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Abstract: Calf serum is defined as a test fluid for in vitro knee wear simulation studies in the ISO
standard. However, protein degradation typically occurs during in vitro wear simulation. The
current study should indicate whether increased loads change the rheological properties of the test
fluid and may, therefore, lead to favorable tribological behavior and reduced wear. Three different
load levels were simulated in a displacement-controlled knee wear simulation study. The gravimetric
wear rates were determined, pressure measurements were performed, and the dynamic viscosity of
the test fluids were analyzed after the simulation of 0.5 x 10° cycles. The lowest load level led to the
lowest wear rate, and the lowest contact pressure and contact area, compared to the medium and
high-load level. Although, the high-load level led to the highest contact pressure and contact area,
the wear rates were comparable to the medium-load level. The rheological measurements revealed
the highest dynamic viscosity for the high-load level and no differences could be found between the
medium and low loading condition. To perform realistic wear simulation studies, the reproduction
of the in vivo interrelationships between the shear forces and wear are necessary.
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1. Introduction

In vitro simulation studies are well suited to evaluate the wear behavior of artificial
knee implants. Using this method, the impact of different implant designs, implant materi-
als, or implant alignments, on the wear behavior can be evaluated using a standardized
approach [1-3]. Patient-specific factors do not influence the results, making wear simulation
a very accurate procedure with low deviations. The boundary conditions for the in vitro
wear simulation of artificial knee joints are summarized in ISO 14243 [4-6]. Herein, calf
serum is defined as a test fluid and acts as a replacement fluid to human synovia. In vitro
wear simulation using calf serum as a test fluid leads to more similar polymeric wear
rates, wear traces, and particles as detected in vivo, than non-protein containing fluids [7].
However, in vivo conditions cannot be completely replicated using calf serum due to dif-
ferences between the calf serum and synovia regarding the protein constituent fraction, the
chemical composition, and especially the rheological properties [8,9]. In addition, there is
no continuous exchange of the test fluid using the in vitro wear simulation, as for synovia
in the patient. Instead, the test fluid remains in the test chamber and will be replaced every
0.5 x 10° gait cycles. A recent knee wear simulation study already showed that the rheologic
properties of the calf serum changes during a test interval of 0.5 x 10° cycles [10]. Thereby,
the unstressed test fluid (0 cycles) shows a shear-thinning behavior and a lower dynamic
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viscosity for high shear rates than the stressed test fluid after 0.5 x 100 cycles, which shows
a near Newtonian behavior. Another knee wear simulation study showed that the wear
behavior is strongly influenced by the replacement intervals, whereby shorter replacement
intervals led to higher wear rates [11]. Reinders et al. found out that lower volumes of test
fluid in the sealed test chambers led to lower wear rates, than higher volumes [12]. This
phenomenon could be attributed to the degradation of the proteins in the calf serum under
loading conditions. The lower the volume of the test serum, the faster the degradation
of the proteins in the test fluid. The degradation of the proteins may then increase the
viscosity of the test fluid, leading to reduced friction and low wear rates. Brandt et al.
found a polypeptide degradation of 30.53 4= 3.96% after one test interval (0.5 x 10° cycles)
during knee wear simulation [13]. Wang et al. analyzed different parameters of the bovine
calf serum and its impact on the wear behavior of polymeric acetabular cups [14]. They
found out that an increased protein concentration and an increased albumin/globulin
ratio leads to reduced polyethylene wear. In addition, insoluble protein precipitates were
visible in the test chambers, reducing the wear rate [14]. Depending on the implant size,
implant design, or simulated weight of the patient, different contact pressures between
the femoral condyles and the insert will occur. Thereby, the question may arise as to
whether the increased contact pressure between the femoral condyle and the polyethylene
insert would also lead to the accelerated degradation of the proteins influencing the wear
behavior. In fact, the pressure dependency of polyethylene is a highly controversial issue.
In a pin-on-plate study using bovine serum as the test fluid, reduced polyethylene wear
was detected by increasing the contact pressure [15]. Saikko found out that the wear rate
increases up to a contact pressure of 3.5 MPa and, for higher contact pressures, a reciprocal
relationship was detected [16]. Contrary to this, O’Brien et al. found an increased wear rate
for the polyethylene inserts by increasing the compression force by a factor of 1.7, using a
knee wear simulator [17]. However, no rheological measurements of the test fluids were
made in these studies.

