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CLINICAL APPLICATIONS OF BIOMATERIALS
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Abstract Aseptic implant loosening due to inflammatory
reactions to wear debris is the main reason for the revision of
total knee replacements (TKR). Hence, the decrease in
polyethylene wear particle generation from the articulating
surfaces is aimed at improving implant design and material.
For preclinical testing of new TKR systems standardized wear
tests are required. However, these wear tests do not reproduce
the entire in vivo situation, since the pattern and amount of
wear and subsequent implant failure are underestimated.
Therefore, daily activity, kinematics, implant aging and
position, third-body-wear and surface properties have to be
considered to estimate the wear of implant components
in vivo. Hence, severe test conditions are in demand for a
better reproduction of the in vivo situation of TKR. In the
present article an overview of different experimental wear test
scenarios considering clinically relevant polyethylene wear
situations using severe test conditions is presented.

C. Zietz (X)) - R. Bader

Biomechanics and Implant Technology Research Laboratory,
Department of Orthopaedics, University Medicine Rostock,
Doberaner Str. 142, 18057 Rostock, Germany

e-mail: carmen.zietz@med.uni-rostock.de

J. Reinders - J. P. Kretzer

Laboratory of Biomechanics and Implant Research, Clinic for
Orthopaedics and Trauma Surgery, Heidelberg University
Hospital, Schlierbacher Landstrale 200a, 69118 Heidelberg,
Germany

J. Schwiesau - T. Grupp
Aesculap AG, Research & Development, Am Aesculap-Platz,
78532 Tuttlingen, Germany

A. Paulus - T. Grupp - S. Utzschneider

Department of Orthopaedic Surgery, University Hospital of
Munich (LMU), Campus Grosshadern, Marchioninistr. 15,
81377 Munich, Germany

1 Introduction

For preclinical testing of new total knee replacement
(TKR) systems and material innovations, an adequate
experimental test set-up is required. It should reproduce the
conditions of implant systems in order to simulate the
in vivo wear situation of total joint replacements (TJR).
Therefore, experimental wear testing of TIR systems has
become a successful tool used for the evaluation of dif-
ferent bearing materials. In this context, standardization of
the wear testing parameters is necessary to enable the
comparison of the wear data of different implant systems
and materials [1]. The forces, kinematics and environ-
mental conditions during wear simulation of knee repla-
cement are defined in ISO standard 14243 [2, 3] and should
ensure definite experimental boundary conditions with
identical implantations and patient related influencing
factors (e.g. anatomy, kinematic). The results of the wear
tests are intended to compare different implant designs and
material combinations and are necessary for approval tests
for manufactures.

Wear of the ultra high molecular weight polyethylene
(UHMW-PE) inserts depends on TKR design (e.g. fixed or
mobile bearing), UHMW-PE material (conventional and
cross-linked UHMW-PE), material of the femoral component
(metal, ceramic and coated), knee simulator and test para-
meters. Wear pattern of UHMW-PE after standard wear
testing showed typical wear characteristics (e.g. burnishing,
pitting and scratches), but in a clearly underestimated extent
compared with in vivo wear. There are clinical observations
which describe inadequate reproduction of clinical implant
failure and wear patterns by experimental wear simulation
according to the ISO standards [4-6].

Besides wear testing methods, the kind of bearing mate-
rial of TKR systems clearly affects the amount of wear.
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UHMW-PE articulating against metallic or ceramic femoral
components, plays the primary role in total knee arthroplasty.
Alternative bearings like ceramic-on-ceramic or metal-on-
metal are not available for total knee replacement today. For
long-term survivorship of TKR systems of 90 % after 10 years,
the use of UHMW-PE has become standard and no other
material with such good frictional and adequate mechanical
properties for the total knee joints is available so far.

However, wear of UHMW-PE is one of the main rea-
sons for implant failure [7, 8], limiting longevity. The
in vivo measurement of UHMW-PE wear at the knee is
difficult and no standard procedure is available, therefore,
only retrieved inserts can indicate failure mechanisms.
Typical characteristics of UHMW-PE damage are burn-
ishing (Fig. la), pitting (Fig. 1b), delamination (Fig. 1c),
scratching (Fig. 1d), deformation (creep) (Fig. le) and
embedded debris (Fig. 1f), which are described in several
retrieval studies [5, 9-11], but, as described above, are
difficult to reproduce by means of knee simulator tests.
Hence, some wear simulator tests have been adapted to
more realistic test conditions in order to understand the
in vivo wear mechanisms of UHMW-PE for further
implant material and design improvements.

