC (Fig. 2d) revealed the presence 
of grooves, which were identified as the result of imperfec-
tions in the 3D printing or surface finishing process. These 
grooves (thus textures) have the potential to function as 
reservoirs for lubricants, to offer space for accumulated 
wear debris, to function as micro-hydrodynamic bearings, 
or to reduce the contact area, thereby improving friction 
and wear rate [42]. A number of studies have demonstrated 
the beneficial impact of surface grooves on THR friction 
[43, 44] while some studies [45] have also indicated that 
micro dimples do not significantly impact the friction 
performance of THR resembling the importance of the 
grooves parameters such as shape, size and their distri-
bution on the femoral head surface. The wettability of 
surfaces, as characterized by contact angle measurements 
(Fig. 3), influences the absorption of proteins on contact 
surfaces, which in turn affects friction. Proteins adsorp-
tion is more prevalent on hydrophobic surfaces [46], while 
highly hydrophilic surface of Ti6Al4V + DLC results in 
limited protein adsorption, preventing the formation of a 
boundary protective layer.

In general, the COF values for the PMMA cup were 
higher than those for the UHMWPE. PMMA is an amor-
phous thermoplastic material that is renowned for its per-
fect optical clarity but often reports high COF, and thus 
is frequently reinforced or modified with polytetrafluoro-
ethylene (PTFE) [47, 48] or UHMWPE [49] in order to 
enhance its tribological properties. Conversely, UHMWPE 
is a linear polymer with a high molecular weight char-
acterized by excellent wear resistance, low friction and 

high impact strength [50]. Furthermore, PMMA has higher 
elastic modulus, which results in a smaller contact area 
and higher contact pressure. This, in turn, may hinder the 
entry of proteins into contact area, potentially influencing 
protein adsorption. Furthermore, the disparities in surface 
roughness and diametric clearance between the PMMA 
and UHMWPE cups should be considered. A reduction in 
diametric clearance results in the formation of a thicker 
lubricant film in contact [15]. Additionally, the effect of 
DLC coating on Ti6Al4V friction has been observed to 
differ between PMMA and UHMWPE acetabular cups. 
In the case of UHMWPE, the harder and rougher surface 
of DLC may penetrate deeper into the softer and rougher 
surface of UHMWPE, leading to an adhesion or abrasive 
wear of the cup. In contrast, penetration of DLC coated 
surface into the harder PMMA is less pronounced, and the 
friction of the rougher DLC coated surface is overcome by 
the uncoated Ti6Al4V, which is known to possess insuf-
ficient tribological properties [51].

The behaviour of DLC coatings applied to metal compo-
nents in contact with polyethylene was described in a study 
by Rothammer et al. [30], in which it was demonstrated that 
there was an increase in the coefficient of friction after appli-
cation of DLC compared to tests where a pure alloy was 
used. This is in agreement with the results obtained in this 
study (see Fig. 5), the authors attributed this to the effect 
of the increase in roughness after DLC application, which 
was also observed for the specimens tested in this study. 
In particular, the roughness of the femoral heads increased 
from about 34 to 50 nm after coating by DLC on Ti6Al4V 
substrate. Ranuša et al. [52] conducted a study in which they 
examined samples of cobalt and titanium alloy, produced by 
AM, with the application of DLC coating. Glass was utilised 
as a counterpart for the experiments, which, due to more 
similar properties (such as very low surface roughness and 
higher modulus of elasticity), can be used for PMMA clo-
sures. The results obtained from their study indicated that, 
during the initial phase of the experiment, the COF levels of 
the AM Ti6Al4V + DLC samples were notably lower com-
pared to those of the CoCrMo samples. However, after a 
certain period, a stabilisation was observed, and the friction 
values became almost equal, which is consistent with the 
results (see Fig. 6), where the average COF for CoCrMo is 
0.244 and for Ti6Al4V + DLC is 0.265.

The present study also highlights the role of fluorescence 
microscopy in elucidating the dynamics of lubricant film 
formation in hip replacements. The ability to directly visu-
alize individual SF constituents under near-physiological 
conditions provides critical insights into the adsorption 
and film dynamics on the femoral head surface. The results 
showed that under static loading, the adsorbed albumin layer 
increases with each following cycle (Fig. 7), which is cru-
cial for the formation of a boundary layer protecting the 
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rubbing surfaces [10], enabling further development of the 
lubricant film under dynamic swinging [15]. Concerning 
albumin adsorption, the fluorescent images revealed faster 
initial adsorption onto 3D printed Ti6Al4V. However, the 
effect was diminished when the 3D printed Ti6Al4V was 
further coated by DLC. The explanation is likely in the pro-
tein conformational changes [53] and significant differences 
in surface wettability reported above. In particular, it was 
found that denatured proteins rather adsorb onto hydropho-
bic surfaces [46]. Thus, it is suggested that the native α-helix 
structure of albumin tends to be denatured under static load-
ing, leading to the enhancement of adsorbed film on hydro-
phobic surfaces. The results from the dynamic part of the 
experiment highlight the importance of the initial adsorbed 
film since the dynamic film thickness is the highest for the 
Ti6Al4V head. The up and down fluctuations are attributed 
to the repeated passage of protein clusters through the con-
tact during changing the motion direction [11].