Therefore, the goal of this study was to investigate the wear behavior of knee im-
plants and the dynamic viscosity of the calf serum used after the application of different
load levels.

2. Materials and Methods

To investigate the research question, wear simulations at different load levels were
performed, followed by a contact pressure analysis between the femoral condyles and the
tibia inserts. Subsequently, the dynamic viscosities of the test fluids after the application of
different load levels were determined using rheological measurements. The tested groups
and the applied methods are explained in the following sections.

2.1. Test Groups

Three different load levels were determined to simulate different patient weights. The
first load level (medium) corresponds to a force curve according to ISO 14243-3, having a
maximum force of 2600 N [6]. The second load level (low) had the same force curve, which
received a compression of 50%, resulting in a maximum force of 1300 N. The third load
level (high) had the same force curve as for the medium-load level, receiving a stretching
of the curve by 150%, which resulted in a maximum force of 3900 N. The minimum forces
and the courses of the curves were equal for the three load levels (see Figure 1).

2.2. Implant System

For each load level, three Attune (DePuy Orthopaedics, Inc.,, Warsaw, IN, USA)
cruciate-retaining femoral components (size 5), three fixed-bearing titanium tibial trays
(size 5), and three crosslinked polyethylene inserts (size 5 and a thickness of 5 mm) blended
with antioxidants, were used. One additional implant system was used as a loaded soak
control. The wear simulations were carried out consecutively, without changing the implant
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components or inserts. This allowed identical implant positioning, relative to the knee
wear simulator, between the three groups.
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Figure 1. Applied load curves for the low, medium, and high loading condition.

2.3. Wear Simulation

Before testing, the polyethylene inserts were soaked until saturation in newborn
calf serum, with a protein content of 20 + 1 g/L and 1.85 g/L sodium azide, as well as
5.85 g/L ethylenediaminetetraacetate as additives. According to the supplier (PAN-Biotech
GmbH, Aidenbach, Germany), the initial newborn calf serum has a total protein content
of 78.95 g/L. The total protein content can be divided into 36.63 g/L albumin, 17.68 g/L
a-globuline, 8.13 g/L B-globuline, and 16.50 g/L y-globuline. This corresponds to an
albumin/globulin ratio of 0.87. The serum was diluted by adding deionized water to
obtain a total protein concentration of 20 + 1 g/L. The same fluid was used for testing. An
adapted displacement-controlled knee wear simulation was performed using an AMTI
knee simulator (KS2-6-1000, Advanced Mechanical Technology Inc., Watertown, MA,
USA), to generate higher wear rates compared to ISO 14243-3 [6]. The flexion—extension,
internal-external rotation, and anterior—posterior translation are summarized in Figure 2.
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Figure 2. Applied kinematics, separated in flexion and extension (Flex/Ex), internal and external
rotation (I/E-Rot), as well as translation in the anterior-posterior direction (A /P-Trans).
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With this approach, equal kinematics were applied for the low, medium, as well as
the high-load level, and sufficiently high wear rates were generated to be able to detect
possible differences between the three groups. The total test duration for each loading
condition was 2.5 x 10 cycles, and gravimetric measurements and an exchange of the test
fluid was performed every 0.5 x 10° cycles.

2.4. Analysis Methods

The analysis methods were separated into gravimetric wear measurements, pressure
measurements, and rheological measurements, which are specified in the following sections.

2.4.1. Gravimetric Wear Measurement

Gravimetric wear measurements were performed after each interval of 0.5 x 10° cycles.
Therefore, the test fluid was extracted, the test chambers were dissembled, and the inserts
were cleaned according to ISO 14243-2 [5]. Thereby, the three test specimens and the control
specimen were repeatedly cleaned in an ultrasonic bath with, and in an ultrasonic bath
without, cleaning detergent and, subsequently, dried in a desiccator. The specimens were
rinsed with nitrogen, in order to avoid electrostatic charging of the polyethylene inserts.
Then, the test specimens and control specimen were soaked in propan-2-ol for 5 min + 15 s
and again rinsed with nitrogen. Afterwards, the specimens were dried in the desiccator
for 30 min before they were weighed using a high precision balance, with a measuring
accuracy of 15 ug (Sartorius Genius ME2355-OCE, Sartorius AG, Gottingen, Germany). The
measurements were performed in a temperature-controlled measuring room (21 £+ 1 °C).
Every specimen was weighed five times in rotation with the other specimens, within a
maximum time period of 90 min. Two calibrated control weights (Zwiebel, Saverne Cedex,
France) were used to identify possible deviations in the measuring system. The gravimetric
measurements were repeated five times for statistical purposes. The weight gain of the
reference insert was added to the weight loss of the test inserts to account for mass increase
due to the soaking processes.