The present article gives an overview of clinically
relevant conditions for severe test situations adopting to
experimental wear testing using simulators. Hence, current
experimental test set-ups with regard to severe test condi-
tions and wear test data of UHMW-PE inserts are pre-
sented. Various research groups have conducted wear
simulations investigating different severe conditions like
severe kinematics, accelerated aging of polyethylene,
malpositioning of the implant and third-body wear condi-
tions. These studies demonstrated higher amounts of wear
compared with standard wear test conditions.

The present overview of the severe test conditions is
divided into four sections. At the beginning of each section
the clinical situation, regarding the specific severe test
parameter, is demonstrated to point out its relevance to the
UHMW-PE wear. The Sect. 2: Aging of UHMW-PE deals
with the oxidation of UHMW-PE and its influence on wear
propagation. Due to decreased mechanical properties of the
oxidized material, aging generally influences the wear
behaviour of UHMW-PE. Artificial aged samples are often
used in combination with other severe test conditions. The
Sect. 3: Kinematic conditions of wear testing, deals with
different daily life activities, e.g. stair climbing, sitting
down, standing up, overloading or changes and starting and
stopping different movements, as well as different liga-
mentous situations, which are not reproduced by current
test standards. Because of the complexity of kinematic
conditions, we divided the Sect. 3.2: Influence of joint
force and movements pointing out simulator studies with
different loads and movements compared with the standard
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tests; Sect. 3.3: Influence of resting periods considering the
influence of non-uniform wear tests; and Sect. 3.4: Influ-
ence of ligament simulation in knee wear testing regarding
different knee ligament models during wear test. As mal-
positioning of the implants (Sect. 4) often occurrs during
implant surgery, an ideal implant position is hardly
achievable. The implant position in turn has direct influ-
ence on the implant kinematic and the ligament situation
visible on enlarged or unbalanced wear regions on the
UHMW-PE. In this section the malalignment of the im-
plants is emphasized. Third-body wear (Sect. 5) represents
a relevant clinical situation. After total knee arthroplasty
third-body particles like bone cement may be present in the
knee joint and influence the wear of UHMW-PE, by means
of direct abrasion or roughening of the articulating sur-
faces, indirectly influencing wear propagation.

2 Aging of UHMW-PE
2.1 Clinical situation

Delamination and cracking are the most common clinical
failures of conventional tibial UHMW-PE inserts [12]
(Fig. 2a—c), which cannot be reproduced with the ISO
standard wear test (Fig. 2d) [13]. Medel et al. [14] found
that delamination can be directly associated with oxidative
degeneration of the analyzed retrieved UHMW-PE. Due to
oxidation, aging is associated with the loss of mechanical
properties [15, 16] and hence greater wear and failure of the
UHMW-PE [17]. A common method to measure the oxi-
dative degeneration of UHMW-PE, and therefore to deter-
mine the aging process, is to analyze the oxidation index
(OI). The OI for retrieved inserts were detected with up to 5
[18], whereas new inserts only show an OI near zero [15].

2.2 Standard wear test

The ISO standard tests do not stipulate a special age of the test
components. Usually, the test components are taken from
original packaging without exceeding the expiration date, or
manufactured with specific parameters and immediately used
for wear tests.

2.3 Wear tests with accelerated aged UHMW-PE

Aging of the implant components applies particularly to
UHMW-PE. The natural aging process of UHMW-PE
in vivo takes a long time, but techniques have been
developed (e.g. ASTM F2003-02 [19]) to accelerate the
aging process for in vitro investigations. The OI is also
used to determine the oxidation process. However, differ-
ences between natural in vivo and accelerated aging have
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Fig. 1 UHMW-PE wear characteristics, burnishing (a), pitting (b), delamination (c), scratching (d), creeping (e), embedded metal debris (f).

