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Abstract: The microstructuring of surfaces is a highly researched field that is aimed at enhancing the
tribological behavior of sliding surfaces such as artificial joints, which are subject to wear. Lubrication
of the joint interface plays a key role in the wear process, although the mechanisms of lubrication are
quite complex. In order to improve the lubrication, the surfaces of the articulating components can be
modified by pulsed femtosecond-laser microstructuring. Through microstructuring, the apparent
dynamic viscosity of the synovial fluid between the artificial joint can be increased due to its
non-Newtonian properties. This may lead to better hydrodynamic lubrication and, therefore, reduced
particle abrasion. Femtosecond laser-induced microstructures were investigated in a modified
rheometer setup featuring a reduced gap size in order to reproduce and measure the interface between
fluid and implant surface more accurately. As a test fluid, a synovial fluid substitute was used.
The study has shown that an increase in the viscosity of the synovial fluid substitute can be achieved
by microstructuring. Compared to a smooth implant surface, the apparent viscosity of the synovial
fluid substitute increased by over 30% when ring-shaped microstructures of 100 µm diameter with an
aspect ratio of 0.66 were implemented.
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1. Introduction

Three-body abrasion can result in aseptic loosening of endoprostheses and subsequently lead to a
shorter life cycle, which represents the most common reason for revision surgeries of hip endoprosthesis.
During a normal life cycle, the articulating surfaces of joint prostheses undergo different lubrication
regimes, whereby mixed and full film lubrication is supported by the synovial fluid (SF). However,
lubricant film in hip-joint replacements can be dysfunctional which can lead to three-body abrasion.
Prosthetic joints usually consist of ultra-smooth bearing surfaces that are prone to abrasion, even
though synovial lining tissue regenerates after implantation and provides sufficient lubricating fluid to
allow the majority of joint replacements to function successfully [1]. The metallic debris and ions can
then lead to an adverse reaction of the body [2]. Severe wear and aseptic loosening caused by wear
particles are the main reasons that result in failure of such implants [3]. One approach to mitigate this
problem is to improve lubrication of the articulating implant surfaces. Partial texturing, for example,
is capable of generating significant load support and reducing friction. Many studies have investigated
the texturing of surfaces in order to reduce friction [4] in technical applications such as bearings [5–7]
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or other mechanical components [7–9]. The same principle can also be applied in the medical field,
which is often subject to frictional load such as in artificial joints.

A study has shown that adding a micro texture to the smooth femoral component of a prosthetic
knee joint reduces friction due to an increase of the lubricant film thickness between the bearing
surfaces of the knee [10].

Research has already been carried out on the effect of different microstructures in endoprosthesis
[11–13]. It is well known that hip joint bearings generally operate in a mixed, elastohydrodynamic
lubrication regime. Therefore, a surface functionalization based on micro-structures may have a positive
effect on the lubrication of hip endoprostheses and improve their wear resistance [13]. Results have
shown that the use of laser-produced micro-pockets leads to a significant improvement in the lubricant
film thickness compared with untreated surfaces [14]. A decrease in wear was also demonstrated on a
metal on metal (MoM) hip endoprostheses with relatively large structures (in the range of millimeters),
but with a limited scope of structure variations [15]. Textured steel surfaces showed a reduced
friction coefficient against ultra-high molecular weight polyethylene (UHMWPE) in a pin-on-disc
setup, regardless of the aspect ratio or the textured area density with dimple textures [16]. The use
of dimple structures has also shown an improvement of tribological properties such as increased
load-carrying capacity (LCC) and a greater electrohydrodynamic film, compared to ultra-smooth
surfaces on CoCr/CoCrMo against UHMWPE [11,12]. Furthermore, it was also shown that wear
decreased after multi-directional shear conditions in pin-on-disc tests of up to 50% (CoCrMo disc,
against an HXPE (highly cross-linked polyethylene) pin). Additionally, electrochemical measurements
outlined that the textured surfaces (dimple design) did not affect the corrosion potential of the
metal-on-polyethylene (MoP) bearing [17]. It can also be added that these textures can act as wear
traps for particles and subsequently improve the life cycle of artificial joints [18–20].