2.4.2. Pressure Measurements

For each load level, the contact pressure and the contact area between the femoral
condyles and the polyethylene insert were determined using a quasi-static approach, using
the I-Scan measurement system with the corresponding sensors (Model 4000, Tekscan,
Inc., Norwood, MA, USA). The sensors were designed for pressure measurements of knee
joints and separated into a medial and lateral sensor matrix. Each sensor matrix has
a height of 33 mm, a width of 27.9 mm, and consists of 572 single measurement units.
The implant system on the first station of the knee simulator was used for the pressure
measurements after the wear simulation. Subsequently, the sensors were placed on the
medial and lateral side of the polyethylene insert and fixed with an adhesive bond. The
sensors were preconditioned at 4000 N for five minutes. Afterwards, a sensor calibration
was performed during an increase and reduction of the force to account for the hysteresis
effects. The stand phase was separated equally into four measuring points. The measuring
point with the highest compression force (1300 N for the low, 2600 N for the medium,
and 3900 N for the high loading condition) was included. Consequently, the kinematics
after 13%, 26%, 39%, and 52% were adjusted, and the low, medium, and high-load levels
were applied successively, which correspond to the four percentages of the gait cycle. The
kinematics and compression forces are shown in Table 1.
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Table 1. Kinematics and compression forces for the low, medium, and high loading condition,
used to investigate the contact pressures and contact areas between the femoral condyles and the

polyethylene insert.
Gait Cycle Flex/Ex I/E-Rot A/P-Trans  Axial Force Axial Force Axial Force
in % in ° in° in mm in N (Low) in N (Medium)  in N (High)
13 15.3 0.1 -1.8 1300.0 2600.0 3900.0
26 11.5 1.7 -2.0 424.0 848.0 1272.0
39 5.00 5.4 -5.3 1052.4 2104.7 3157.2
52 214 7.0 =71 709.5 1419.0 2128.5

For the pressure measurement, the first axial force (low) was applied between the
polyethylene insert and the femoral condyles, and maintained for approximately 10 s. The
contact pressures of each activated pressure measurement unit for the two sensors’ matrices
were saved in a text file. Then, the pressure sensors were completely unloaded. Afterwards,
the next force level was applied (medium), followed by the high-load level. Then, the
next positions for the femoral and tibial components were adjusted and the corresponding
low, medium, and high-load levels were applied. The measurements were performed six
times for statistical purposes. A self-written Matlab program was used to determine the
pressure measurement unit with the highest maximum contact pressure and contact areas,
by multiplying the activated pressure measurement units with the size of the pressure
measurement unit.

2.4.3. Rheological Measurements

For the rheological measurements, the test fluids for the low, medium, and high-load
levels in the interval between 0.5 and 1.0 x 10° cycles were used. In addition, the test
fluid at zero cycles was analyzed as well, which counted as a reference. All the rheological
investigations were carried out at 37 & 0.04 °C, using a Physica MCR 702 rheometer (Anton
Paar GmbH, Graz, Austria) and a double-gap measuring system. Similar to previous
studies, the dynamic viscosity 1 was determined, as a function of the shear rate in the
interval between 10! s~! and 10® s~! ramping up in logarithmic steps [10,18]. Each test
fluid was swished gently, before pouring it into the measuring cup. The test was started
after the temperature was maintained with a deviation of £0.04 °C for 60 s. Previously,
the fluid was rotated for 30 s at a shear rate of 50 s~! and then stopped for 10 s. Using
this technique, sedimentation of the proteins was prevented until the target temperature
was reached. The measuring tools were cleaned with water and isopropyl alcohol before
each measurement. The laminar flow could be ensured, because the Reynolds number of
an identical newborn calf serum with a protein content of 20 g/L was determined in a
previous study [10]. The Reynolds number was between 237 and 261, which is far below
the critical Reynolds number of 1000 and above, where turbulent flows are expected. The
measurements for each group were performed five times with fresh samples.