Arrows show the specific wear characteristic

been identified [20]. Kurtz et al. [21] identified large dif-
ferences in the measuring of the OI and recommanded new
OI measurement and accelerating aging standards. Knee
wear simulator studies with accelerated aged tibial
UHMW-PE inserts showed increased OI (0.8 [13], 1.9
[15]), increased wear and that the wear patterns, like
delamination, could be better reproduced [13, 15, 22, 23].
Stoller et al. [22] found wear rates of 14.2 4+ 2.6 mg/lO6
cycles for aged conventional and 4.1 + 1.1 mg/10° cycles
for aged cross-linked UHMW-PE; the wear reduction was
statistically significant. Furthermore, Muratoglu et al. [13]
demonstrated higher resistance against delamination of

aged cross-linked UHMW-PE compared with conven-
tional. Nonetheless, accelerated aging is an appropriate
method to investigate wear behavior of UHMW-PE with
regard to natural in vivo aging and should be considered in
knee wear simulations. With new material innovations
(cross-linked and antioxidant stabilized UHMW-PE),
improved sterilization and storage methods (absence of
oxygen), the oxidation of UHMW-PE can be reduced and
amount of wear as well as delamination decreased con-
secutively [18, 22, 24]. With artificial aged UHMW-PE the
delamination of the UHMW-PE inserts can be reproduced
during wear simulator testing. This demonstrates the
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Fig. 2 Examples of severe worn UHMW-PE retrievals, in vivo duration (a) 12 years, (b) 14 years, (¢) 14 years, (d) standard wear simulator test

5 million load cycles

impact of changed material properties due to oxidation of
the UHMW-PE and an adequate aging of the samples
should be considered for wear simulator tests.

3 Kinematic conditions of wear testing
3.1 Clinical situation

Patients provided with TKR differ in body weight from
normal weight up to obesity, influencing the loads transferring
to the implants. Furthermore, kinematics (flexion, rotation,
anterior posterior movement) of the knee joint differs indi-
vidually, which is proved with fluoroscopy and radio-
stereometry [25, 26]. The activity of patients supplied with a
TKR for everyday living is a sequence of different activities
with regular periods without movement [27]. During these
activities, dynamic motions alternate continuously with static
periods and most of the day is spent in passive periods without
joint motions [27]. Further, patients provided with TKR have
a broad range of individual restraint characteristics [28-33].
However, ligamentous instabilities often occur in a complex
manner, often related to several structures due to degenerative
or traumatic changes [34].

3.2 Influence of joint forces and movements
3.2.1 Standard wear test

Preclinical wear testing of TKR is currently based on
simulation of the axial load, flexion angle and an anterior-
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posterior and internal-external kinematic for level walking
of an idealized average person. This can be done with a
displacement controlled [3] or a load controlled wear
simulator [2], where the kinematics of the latter is based on
the applied loads and implant geometry [35, 36].

3.2.2 Wear tests with changed kinematics

Beyond the ISO standard further load profiles and joint
kinematics have been described [37-39], and different
strategies have been developed to simulate wear propaga-
tion with intensified kinematic conditions to evaluate the
influence of biomechanical variance and to simulate addi-
tional failure mechanisms. Amplification of the data for
level walking, especially in the internal-external and
anterior-posterior direction, increases the amount of cross
shear [40—42]. Barnett et al. [43], Knight et al. [44] and
McEwen et al. [45] investigated an increase of the internal-
external rotation from 42.5° to £5° and the anterior-pos-
terior displacement from 5 mm to 10 mm, resulting in
higher amounts of abrasive wear and enlarged wear regions
on the UHMW-PE inserts.

Higher loads at higher flexion angles were applied
during the simulation of going up and down stairs by
Benson et al. [46]. By integrating stair descent in the
simulator kinematics with a ratio of 1:70 (walking), the
wear rate increased by a factor of 5 [46]. This result was
not confirmed in a later study by Cottrell et al. [47] with
the same ratio of walking and stair ascent. Amplification
of the flexion angle during the stance phase, anterior
posterior and axial load by Bell et al. [35], and internal-
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external torque increase the wear for a mobile bearing
design, but have no significant influence on the wear of a
(CR) design. The influence of an increased axial load,
simulating an obese patient, was investigated by Schaerer
et al. [48] After simulating a patient with a BMI of 45 by
scaling the axial load 1.4 times compared with an average
patient weight, the wear of a cruciate retaining (CR) total
knee design was not significantly affected for conven-
tional and cross-linked UHMW-PE material in a dis-
placement controlled test set up according to ISO
14243-3. Different designs and materials can account for
the difference in the outcome, as well as the differences
in the kinematic input. The influence of material and
design on the wear process was detected by Essner
et al. [49] simulating stair climbing conditions for two
million cycles in a displacement controlled simulator. In
addition to stair ascend and descend, more complex test
scenarios incorporating squatting and chair rising have
been proposed [38, 50-53]. Jennings et al. [54] and
Burton et al. [55] investigated the design influence with a
simulation of condylar lift-off. The condylar lift off was
achieved by introducing an adduction/abduction rotation
torque and was performed every cylce. The lift off lead to
a two- and threefold increase of wear at fixed and mobile
bearing systems, repectively.