However, investigations were carried out with a Newtonian fluid and are, therefore, not comparable
to in vivo conditions. This study aims to improve the investigations by using a non-Newtonian fluid
in order to depict a more physically accurate model. Since synovial fluid is of limited supply, fluids
with similar properties can be used as a substitute. Extensive research has been carried out to
investigate synovial fluid and to develop synovial fluid substitutes that exhibit the same rheological
properties [21–25]. This study uses a synovial fluid substitute (SFS) that exhibits similar behavior to
healthy human synovial fluid.

Most research has investigated the effect of dimple structures in regard to the measurement of
the friction coefficient and lubricant film thickness or rather the hydrodynamic pressure. However,
microstructures can also have an effect on the viscosity of the synovial fluid, which plays an important
role in the maintenance and adjustment of the lubricant film and, therefore, the performance of the
hydrodynamic lubrication. Classical elastohydrodynamic (EHL) models are used to predict film
thickness and the resulting performance in joint endoprostheses [26]. However, one of the key findings
was that the lubricant film thickness does not obey EHL rules [27]. It was concluded that film thickness
could not be predicted by using the rheology of simple Newtonian fluids in steady state contact
conditions. Instead, interfacial film formation was determined by local rheological changes in the
contact area and is driven by an aggregation of proteins within the contact inlet region [28,29]. Surface
textures, for example, are discontinuities in film thickness that exhibit complex and transient load and
kinematic multi-axis cycles. Despite extensive research, the wear of the bearing surfaces, especially
the metal-metal hip endoprostheses, remains a major problem. Relatively little is known about the
lubrication mechanisms prevailing in artificial joints, which still represents a serious gap.

An investigation on the impact of microstructures on the viscosity of a non-Newtonian lubricating
fluid is carried out. Microstructuring of implant surfaces with a pulsed laser has become more common
in recent years since it shows great promise in creating well-defined microstructures, improving
mechanical properties and wear resistance [12,30] without introducing significant thermal effects [31,32].
Many aspects like laser parameters, structure geometry and texture density need to be considered in
order to find beneficial effects [8]. The discovery of such optimized parameters in regard to improved
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mechanical, tribological and rheological properties is still an ongoing process [7,33,34]. In this study,
the lubrication performance is evaluated by measuring the dynamic shear viscosity of the lubricant with
a parallel plate setup on microstructured specimens and an unstructured reference specimen. However,
since the surface of the specimen does not consist of a smooth surface due to the microstructuring,
the real dynamic viscosity η is not measured. Instead, an apparent dynamic viscosity η’ is introduced
that describes the interaction between the fluid and microstructured surface interface and also considers
the non-linear relationship between shear rate and shear stress of non-Newtonian fluids. A new test
setup was used that is able to determine the rheological properties of the non-Newtonian lubricant
in small gaps. Measuring the viscosity in small gaps has many advantages such as enabling higher
shear rates or the necessity of less test fluid [34]. This also possibly enables a closer investigation of
the effect of microstructures on the non-Newtonian lubricant fluid. In a previous study, it was shown
that the use of various microstructures had an improving effect on the apparent viscosity of a synovial
substitute [33]. The aim of this study is to help to better understand the underlying mechanics of
structural parameters in regard to their viscosity enhancing effect and help evaluate the impact of
microstructured surfaces on the lubrication performance.

2. Materials and Methods

2.1. Specimens

The disks for the laser structuring and the subsequent apparent dynamic viscosity measurements
have a diameter of 25 mm and a height of 6 mm with an average surface roughness of Ra ≤ 0.1 µm
of the initial smooth surface. The material is a medical CoCrMo alloy type Ergiloy 9.9135HL from
the company Zapp Precision Metals GmbH (Ratingen, Germany). Dimensions of the structuring area
on the samples are given in Figure 1, with d as the microstructure’s diameter, t as the microstructure
depth, w for the microstructure distance and a for the microstructure’s width.
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Figure 1. Schematic representation of a microstructured disk sample for the rheological investigations.
An unstructured area was kept in the center of the parallel plate setup where only low shear rates occur.