2.5. Statistics

Regression analyses were performed to determine the wear rates for each loading
condition. The statistical evaluation of the maximum contact pressure and contact area
were carried out descriptively (arithmetic mean and standard deviation). The rheological
properties of the three test fluids after 0.5 x 10° cycles, as well as the reference fluid after
zero cycles, were statistically evaluated at a low shear rate of 10! s~!, a medium shear rate
of 102 571, and a high shear rate of 103 s~!. To compare the wear rates for the three groups
and the rheological behavior of the four groups, ANOVAs for the independent samples
and, if applicable, Bonferroni post hoc analyses were performed.Statistical significance was
based on a two-sided p value < 0.05. All statistical analyses were carried out using SPSS 22
(IBM, Armonk, NY, USA).
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3. Results
3.1. Gravimetric Wear Rates

The gravimetric results for the low, medium, and high-load levels are shown in
Figure 3.

gravimetric wear in mg
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4.36 + 0.28 mg/108 cycles
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3.19 + 0.13 mg/10° cycles
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Figure 3. Wear rates for the low, medium, and high-load levels.

3.2. Comparison of the Pressure Measurements

The low loading condition led to a significantly lower wear rate (3.19 & 0.13 mg/Mio.
cycles), compared to the medium (4.36 £ 0.28 mg/Mio. cycles) and high (4.01 £ 0.22 mg/Mio.
cycles) loading conditions (p < 0.03). The medium loading condition showed a slightly
higher wear rate than the high loading condition without any significant differences
(p =0.48).

The contact pressure, as well as the contact area, between the medial and lateral
condyle and the polyethylene insert are shown in Figure 4 for the three loading conditions.
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Figure 4. Contact pressure and contact area for the low, medium, and high loading condition between

the medial, as well as lateral, condyle and the polyethylene insert.
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As expected, the contact pressure and the contact area were the highest for the high
loading condition, followed by the medium loading condition, and the lowest for the low
loading condition, for all four measuring points during the gait cycle. In general, the contact
pressure between the medial and lateral side was comparable, except for the last measuring
point (52% of the gait cycle), where the medial side showed higher contact pressures for
all three loading conditions. The contact area however, was bigger for the medial side
compared to the lateral side of the implant. The total values (mean and standard deviation)
for the contact pressure and contact area of all groups can be found in the Supplementary
Materials S1.

3.3. Comparison of the Rheological Measurements

In Figure 5, the mean dynamic viscosity curves relative to the shear rates are shown
for the test fluids for the low, medium, and high loading condition. In addition, a mean
reference curve for the unloaded test fluid was added.

101
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dyn. viscosity in mPas

101 102 10°
shear rate in s™

Figure 5. Dynamic viscosity as a function of the shear rate for the low, medium, and high loading
condition, as well as the reference fluid.

It can be seen that the highest loading condition led to the highest dynamic viscosity
throughout the analyzed shear rate interval. Especially for high shear rates (>10% s~ 1), the
gap between the high loading condition and the other two loading conditions increases.
The medium loading condition showed a slightly lower dynamic viscosity than the low
loading condition. However, the gap between the medium and low loading condition
decreases at higher shear rates. Only the reference test fluid, which was not used for
wear simulation, showed a shear-thinning behavior. Thereby, a higher dynamic viscosity
can be found for the reference fluid compared to the other three test fluids at low shear
rates. At a shear rate of approximately 50 s~!, the dynamic viscosity of the reference
fluid is lower than the dynamic viscosity of the three other groups. At high shear rates
of approximately 200 s~!, the reference test fluid showed a near Newtonian behavior. In
Figure 6, the dynamic viscosity of the four groups are shown as boxplots.

As seen in Figure 6, the reference fluid shows a higher standard deviation for low
shear rates (<30 s~ 1), compared to the three test fluids, after 0.5 x 10° cycles. The statistical
evaluation was performed for the three shear rates (101 s1 1025 1and 103 s’l) to compare
the four groups at low, medium, and high shear rates. The absolute mean and standard
deviation are shown in Table 2.
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Figure 6. Boxplot graphs for the dynamic viscosity as a function of the shear rate for the low, medium,
and high loading condition, as well as the reference fluid. Outliers are shown by a red star and they
are defined by values that are more than 1.5 times of the interquartile range away from the top or
bottom of a box.