Concerning the second observed protein, γ-globulin, the 
static part of the test revealed different film behaviour. As 
shown in Fig. 8, the adsorbed layer is somewhat stable for 
most heads except for FeNiCr, where the adsorbed layer 
thickness increases. This might be due to the optimal com-
bination of surface wettability and surface roughness prop-
erties. Even though, it must be emphasized that there might 
be a contribution of chemical composition, as the aforemen-
tioned properties do not significantly differ from CoCrMo 
and Ti6AL4V heads. Thus, a spectroscopic analysis might 
better reveal the adsorption mechanisms of γ-globulin, 
motivating future research. The swinging part of the test 
showed that the film is rather constant or slightly decreases 
for CoCrMo, FeNiCr and Ti6Al4V + DLC heads, while an 
increase is observed for Ti6Al4V. Therefore, there is a close 
link to protein form, as γ-globulin is of β-sheet structure in 
a native form [53], and it was also observed before that its 
ability to form a stable lubricating film under motion is a bit 
limited [4, 18].

The last set of fluorescent observations was performed 
with stained HA. In this case, the variance in results was 
the least apparent out of the investigated constituents. 
Under the static test, there is a slight increase in adsorbed 
HA film (Fig. 9); however, it is not as significant as in the 
case of albumin and moreless comparable to the results of 
γ-globulin. Similar behaviour of all the tested heads regard-
ing the formation of HA film is also identified during the 
swinging motion, where the only worth-mentioning differ-
ence may be seen for Ti6Al4V.

To sum up, it should be highlighted that pure Ti6Al4V 
has a very positive impact on lubricant film formation. How-
ever, concerning the expected elevated wear of Ti6Al4V 
under rubbing conditions [54], additional coating with DLC 
seems necessary. Thus, the overall biotribological perfor-
mance is in finding the optimal balance between lubrication 

and associated wear performance. Therefore, long-term 
wear tests are planned as the next step when assessing the 
potential involvement of additively manufactured implants 
in a broader use. While additive manufacturing offers 
unique customization and surface engineering opportuni-
ties, the findings also reveal challenges. The irregularities 
inherent to the process, such as localized asperities, can 
disrupt lubricant film formation, leading to adverse wear 
mechanisms. These challenges emphasize the importance of 
optimizing post-processing techniques to minimize surface 
imperfections.

4.2 � Limitations

The authors realize that the present study lacks several limi-
tations. First of all, it must be emphasized that the experi-
ments were carried out under a static load of 532 N, while 
under various daily activities, the load of the joints differs 
considerably during the cycle. However, it must be noted 
that the pendulum simulator does not allow control of the 
load during operation, as the dead weight causes the vertical 
load. The main benefit of this approach is that it considers 
realistic conformal conditions, which are found to be more 
critical than load variance [14].

Further concern might be related to limited statistical evi-
dence. In this regard, it is worth mentioning that the cups for 
testing are costly, and multiple repetitions of a wide range of 
measurements are simply impossible. However, the authors 
gained significant experience with these tests before [14–18, 
55] and established very strict experimental protocols which 
must be followed to come up with reliable data. When there 
is doubt about the experiment’s progress, sample quality 
or any inconsistency in data evaluation, the experiment is 
excluded from the data set and is repeated with new samples 
under given conditions.

Another limitation might also be identified in the reversed 
arrangement of the hip joint model, where the head is placed 
at the top. However, this is the only option that enables (i) 
friction monitoring due to natural damping of the pendulum 
arm and (ii) simultaneous in-situ contact observation using 
optical methods under fully flooded conditions. If the joint 
arrangement were in a physiological setup (cup on top), the 
whole couple would have to be covered by some sleeve to 
avoid fluid leakage, which would disable contact observa-
tion. It is nevertheless believed that this experimental limita-
tion should not cause significant discrepancies, as the joint 
in the body is encapsulated, and the synovial fluid fills the 
whole joint gap; thus, the contact also operates under a fully 
flooded regime.

Next, the variance in cup materials should be discussed 
briefly. As mentioned above, the present study employed 
UHMWPE, PMMA and glass acetabular cups. The moti-
vation for using three different materials is in the abilities 
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of the applied techniques and the intention to come up 
with reliable, clinically relevant data. UHWMPE is a typi-
cal representative of cups used dominantly in practice; it 
was, therefore, used to assess the frictional performance 
of the tested cups. However, it is not transparent, so direct 
contact imaging is not possible. For that reason, the origi-
nal cup was substituted by PMMA for fluorescence imag-
ing, as PMMA is identified as a soft-matter material with 
mechanical properties close to the UHMWPE with suffi-
cient optical transparency [17, 56]. The optical glass was 
then used due to the limitations of optical interferometry 
described in the below paragraph.