2.2. Micromachining and Surface Characterization

Microstructuring was carried out with a femtosecond fiber laser of the type TruMicro 5050 Femto
Edition (Trumpf GmbH & Co. KG, Ditzingen, Germany) and a pulse duration of 800 fs. A ring area of
the disks with an outer radius of 12.5 mm and an inner radius of 5 mm was microstructured (see Figure 1)
using a galvo scanner of the type intelliSCAN 14 (Scanlab GmbH, Puchheim, Germany) including a
F-Theta lens with a focal length of 82 mm. To achieve high structure quality with smooth edges and
to avoid burr, a low fluence of 0.95 J/cm2 and a repetition rate of 50 kHz were used. Some process
parameters had to be optimized considering the geometry of the microstructure. Small adjustments
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such as pulse overlap or scanning strategy were, therefore, carried out in order to obtain the best results
for the structuring with negligible thermal influence. For optimized structures, a scanning speed of
200 mm/s and a pulse overlap of about 65% were set. After structuring, the samples were ultrasonically
cleaned in deionized water. The diameter of the microstructured rings are 100 µm with different aspect
ratios leading to a total of nine different microstructures. These microstructures were chosen because
they showed the best results in a previous study with different promising microstructures such as
squared dimples [7] or various net structures [33]. Further details of the implemented microstructures,
depicted in Figure 1, are given in Table 1. The surface structure in regard to depth, lateral distance and
gap width was measured at least three times at a magnification of 10× and 50×, using a laser scanning
microscope (VK-X200, Keyence Corporation, Osaka, Japan).

Table 1. Specifications of the ring-shaped microstructures.

ID Lateral Distance w
(µm)

Gap Width a
(µm)

Gap Depth t
(µm)

Aspect
Ratio (-)

Texture Area
Density (%)

S1 300 15 20 1.33 2.6
S2 200 15 20 1.33 5.9
S3 150 15 20 1.33 10.5
S4 300 15 10 0.66 2.6
S5 200 15 10 0.66 5.9
S6 150 15 10 0.66 10.5
S7 300 15 5 0.33 2.6
S8 200 15 5 0.33 5.9
S9 150 15 5 0.33 10.5
Ref - - - - -

2.3. Rheological Setup and Determination of Viscosity in Thin Gaps

For measuring the viscosity, the rheometer MCR 702 with its software RheoCompass (Version
1.20.493) from the company Anton Paar Germany GmbH (Ostfildern, Germany) was used. In order to
be able to measure the effect of the microstructures, the device-specific gap between the specimens and
the measurement geometry was reduced from 500 µm to 100 µm. The gap reduction was realized by
customizing the rheometer MCR 702 with a test setup so a more precise measurement of the impact of
the microstructures to the fluid can be carried out.

To ensure the parallelism and adjust the alignment of the 100 µm parallel plate test setup,
an adjustable lower stainless-steel plate (alignment adapter) and two ferromagnetic steel plates as
signal amplifiers (Figure 2a) were used. The setup uses three adjustable micro screws and a resonant
inductive sensor for measuring and adjusting the distance between the two steel plates. Before the
small gap is implemented, the zero point is determined by lowering the upper plate until it hits contact
with the lower plate. The same procedure is carried out with the modified setup. After parallelism
was achieved, the steel plates need to be removed and the specimens inserted and fixated in the
corresponding alignment adapter (Figure 2b) and the new zero point is determined. With this setup,
the gap between both plates can be reduced and a high parallelism realized. Figure 2 shows the setup
of the samples with the sensor and the micro screws.