Additional topics related to the simulation of the sur-
rounding structures are discussed in Sect. 3.4. All these
different kinematic conditions are intended to simulate the
wear behavior of knee implants in a more realistic way.
One clinically observed failure which is not reproduced
with standard wear test conditions is the structural failure
of the UHMW-PE components. This failure mechanism
termed delamination (see Sect. 2) is a combination of
chemical degradation of the material properties and load
concentration beneath the surface [56]. With a more phy-
siological loading regime and a reduced amount of test
cycles compared with previous test protocols [23, 57-59],
in our study [60] and that of Popoola et al. [S1] delami-
nation (Fig. 3) can be generated when combined with
artificial aging of the UHMW-PE.

The kinematics chosen must be appropriate for the
particular implant being tested. Although a standard pro-
tocol for displacement controlled tests is available [3] the
standardization of kinematics for any kind of implants may
be difficult as, for example, the displacements and rotations
for highly conforming implant designs are expected to be
lower in comparison with flat implant designs. Therefore,
kinematic data should be individually obtained from cal-
culations or from fluoroscopy if the particular implant is
already in clinical use [61]. In force-controlled simulation
[2], translations and rotations will be a function of the
applied forces and torques, the shape of the bearing sur-
faces, as well as frictional forces [61-64].

Fig. 3 Example of delamination at the articulating surface of the
polyethylene insert after severe artificial aging and simulation of
highly demanding daily activities (scaling 1 mm)

3.3 Influence of resting periods
3.3.1 Standard wear test

Knee wear simulator studies are typically carried out
continuously [65-67] without considering resting periods.
This condition, however, does not reflect the versatile daily
activities of a patient.

3.3.2 Wear tests considering different resting periods

In simplified tribological studies, it has been shown that
shear force peaks are generated at motion initiation and
that sticking effects may occur after resting periods [68].
Thus, the implementation of resting periods within the
repetitive articulation in a wear simulator may cause an
increase in wear of the implant. It is therefore important to
know whether and to what extent resting periods may have
an effect on the wear behavior of a TKR as tested in a wear
simulator. Consequently, we have studied the effect of
resting periods on the UHMW-PE wear behavior of TKR in
a wear simulator study [69]. In that study, a continuous
simulation was compared with a condition in which four
active gait cycles were followed by a resting period of one
second. All other conditions were the same in both tests.
The wear rates are shown in Fig. 4.

Despite an increase in friction after motion initiation [68],
resting periods seem to have no increasing effect on the wear
rate of a TKR. This is in agreement with Shorez et al. [70],
reporting on a decreased wear rates in hip wear testing when
implementing resting periods into simulation. There are
several reasons for these seemingly contradictory results.
During a gait cycle several points of inflection in the different
directions of motion occur. For example, when motion
reverses at maximum internal rotation into external rotation,
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Fig. 4 Wear rates of the UHMW-PE during continuous and
implemented resting periods wear tests [69]

the relative velocity becomes zero and may be considered a
resting period regarding rotation. At about 13 % of the gait
cycle during simulation an inversion of all motion directions
occurs, therefore, in each gait cycle resting periods may
already be considered. Other aspects of resting periods which
may have a wear reducing effect are better lubrication due to
a prolonged period with small axial loading and a prolonged
testing period for the same number of cycles which is known
to have a wear reducing effect [71].