Table 2. Dynamic viscosities (mean =+ standard deviation) for the low, medium, and high loading
conditions, as well as the reference fluid, at the shear rates 10* s, 102 s~1, and 10% s 1.

Shear Rate in s~1 Low Medium High Reference
10! 0.97 £ 0.03 0.93 £ 0.01 0.99 £ 0.04 1.12 +£0.10
102 0.94 £ 0.02 0.92 £0.01 0.95 £ 0.02 0.87 +0.01
103 0.97 £0.01 0.95 £ 0.01 1.03 + 0.02 0.84 £ 0.01

For the shear rate 10" s, the reference showed a significantly higher dynamic viscos-
ity compared to the other three test fluids (p < 0.01). No significant differences were found
between the dynamic viscosity of the low condition and the medium loading condition
(p > 0.99), between the low and high loading condition (p > 0.99), and between the medium
and high loading condition (p = 0.61) at this shear rate. Contrary to the low shear rate,
the medium shear rate of 10° s~ ! revealed a significantly lower dynamic viscosity for the
reference compared to the other three test fluids (p < 0.01). In addition, a significantly
lower dynamic viscosity was found for the medium loading condition compared to the
high loading condition (p = 0.02). No significant differences were found between the low
and the medium loading condition (p = 0.93), as well as between the low and the high
loading condition (p = 0.47). For the shear rate 10% s71, the reference fluid showed again
a significantly lower dynamic viscosity compared to the other three test fluids (p < 0.01),
and the high loading condition showed a significantly higher dynamic viscosity compared
to the medium and low loading conditions (p < 0.01). No significant differences could be
found between the low and the medium loading conditions (p = 0.14).