The gap between the plates was measured relatively with the use of an inductive sensor by
building a small resonant circuit. The sensor measures the change of the inductivity. The frequency
changes were quantified with a frequency counter 53131A (Keysight Technologies, Santa Rosa, CA,
USA). By relocating the sensor and adjusting the screws, the same frequency on all locations of the
sensor on the plate could be achieved, meaning that the gap between the plates was equal with a certain
margin of error (±5 µm). Figure 2a shows the adjustment of the gap with the use of the inductive
sensor. A complete revolution of the screw by 360◦ corresponds to a height shift of the plate of 100 µm.
With the precision adjustment screws it is possible to achieve a frequency change of 0.6 MHz with one
complete revolution. The resolution of the frequency counter is high enough to measure small changes
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in the frequency and, therefore, the height of the plate by approx. 5 µm. After the alignment has been
carried out, the sensor is removed and the structured specimen can be inserted into the corresponding
pocket in the alignment adapter and fixated with an Allen screw.Appl. Sci. 2019, 9, x; doi: FOR PEER REVIEW 5 of 12 
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The measurements of the apparent dynamic viscosity were carried out at a room temperature of
20 ◦C and at a constant shear rate of 100 s−1, even though a shear rate dependency of the viscosity
of joint fluid is well known [21,24]. Nonetheless, it was necessary to measure the properties in the
chosen range in order to effectively compare the samples to each other. For validation, the test setup
was used to measure the viscosity of distilled water and consecutively a non-Newtonian fluid. Instead
of using synovial fluid, a substitute fluid exhibiting comparable non-Newtonian behavior was used.
The test fluid was applied with the pipette VITLAB®micropipette (VITLAB GmbH, Grossostheim,
Germany). The non-Newtonian SFS test fluid, in accordance with ISO 14242-1 [35], consists of a fetal
bovine serum from the company Capricorn Scientific GmbH (Ebsdorfergrund, Germany) with a total
protein content of 3.7 g/dL, including an albumin and γ-globulin content of 2.1 g/dL and 136 mg/dL,
respectively. Hyaluronic acid (HA) with a molecular weight of 2 × 106 Da was added with a ratio
of 3 g/L in order to achieve the same range of viscosity as normal synovial fluid [22], which has a
concentration of HA in the range of 2%–3% with a molecular weight of 106–107 Da [36]. The HA was
purchased from the company Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). The viscosity of
the fluids was measured with the rheometer MCR 702 and calculated using the following equations:

η′ =
τcorr

.
γc

and τcorr =
τ

4

(
3 +

dM
d

.
γc

)
(1)

with η’ as the apparent dynamic viscosity, τ as the shear stress, M as the momentum and
.
γc as the

velocity gradient. The shear stresses for non-Newtonian fluids obtained using parallel plates must be
corrected using the widely known Weissenberg–Rabinowitsch correction. However, since this equation
is only used on smooth surfaces, this apparent dynamic viscosity further describes the rheological
behavior of the fluid in the interphase between the fluid and a structured surface.

Nine specimens with different microstructures (see Table 1) as well as an unstructured specimen
for reference were investigated in regard to their effect on the apparent dynamic viscosity of the SFS.
Focus was maintained on the effect of different texture densities and aspect ratios on the rheological
behavior. For validating purposes, distilled water was also measured with the newly designed test
setup. The effect of HA on the SFS was also measured using bovine serum with and without HA.
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The apparent dynamic viscosity on each sample was determined at least three times for statistical
reasons. All data are expressed as means ± standard deviation. A two-factor analysis of variance
(ANOVA) was performed to statistically examine significant differences between the means with a
confidence interval of CI.95. A significance level of *p < 0.05 was considered as statistically significant.
The interrelationship and statistical analyses among the means of aspect ratio and texture area density
consisting of three different variations, were assessed using Excel 2016 (Microsoft, Redmond, WA, USA).