3.4 Influence of ligament simulation in knee wear
testing

3.4.1 Standard wear test

Therefore, the ISO standards provides two different liga-
mentous restraint systems for testing, representing clinically
the most commonly seen settings: testing with intact posterior
cruciate ligament for cruciate retaining knee designs and
testing with absence/insufficiency of the posterior cruciate
ligament for coupled designs (posterior stabilized or posterior
substituting designs). In force-controlled simulations, the
motion range has to be restrained in a similar way as it is the
in vivo condition, which is regulated by the soft tissues and
ligaments. Soft tissue and ligament restrain are known to actin
a non-linear manner. Until 2009, the ISO standard for force-
controlled knee wear testing (ISO 14243:2002) was based on a
linear ligament model. The definition of the ligament model
was renewed in 2009 (ISO 14243:2009) [2] to include a
biphasic ligament model and recent studies have confirmed
the impact and relevance of the ligament simulation regarding
PE wear and implant kinematics [72, 73]. However, standar-
dized wear testing does not consider ligamentous instabilities
which may become relevant in clinical practice.
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Fig. 6 Kinematics depending on the test conditions applied

3.4.2 Wear tests with different ligament situation

In a knee wear simulator study, we studied the effect of
different ligament models as regards UHMW-PE wear and
implant kinematics [74]. In this study, a non-linear elastic
ligament model was chosen based on biomechanical studies
[28-33] and compared with a simplified linear-elastic liga-
ment model in accordance with ISO 14243-1:2002. A virtual
soft tissue control system was implemented in order to
simulate different motion restraints. Regarding the resulting
UHMW-PE wear rate, a significant influence of the applied
ligament model has been shown (Fig. 5). Furthermore, the
resulting kinematics was significantly increased under the
application of the non-linear ligament model (Fig. 6). This
study clearly shows that simulation of an appropriate liga-
ment model influences implant kinematics during a wear test
and, subsequently, influences the UHMW-PE wear rate. In a
recent publication [75], we analyzed the wear behavior of a
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high-conforming knee design under stable and unstable
ligamentous conditions. Unstable conditions were related to
cruciate (absence of anterior and posterior cruciate liga-
ments) as well as collateral ligaments (insufficiency of
medial collateral ligament). Under stable conditions only the
anterior cruciate ligament was absent. Wear testing revealed
an increase of 83 % in wear rate, which was related to the
insufficient compensatory stabilization via implant design.
Wear testing should not only consider the most frequent
loading situation but also the most severe condition which
may arise clinically.

In general, the application of more complex ligament
models in order to appropriately simulate the function of
the human knee joint and to evaluate wear behavior of
TKR is recommended.

4 Malpositioning of implant components
4.1 Clinical situation

Several clinical studies have demonstrated inaccurate
intraoperative positioning of total knee implants [76, 77],
and the revision rates of TKR implanted with e.g. varus
malalignment are significantly higher than with the
recommended implant position [78-80]. As a result of
malpositioned implants, the bone stock, the adjacent soft
tissue and the implant components can be overloaded due
to displaced load transfer, and the amount of wear particles
released from the implant components can be increased. A
retrieval investigation of Srivastava et al. [81] determined
a direct correlation between varus-malalignment and wear
of UHMW-PE. Unbalanced worn UHMW-PE inserts
retrieved in case of malpositioning are shown in Fig. 7.

4.2 Standard wear test

For standard wear testing of TKR alignment of the femoral
and tibial components are defined in ISO standard [2, 3].

Fig. 7 Retrievals with unbalanced worn UHMW-PE, a wear region
is characterized by delamination and creep and is displaced only to
the posterior side (arrows); b wear region is characterized by

The axes of axial and anterior-posterior forces and rota-
tions have to be ideal parallel or perpendicular to the re-
spective toward axes, and the axial force axis should be
offset into medial direction, to reproduce the ideal load
transfer and function of the TKR. However, individual
deviations caused by the manual implantation procedure or
anatomic features are not considered and UHMW-PE show
design dependent uniform worn regions.

4.3 Wear tests with malpositioned knee implants

In the case of malaligned total knee implants experimental
testing has demonstrated higher loading of the implant
components, poor implant survival rates and increased
amounts of wear. Concerning increased loads, Werner
et al. [82] investigated the load distribution of varus/valgus
malaligned TKR, and Cheng et al. [83] investigated medial—
lateral and anterior-posterior maltranslation and rotational
mismatch. Both studies found higher loads on the mala-
ligned relevant implant positions, indicating increased wear
of UHMW-PE. Finite element analysis has also confirmed
the higher stresses on malaligned knee components [84]. We
investigated the influence of varus (6°) and internal rotation
(9°) malalignment separately in a wear knee simulator [85].
Malaligned total knee implants showed a significantly
increased wear rate and deviating worn regions on the insert
compared with the normal implant position (Fig. 8) [85].
D’Lima et al. [86] found similar results with varus mala-
lignment using wear simulation; the malaligned group even
induce higher wear rates than the group with higher loads,
axial rotation and anterior-posterior translation. The influ-
ence of tibial slope on UHMW-PE wear was investigated by
Weber et al. [§7] in unicondylar knee replacement; wear
was decreased with higher tibial slope.