Last but not least, it needs to be highlighted that the 
comprehensive fluorescent observations resulted in a 
qualitative assessment of the lubricant film thickness. 
The literature showed that there is a linear dependence 
between the fluorescent intensity and film thickness; 
therefore, the higher intensity, the proportionally thicker 
lubricating film [57, 58]. Apparently, the authors were 
also quite interested in a quantitative assessment of film 
thickness. For this purpose, optical interferometry was 
previously successfully adopted [14, 18]. The biggest 
limitation is that the counterface must be made from 
glass (or sapphire) and additionally coated with a thin 
chromium layer to enhance interference of fringes and 
allow precise film thickness evaluation. Following previ-
ous experience, the authors performed the film thickness 
measurements, as can be seen in Fig. 10. In contrast to 
the fluorescent measurement, film thickness was ana-
lysed only for the CoCrMo and Ti6Al4V femoral heads. 
In order to reduce the quantity of glass acetabular cups 
required for the experiments, measurements with FeNiCr 
and Ti6Al4V + DLC were not conducted. Especially in 
the case of Ti6Al4V + DLC, it was anticipated that delam-
ination of the chromium layer and scratching of the glass 
surface would occur due to the rough and hard surface 
of the femoral head. It should be noted that the primary 
objective was to undertake an analysis of conventionally 
and additively manufactured femoral heads, which was 
still achieved for CoCrMo and uncoated Ti6Al4V. Nev-
ertheless, some interesting findings are still coming from 
this analysis, specifically in terms of pretty good film for-
mation ability in the case of the Ti6Al4V head, which is 
in good compliance with fluorescent observations. Tita-
nium head formed even thicker films than commercial 
CoCrMo, which was found to be very film-supportive in 
our previous research [15]. The authors conclude that the 
data from optical interferometry have rather a supportive 
character and do not represent the most reliable findings 
of the present study. For better film thickness assessment 
in a quantitative way, another measurement technique 
would have to be adopted.

5 � Conclusions

In conclusion, this study has identified several key findings 
regarding the surface properties, friction, and lubricant 
film formation of additively manufactured THRs from 
Ti6Al4V alloy. A pendulum hip joint simulator, in con-
junction with fluorescent microscopy and optical interfer-
ometry apparatus, was utilized to analyse COF and film 
thickness in a realistic ball-in-cup configuration, while the 
results of 3D printed femoral heads were compared with 
those of conventionally manufactured femoral heads. The 
main conclusions are presented below:

•	 The additively manufactured Ti6Al4V head showed 
better protein adsorption and a faster increase in lubri-
cant film thickness, which could potentially contrib-
ute to a reduction in contact surface wear. However, 
concerning the expected elevated wear of Ti6Al4V, an 
additional surface coating seems to be necessary.

•	 Additive manufacturing enables the creation of surfaces 
with specific imperfection such as uneven surfaces or 
the presence of pores or dents. These imperfections 
can enhance the formation of the lubricant film and, 
subsequently, reduce friction or wear in the THR. Nev-
ertheless, the beneficial impact of these features has not 
been definitively established.

•	 Despite exhibiting higher surface roughness, the fric-
tion of additively manufactured femoral heads was 
found to be comparable to that of conventionally manu-
factured femoral heads.

•	 The application of DLC coating did not result in a 
smoother surface of the femoral head, likely due to 
uneven adhesion and existing surface irregularities. 
The application of DLC coating also resulted in an 
increase in friction and a reduction in protein and HA 
adsorption under certain conditions.

Additive manufacturing, one of the most promising 
and advanced technologies of the past few decades, has 
become a significant part of the orthopaedical implant 
industry, offering undeniable benefits, while also present-
ing specific aspects related to the process. Surface imper-
fections, such as pores or dents, have the potential to affect 
the longevity and performance of the implant. Therefore, 
unintentional as well es intentional surface texturing of 
3D printed femoral heads should be further investigated. 
These surface imperfections, particularly in the case of 
Ti6Al4V alloy, are also associated with a need for better 
surface finishing techniques, which would result in the 
creation of smoother rubbing surfaces. The application 
of DLC coating appears to be a promising method for 
enhancing the wear resistance of Ti6Al4V. However, in 
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our case, the application of DLC coating resulted in an 
increase in surface roughness, higher friction and a wors-
ening of protein adsorption. Therefore, an alternative coat-
ing to improve Ti6Al4V wear should be examined as well. 
Lastly, the tribological properties of titanium alloys could 
be enhanced by the new generations of additively manu-
factured titanium alloys, such as Ti–Nb–Ta–Zr or Ti–Mo, 
Ti–Nb–Zr–Sn, which have been shown to exhibit improved 
biocompatibility and Young’s moduli that are closer to 
those of human bones.
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