3. Results

Microstructuring of CoCrMo disks was carried out successfully using a femtosecond laser,
as shown in Figure 3a. As seen in Figure 3b,c, optical and profilometric analysis shows well-defined
and sharp structures without any unwanted debris or deformations. Due to the Gaussian beam of the
ultrashort laser pulses, the microstructures show a typical laser-generated groove profile with high
qualities and a minimized burr, resulting in a width of a = 14.9 ± 1.3 µm. The standard deviation of the
ring depth is t = 20 ± 0.9 µm.
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Figure 3. Microstructured CoCrMo sample. (a) Sample with global geometrical dimensions of the
structured area. (b) Microscopic illustration of ring structure with diameter of 150 µm, gap width of
15 µm and depth of 10 µm. (c) Profilometric illustration of ring structure’s well.

The test setup was validated with the use of an unstructured specimen and was proven to be
able to accurately measure the viscosity in small gaps. Results are shown as mean values including
standard deviations. As seen in Figure 4a the reproducibility of the measurements with distilled water
at 20 ◦C was validated with an average dynamic viscosity of H20: η = 1.07 ± 0.08 mPas which conforms
to the values found in literature. Additionally, HA-enriched bovine serum as the SFS was measured on
the reference specimen and the results show an average dynamic viscosity of SFS: η = 35.4 ± 0.7 mPas
at a constant shear rate of 100 s−1, which is well within an acceptable mean variation. Investigating
the impact of the proteins in the SFS, rheological measurements were carried out with and without
HA-enrichment. The average apparent dynamic viscosity of the bovine serum without HA is very low
(BS: η’ = 2.68 ± 0.8 mPas), compared to the HA-enriched bovine serum (SFS: η’ = 39.2 ± 0.7 mPas),
as can be seen in Figure 4b.
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Figure 4. (a) Viscosity measurement of distilled water and hyaluronic acid (HA)-enriched synovial
fluid substitute (SFS) on the unstructured reference specimen; (b) Comparison of the averaged
viscosity measurement results of the synovial fluid substitute with and without HA enrichment on a
microstructured sample (S2).

Rheological results have shown an overall increase in apparent dynamic viscosity of the synovial
substitute with ring-like structures in comparison to a smooth surface, as seen in Figure 5. Differences
in the microstructure such as width and depth resulting in different aspect ratios can be observed to
have an impact as well. The change in aspect ratio leads to an increase in apparent dynamic viscosity
in the range of 10% (S2: η’ = 39.2 ± 1.8 mPas) up to 20% (S9: η’ = 43.9 ± 2.1 mPas), compared to the
smooth reference sample (Ref: η = 35.4 ± 0.7 mPas). The change in texture area density leads to an
increase in the range of 8% (S4: η’ = 38.4 ± 0.9 mPas) up to 30% (S6: η’ = 49.5 ± 0.3 mPas), compared to
the smooth reference sample.
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Figure 5. Overview of the average apparent dynamic viscosity of the synovia fluid substitute on
various ring-like microstructures at 20 ◦C and a constant shear rate of 100 s−1.

4. Discussion

As seen in Figure 4a, the effect of the proteins on the viscosity of the synovial fluid substitute is
quite low and the synovial fluid substitute without HA does not represent the rheological properties of
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normal SF or, in other words, the distinctive rheological behavior of SF is maintained by the hyaluronan
content [21,23]. Therefore, the proteins in the bovine serum play a marginal role on the viscosity,
compared to HA with both fluids showing a thixotropic behavior. This has also been observed in other
studies that investigated the SF behavior of healthy and pathological human joints [24] as well as in
the development of artificial synovial fluids [21,22]. The reason for the initial drop in viscosity is due
to the thixotropic behavior of the SFS. In Figure 4a, the effect is less pronounced because the reference
sample has no microstructure. In Figure 4b, the added microstructures lead to a stronger effect of
the thixotropic behavior as well as the continuous decrease due to the non-Newtonian properties.
Longer measurements result in a continuous decrease of the apparent dynamic viscosity until reaching
approximately the same value as the unstructured reference specimen. This is probably because the
microstructures are being filled with the proteins of the SFS.