The significance of implant position has been demon-
strated by the described simulator tests, with the limitation
that only a single parameter was analyzed. The wear re-
gions on the UHMW-PE differ from the normal positioned
standard tests depending on the malaligned parameter, but

delamination, massive abrasion and a one-sided worn-through of the
UHMW-PE (arrow)
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Fig. 8 Wear rate of the polyethlylene inserts of normal positioned
versus malaligned TKR and the corresponding wear regions [85],
retriecved UHMW-PE of the same implant design used for wear tests
with in vivo duration of 19 month (a), normal implant position (b), 6°
varus malalignment (c), the arrows show the displaced wear region
compared with the normal implant position (d)

in none of the groups tested separately malaligned posi-
tions described retrieval occurring wear pattern and insert
damage. Hermida et al. [17] analysed in a wear simulator
study the influence of varus and rotational malalignment as
well as a displaced mediolateral load distribution at the
same time. Combining all malalignments and using aged
UHMW-PE, delamination and massive wear of the non-
cross-linked inserts could be generated to match more the
retrieval observations. In case of specific anatomical con-
ditions or bone defects, an optimal implant position cannot
always be achieved. Obviously, not all malalignment
conditions can be tested by wear simulation, but the fre-
quently used implant positions, varus/valgus, rotation and
translation should be considered to indicate the influence of
implant design and material on malpositioning. Due to
cross-linking and mobile bearing systems the UHMW-PE
seems to be more resistant against malaligned implant
components than conventional UHMW-PE and fixed
bearing systems, respectively [17, 83].

5 Third-body wear
5.1 Clinical situation
Following several attempts to explain the phenomenon of
early TKR revision, third-body wear is believed to increase

wear and therefore accelerate wear-associated aseptic loos-
ening and early implant failure [88-90]. Severe osteolysis
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after elevated wear generation due to third-body wear could
be demonstrated in a retrieval study as well [91]. In parti-
cular, damaged metal heads after total hip arthroplasty seem
to produce more UHMW-PE wear than damaged ceramic
heads [92]. Nevertheless, UHMW-PE and metal bearing
surfaces remain the material of choice in knee replacement.
In case of revision saline lavage of cemented TKR bone,
bone cement and metal particles have been detected [93,
94], which remained in the knee joint after insufficient pulse
lavage and acted as third-bodies in the bearing. Bone and
bone cement particles with a size of 200-240 and
250-340 pm were detected [93], whereas detected metal
particles are considerably smaller with 1-2 pm [95]. In
cases of unicondylar knee replacement, minimally invasive
approaches increase the chance of overlooking third-body
particles (Fig. 9), especially in a cemented technique [96].
As free particles in the joint or embedded in the UHMW-PE
the residual particles cause abrasion and roughening and
generate deep scratches on the bearing surfaces. Scratches
and embedded debris on UHMW-PE retrievals are common,
and, consequently, suggest the presence of third-body par-
ticles in vivo (Fig. 10). Muratoglu et al. [97] found scratches
on retrieved femoral components with considerable rough-
ening of the bearing surface.

5.2 Standard wear test

As lubricant the ISO standard provides calf serum, which is
filtered through a 2 pm filter before wear test and the
lubricant is replaced every 500.000 cycles. Consequently,
the medium should be free of particles >2 pm during the
wear test. This ensures that every implant system is tested
in clean lubricant and the results are comparable.

5.3 Third-body wear tests

In a wear simulator test by Muratoglu et al. [97] retrieved
scratched femoral components, due to third-body wear
particles, were investigated with regard to UHMW-PE wear.
They found a significant increase of the UHMW-PE wear
compared with unscratched femoral components, and an
advantage of cross-linked PE [97]. Several wear simulator
studies investigating the direct effect of third-body wear
particles at knee replacement are available, using bone, bone
cement and metal particles. Davidson et al. [88] found in a
simulator based study that third-bodies are capable of
causing increased abrasive wear of UHMW-PE, and that
abrasion of the hard bearing surfaces will occur if the
hardness of the third-body debris exceeds the hardness of the
metal or ceramic bearing surface. It seems that ceramic is
more resistant against third-body wear particles [88]. This
was confirmed in our study [98] investigating the effect of
bone cement particles (<30 pm) on bicondylar TKR,