4. Discussion

In the current study, the relationship between the wear behavior, contact pressure,
and rheological properties of the test fluid used for knee wear simulation studies was
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investigated. It was shown that the wear rate increased from a low (50%) loading condition
to a medium (100%) loading condition. However, no significant differences could be found
between the wear rate for the medium and high (150%) loading condition, and the high
loading condition even tended to a slightly lower wear rate than the medium loading
condition. As expected, the pressure measurements showed the highest contact pressures
and the highest contact areas for the high loading condition, followed by the medium
loading condition, and then followed by the low loading condition. The rheological
measurements revealed the highest dynamic viscosity for the high loading condition
compared to the medium and low loading conditions. Between the medium and low
loading conditions, a slightly higher dynamic viscosity was found for the low loading
condition without any significant differences. The reference fluid showed a clear shear-
thinning behavior for low shear rates, with a higher dynamic viscosity than the three test
fluids, changing to a Newtonian behavior at high shear rates with a lower dynamic viscosity
than the three test fluids. These results show that high shear forces between the femoral
condyles and the polyethylene insert can change the viscosity of the test fluid during the
wear simulation study. The thickening of the test fluid at high shear forces may, thereby,
distort the wear behavior of polyethylene inserts. A thickening of the test fluid during
the test duration has already been observed by Uhler et al. [10]. Wang et al. also found
protein precipitates in the test chambers when performing in vitro wear simulation on hip
implants [14]. In a multidirectional pin-on-plate test at different contact pressures (1 MPa,
4 MPa, and 11 MPa), the wear rate decreased when increasing the contact pressure [15].
Another pin-on-plate study showed increasing wear when increasing the contact pressure
until 3.5 MPa [16]. At higher contact pressures, the wear rate decreases. However, pin-on-
plate tests cannot replicate the complex loads and kinematics found during in vitro knee
wear simulation tests. Brockett et al. compared the wear behavior of a lipped and a flat
polyethylene insert, using a displacement-controlled knee wear simulation test [19]. The flat
insert led to a reduced wear rate, although the contact pressure should be higher compared
to lipped inserts. However, the contact area of the flat insert is much smaller, which is
beneficial for the wear behavior. Schwiesau et al. performed in vitro knee tests comparing
the wear rate of the ISO standard to the wear rate of highly demanding activities [20]. The
wear simulation of the highly demanding activities led to higher wear rates compared
to the ISO standard. However, the wear rate of polyethylene strongly depends on the
kinematics, so the impact of the loading condition cannot be interpreted [21]. Only O’Brien
et al. performed a comparable test, as in this study, comparing the wear rate of knee
implants simulating ISO 14243-3 with a corresponding load curve to the wear rate of an
increased load curve (170%) [17]. The kinematics remained constant and an increased wear
rate was found for the high loading condition. One difference to the current study was
the amount of test fluid. In the current study, 250 mL of serum was used for each implant
chamber. O’Brien et al. used a reservoir with a total volume of 500 mL for each implant
chamber. A previous study by Reinders et al. already showed that a reduced fluid volume
leads to reduced wear behavior, which may be due to the accelerated degradation of the
proteins [12]. In the study by Wang et al. the volume turnover rate had the highest impact
on the wear behavior, which is the volume of the lubricant divided by the test duration [14].
The authors recommended a minimum volume turnover rate of 2.0 mL/h. In the current
study, the volume turnover rate was 1.8 compared to a volume turnover rate of 3.6 by
O’Brien et al. [17]. However, this recommendation was made for hip implants with one
implant design. The acceptable volume turnover rate for knee wear simulation may be
different and depends on the contact pressure, as shown in this study. Unfortunately, in
the study by O’Brien et al., no rheological analyses were performed to compare the test
fluid between the study by O’Brien et al. and the current study. The postulated coherence
between the wear, contact pressure, and rheological properties of the test fluid may lead to
the question, whether calf serum should still be used as a synovia replacement for wear
simulation studies. The study by Galandakova et al. already showed huge differences
between human synovia fluid and bovine calf serum [9]. Bortel et al. published a guide
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to produce a synovia replacement [22]. However, bovine serum albumin was added
to the serum, which will probably be subjected to degradation as well. In addition to
different protein containing fluids, Scholes and Joyce also tried oils as replacement fluids
for synovia [23]. However, the different oils typically led to an unrealistic high surface
roughness of the polyethylene compared to bovine serum. Egg white solutions led to a
similar wear behavior as bovine calf serum, but a rapid protein degradation was obtained
for this fluid as well [23]. If protein-containing test fluids are used, the fluid volume should
be standardized. Thereby, fluid volumes might be specified for different types of implants
and the occurring shear forces to obtain similar results as those obtained in vivo.

Limitations

In the current study, some limitations should be mentioned, which are described in
the following section. For the wear simulation, the same four implant systems including
the polyethylene inserts were used for all three loading conditions. The idea was to avoid
component changes as far as possible, so that the differences in the wear rate could only be
attributed to the load level. Different polyethylene inserts may also have little geometrical
and gravimetrical differences due to the production process. To avoid wear differences in
the run-in phase, 2 x 10° cycles were applied at the load level of 100%, before applying the
2.5 x 10° cycles for each subsequent load level (100%, 50%, and at least 150%). Due to the
linear wear behavior of polyethylene, this approach might have led to the most realistic
results for the comparison of the three load levels. Another limitation is the reduced sample
size (three test implant systems and one reference implant system) for the wear simulation
for each group. However, this is the standard for knee wear simulation studies. The wear
rates were determined using a linear regression from 0.5 to 2.5 x 10° cycles for each load
level. This means that the statistical evaluations of the wear rates were performed using
only three test stations, but at five measurement points, which increases the robustness of
the analyses.

5. Conclusions

It was shown that newborn calf serum changes its rheological properties during knee
wear simulation if high shear forces occur. The increase in dynamic viscosity may be
responsible for the reduction in the wear rate. This thickening of the test fluid during
in vitro wear simulation might lead to different results in vitro compared to in vivo. To
perform realistic wear simulation studies, the reproduction of the in vivo interrelationships
between the shear forces and wear are necessary. A replacement fluid would be desirable
with rheological properties that do not change during the test duration or when applying
different loads. For bovine calf serum, a high-volume turnover rate, specified and stan-
dardized for each type of implant, might lead to more realistic wear results. Furthermore,
the in vivo behavior of the synovia after knee replacement needs to be fully understood, to
evaluate the applicability of the replacement fluid.
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