Considering that the microstructures have different sizes, it is imperative to investigate and
understand the main impact factors of the structures on the apparent dynamic viscosity, such as
texture area density or aspect ratio. Qiu et al. recommended that the largest minimum lubricant
film thickness in a knee bearing occurs with a texture area density of between 20% and 40% and an
aspect ratio of 0.025 [10,13] The microstructures in this study, however, consist of higher aspect ratios
(0.33–1.33) and lower texture area densities (2%–10%) due to the geometric and space limitations of the
ring structures. Ring-shaped microstructures have an advantage over many other geometries used
in the aforementioned studies, due to their symmetry and, therefore, isotropic nature under friction.
This study has shown that the apparent dynamic viscosity of the test fluid reaches much higher levels,
with ring-shaped microstructures at texture area densities in the range of 2%–20%, than other structures
such as net structures in the same area density range. This can be seen in a previous study where ring
structures show the best results in comparison to various net structures or dimples [33]. The mechanics
behind it are not yet fully understood. However, the symmetrical geometry of the ring structure can be
regarded as a positive attribute and it could have an impact on the formation of a steadier lubricant
film. This is because a reversal in flow direction and change in axis can retard, or even prevent the
buildup of a protective protein surface layer [28]. Since hip endoprostheses are exposed to multi-axial
movements, a symmetrical dimple or rather microstructure is basically favorable. Under a more
thorough investigation in regard to texture area density and aspect ratio, it can be observed that higher
texture densities are beneficial for an increase in apparent dynamic viscosity, as seen in Figure 6a.
Lower aspect ratios have also been shown to have a positive effect on the dynamic viscosity of the
test fluid but not to the extent as the texture area density, as seen in Figure 6b. The highest apparent
dynamic viscosity of η’ = 49.5 ± 0.3 mPas was measured on specimen S6 which has the highest texture
area density of 10.5%. The lowest viscosity on microstructured specimens was measured on the lowest
texture area density of η’ = 38.4 ± 0.9 mPas, which shows that this parameter has a bigger impact,
compared to the aspect ratio, as seen in Figure 6.
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Figure 6. Correlation between texture area density (a) and aspect ratio (b) with the apparent dynamic
viscosity of the non-Newtonian synovia substitute on different microstructures.
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Contrary to this trend, the aspect ratio and the viscosity show only little correlation. In particular,
the aspect ratio of 0.66 resulted in a large deviation between different microstructures. Why this
particular aspect ratio shows such deviations is not yet understood but it could be due to the specific
fluid interaction of the microstructures and the fluid. However, one could still argue that lower
aspect ratios lead to higher viscosities in general. This can be seen in other studies that focused on
the hydrodynamic pressure, coefficient of friction, or the film thickness of microstructures [11,13,37].
However, a direct correlation between film thickness and viscosity of the lubricant has not yet been
determined. Further analysis with such different measurements can bring more insight.

The reason for higher apparent dynamic viscosities at microstructured surfaces in comparison to
a smooth surface is the local change in gap size which results in a change in the shear rate of the fluid.
The microstructures function as wells on surfaces that are a gap enlargement for the flow. The fluid
can flow into the wells, lowering shear rates and increasing viscosity.

A high dynamic viscosity could lead to a better lubrication effect between the articulating joint
surfaces. It is known that the viscosity of the synovial fluid is dependent on the pressure, shear rate
and viscoelasticity of the synovial fluid. Even though the dynamic viscosity of the synovial fluid enters
into the analysis of hydrodynamic, elastohydrodynamic, and elastorheodynamic lubrication, there is
still no direct indication of a relationship between the viscosity and the viscoelastic properties [38].
In the hydrodynamic theory, the viscosity of the lubricant, the geometry, and velocities of the opposing
surfaces are of importance [39]. However, it was concluded that neither the hydrodynamic theory
nor the boundary theory permits an adequate description and explanation of lubrication in synovial
joints [40]. This shows that there is still insufficient data to fully explain the mechanisms of lubrication
in articulating synovial joints. A higher dynamic viscosity, due to added microstructures on the surface,
can have an impact on the Stribeck curve, leading to a possible shift from the mixed lubrication to
the hydrodynamic lubrication region and thus an increase and a more constant maintenance of the
lubricant film thickness [41]. The pressure viscosity coefficient α is used for the calculation of lubricant
film thickness. A study has postulated that whatever fundamental molecular properties govern the
dynamic viscosity also causes proportional change in pressure viscosity coefficient [42].