J Mater Sci: Mater Med (2015) 26:134

Page 9 of 13 134

"

A

Fig. 9 The lateral radiograph of the knee after UKA shows a bone cement third body in the posterior joint space (asterisk)
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Fig. 10 SEM picture of a retrieved UHMW-PE insert with embedded
metal third-body particles

comparing cobalt-chromium and ceramic femoral compo-
nents. The third-body particles were rubbed-in into the
UHMW-PE before filling with test lubrication. This study
demonstrated that the wear of UHMW-PE inserts under
third-body wear conditions, in combination with ceramic
femoral components, increased compared with standard test
conditions, but significantly lower than with metallic
femoral components [98]. The difference of the effect of
bone (mean 670 um) and bone cement particles (mean
640 pm) on unicondylar knee endoprostheses with conven-
tional UHMW-PE inserts was investigated by Schroeder
et al. [99]. Interestingly, after adding the porcine bone par-
ticles to the test lubrication, the wear rate decreased from
4.4 + 0.91 mm?/10° cycles steady state wear without third-

body particles to 3.0 £ 1.27 mm?/10° cycles. Cement par-
ticles led to a significantly higher wear rate of
25.0 + 16.93 mm?/10° cycles [99]. In contrast, bone parti-
cles as third-bodies are suggested to have a less critical
influence on the measured wear rate [99]. The results of the
described studies certainly show the effect of third-bodies on
the wear rate. However, the used particles, their sizes and
amounts as well as the particle insertion (added to the
lubrication or rubbed into the UHMW-PE) differ and no
consistent methods for investigating the influence of third-
bodies are available. Furthermore, the gravimetrical wear
measurement of the UHMW-PE could be falsified by
embedded particles, despite complex cleaning of the inserts.

A standardization of the third-body particles with respect
to the in vivo situation, corresponding to particles found
in vivo, their insertion during the wear test and an adequate
method for wear measurement, could prove the resistance of
different bearing materials against third-bodies, which was
demonstrated with the advantage of ceramic over metal. An
investigation of different UHMW-PE (cross-linked, anti-
oxidant stabilized) with third-bodies at TKR could demon-
strate an increased wear resistance against third-bodies [97].
Based on the results of the wear simulator studies and clinical
observations of the past decades, third-body particles should
be avoided and removed if noted at any cost to avoid elevated
wear rates and therefore, early implant failure.

6 Conclusion
Wear testing of TKR according to the ISO standards is an

appropriate method to compare the wear behavior of different
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implant designs and can classify material and design inno-
vations with existing products under reproducible test meth-
ods and conditions. However, different wear patterns and
failure modes of the implant components occur in vivo.
In vivo wear is a complex process influenced by multiple and
patient individual parameters, e.g. different daily activities of
TKR patients in addition to walking, soft tissue conditions,
implant position, third-body wear particles, aging and surface
properties can affect wear. These conditions are not con-
sidered in standard wear testing methods. Under in vivo
conditions, a combination of these severe wear test conditions
is assumed. At present, only implant retrievals and post-
mortem analysis can provide substantial data about the
amount and pattern of polyethylene wear in vivo.

However, not all in vivo situations associated with an
increased wear of UHMW-PE could be reproduced in
experimental wear tests. Nevertheless, innovations of bearing
materials (e.g. cross-linking of UHMW-PE) which are more
resistant against wear and oxidation—surgical methods (e.g.
navigated/computer-assisted surgery) or TKR designs to
reduce the impact of implant alignment (e.g. mobile bear-
ing)—could be proved to decrease polyethylene wear.

Most of the presented literature demonstrated increased
wear using severe test conditions. It seems that using
amplified kinematics combined with aged UHMW-PE
during knee wear simulation is most suitable to reproduce
the observed delamination on UHMW-PE retrievals, the
most severe wear pattern clinically. In comparison third-
body wear and malpositioning at knee simulator wear tests
demonstrate more abrasive wear, similar wear pattern, like
pitting and scratches, as well as unbalanced overloading of
the UHMW-PE and a larger contact area of the bearing, but
not in such a distinctive characteristic as in retrievals.
Beyond the standard wear tests, new wear simulator test
concepts are in demand to reproduce the realistic patienfs
daily activities and kinematics and loading on implant
components, including soft tissue conditions.
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