Another possibility of higher dynamic viscosities at microstructured surfaces is the possible
occurrence of cavitation and the corresponding pressure yields in the wells which could be responsible
for the observed load support [43]. Although, it is unlikely that cavitation occurs at such low fluid
flow velocities, it can therefore be considered improbable of being the likely cause of impacting the
apparent dynamic viscosity in this test setup.

A higher hydrodynamic pressure mitigates the possibility of contact between the surfaces and,
therefore, a reduction in friction. This can also be observed in studies that use hydrodynamic pressure as
a medium for evaluating the reduction of friction [44,45]. An optimum in texture density is dependent
not only by the texture geometry but also by the aspect ratio of the grooves [46]. A variance analysis
with the two factors texture area density and aspect ratio (n = 3) was carried out. The texture area
density of p = 0.003 shows highly statistical significance (significance level * p > 0.05, ** p < 0.005,
*** p < 0.001) while the aspect ratio of p = 0.2 can be considered statistically insignificant.

The measurement of viscosity is a non-destructive and relatively fast process, compared to
tribological tests. This new method can complement tribological tests determining the coefficient
of friction, film thickness, and hydrodynamic pressure. Such tribological tests can be carried out
by creating a Stribeck curve in order to get a deeper understanding about possible correlations.
For example, a textured surface has an overall lower contact area, which may lead to a reduction
of stiction [47]. Furthermore, an analysis of scratch marks or the amount of wear particles that
are generated during such tests can give further insight on the improvement of friction due to
microstructuring [3,18]. However, a study has observed that a structured surface texture may not
be advantageous under fluid film lubrication, since the dimples may sometimes decrease the film
thickness and result in asperity contacts [13].
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This study has established a methodical foundation for investigating the lubricating effect of
microstructures on implant surfaces by measuring the apparent dynamic viscosity and hence its
corresponding lubrication properties. The impact of these microstructures in regard to tribological
properties as well as mechanical properties such as bursting tests or wear resistance needs to be
investigated. Furthermore, it would be of great importance to investigate the behavior of such
microstructured surfaces with metal-on-plastic bearing pairs like CoCrMo-UHMWPE, which are used
more frequently but show lower wear resistance, compared to hard-on-hard bearing pairs [18].

5. Conclusions

A synovial substitute fluid consisting of bovine serum and hyaluronic acid was developed
in order to mimic the fluid properties of healthy human synovial fluid. The measurement of
the apparent dynamic viscosity of the synovia substitute fluid was carried out successfully in a
modified small gap parallel plate setup with specimens containing ring-shaped microstructured
surfaces. The microstructures were created using a pulsed femtosecond laser with well-defined and
sharp contours.

The specimens were rheologically measured with a reduced gap of 100 µm and a constant shear
rate of 100 s−1 at room temperature.

The results of the rheological measurements show that ring-like microstructures have a significantly
increasing effect on the apparent dynamic viscosity of the non-Newtonian synovial substitute fluid.
It is hypothesized that this can improve lubrication and, therefore, lower the wear rate of the implant,
resulting in a longer life cycle.

Microstructuring the surface via femtosecond laser leads to an increase in the measured viscosity
of up to 39.8%. Variations of ring-like microstructures have given an insight into the impact of relevant
parameters such as texture area density and aspect ratio. The highest value in apparent dynamic
viscosity was reached at an aspect ratio of 0.66 and a texture area density of 10.9%.

A possible correlation between the friction coefficient, lubricant film thickness, hydrodynamic
pressure and viscosity needs to be investigated to further understand the impact of microstructures on
the lubrication performance of joint prostheses.
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