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Abstract: The wear of tibial inserts in total knee arthroplasty (TKA) remains a major limitation of
longevity. However, wear tests are expensive and time-consuming. Computational wear prediction
using a finite-element (FE) model followed by validation through comparison with experimental data
is effective for assessing new prosthetic designs or materials prior to functional testing and surgical
implementation. In this study, the kinematics, volumetric wear, and wear depth of tibial inserts made
of different materials (ultrahigh-molecular weight polyethylene (UHMWPE), polyetheretherketone
(PEEK), and carbon fiber-reinforced PEEK (CFR–PEEK)) in TKA were evaluated by employing FE
models and analysis. The differences among the materials were evaluated using adaptive wear
modeling to predict the wear depth, volumetric wear, and kinematics under a gait loading condition.
The volumetric wear and wear depth of the CFR–PEEK decreased by 87.4% and 61.3%, respectively,
compared with those of the UHMWPE, whereas the PEEK exhibited increased volumetric wear
and wear depth. These results suggest that CFR–PEEK is a good alternative to UHMWPE as a
promising and suitable material for tibial inserts used in TKA. However, orthopedic research should
be performed to evaluate the threshold conditions and appropriate applications for the newly
developed and introduced biomaterial.
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1. Introduction

The development and improvement of orthopedic implants are gaining importance because of
the increasing number of people undergoing surgeries to treat traumatic injuries and joint diseases,
which always involve a risk of associated complications [1]. For example, among people aged 60 years
old, knee osteoarthritis (OA)—a chronic, progressive, and degenerative knee joint disease that leads to
wear, tear, and arthritis—is a common problem [2,3]. Total knee arthroplasty (TKA) is acknowledged
by orthopedic surgeons to be one of the most effective treatments for improving function in pathologic
knees [4]. However, complications can occur after TKA, including periprosthetic fractures, unexpected
early wear, and revision arthroplasty [5]. In particular, the wear of ultrahigh-molecular weight
polyethylene (UHMWPE) in tibial inserts remains a primary factor limiting the longevity of TKA [6].

To predict the wear of knee joints, experimental wear simulators have been developed
for clarifying the wear mechanisms of ultrahigh-molecular weight polyethylene (UHMWPE),
and pre-clinical evaluations of newly developed implant designs and tibial insert materials have
been performed [7,8].
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Newly developed orthopedic implants using innovative materials have been introduced in order
to increase implant survival rates and reduce the burden associated with revision surgery. Polymer
composite materials have been applied to medical devices, such as spine rods and disks, intramedullary
nails, bone plates, and screws, and total-knee and hip replacements [9,10]. In these orthopedic implant
materials, the requirements of the mechanical properties are remarkably high for improving the fatigue
loading under the fluidic conditions of the body [9]. Polymer composite materials can satisfy such
a requirement because they are widely used in many applications including medical implants due
to their enhanced mechanical properties [11–14]. However, previous studies on polymer composites
focused on the reduction of the stress-shielding effect of the polymer-composite implants due to the
high stiffness of metal materials [15–21]. Polyetheretherketone (PEEK) and carbon fiber-reinforced
PEEK (CFR–PEEK) have traditionally been used in spinal cages, bone fixation screws, and cardiac and
neurological leads [1,22,23]. However, alternative materials have been investigated to improve the
survivability of TKA for both young and old patients, and PEEK and CFR-PEEK have been introduced
as alternative materials to UHMWPE for tibial inserts [24].

A recent study showed that PEEK has been used successfully in many clinical cases owing to its
mechanical strength and biocompatibility. In addition, CFR-PEEK wear particles had no cytotoxic
effects on cells in a culture and caused little or no adverse tissue reaction [25]. However, most
manufacturers have used UHMWPE in tibial inserts for TKA, and few devices made of UHMWPE,
PEEK, and CFR-PEEK have been researched or commercialized for wear prediction [1].

In vitro wear-testing machines are not ideal for evaluating tibial-insert and TKA materials in
wear tests, because of their inefficiency with regard to cost and time. However, computational wear
prediction using the finite-element (FE) method is practical, overcoming the disadvantages of in vitro
wear evaluation using testing machines [26–28].

In this study, we predicted the wear of tibial inserts made of UHMWPE, PEEK, and CFR–PEEK
via FE analysis. First, to estimate the wear, adaptive-remeshing Python scripts (Stichting Mathematisch
Centrum, Amsterdam, The Netherlands) were used for the geometric modification of an FE model,
and the user-defined subroutine VFRICTION was used for wear calculation. Next, the results were
compared with the wear rate, volumetric wear, and kinematics from a previous study to validate
the FE wear model. Then, the differences among the materials were evaluated using adaptive wear
modeling to predict the wear depth, volumetric wear, and kinematics under a gait loading condition.

2. Materials and Methods

2.1. Computational Model

An existing explicit FE model and method for TKA were used in this study [29,30].
A three-dimensional explicit FE model for the GENESIS II Total Knee System (Smith & Nephew
Inc., Memphis, TN, USA) was simulated using an in vitro knee simulator (Figure 1) [8]. The FE model
was developed using computer-aided design models of fixed-bearing, cruciate-retaining TKA.

The femoral component was modeled as a rigid body using four-node shell elements with an
average edge length of 1.7 mm. The tibial insert was modeled using eight-node hexahedral elements.
Solid modeling and meshing were performed using Hypermesh 11.0 (Altair Engineering, Inc., Troy,
MI, USA), and analysis and post-processing were performed using ABAQUS 6.13 (Abaqus, Inc.,
Providence, RI, USA).

Convergence testing was performed to verify that the solution did not change appreciably with
mesh refinement (Figure 2). We completed an average edge length test for six samples from 0.5
to 2.5 mm with increments of 0.4 mm. Three definitions of convergence were used in this study.
The element edge length was reduced until the difference of the critical results, such as the peak contact
pressure and the contact area between two consecutive mesh densities, was <2% in the gait cycle
(Figure 2a). The difference between the root-mean-square values of the average contact pressure was
<5% over the entire gait cycle (Figure 2b). Throughout the convergence test, the tibial inserts retained a
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consistent articular surface element average edge length of 1.3 mm. In this convergence study, it was
concluded that the mesh density utilized for these inserts was acceptable compared to the results of
previous studies [31,32]. The tibial insert contained 11,568 elements.
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The coefficients of friction between the articulating surfaces were assumed to be 0.07, 0.06, and
0.04 for UHMWPE, PEEK, and CFR–PEEK, respectively, in accordance with the range reported in the
literature [26,29,31–34]. A penalty-based method was employed to define contact [29,31]. To improve
the computational efficiency, both the femoral and tibial components were modeled as rigid bodies.
The tibial insert was modeled as a deformable body.

The nonlinear pressure–overclosure relationship was specifically optimized for the mesh and
loading conditions; thus, the kinematics and contact mechanics were predicted and compared with
those obtained via a fully deformable analysis [26,29]. Contact forces were introduced as a function of
the penetration distance of the master surface into the slave surface. To estimate the contact pressure
and area in a rigid-body analysis, the softened contact capability was employed [26,31,35].

To validate the rigid body of the femoral component, the anterior–posterior (AP) translation,
internal–external (IE) rotation, and contact pressure on the femoral component were evaluated and
compared with those for a fully deformable body (Figure 3). Rigid-body and fully deformable body
analyses predicted nearly identical AP and IE kinematics (Figure 3). These analyses predicted very
similar trends for the contact pressure. The rigid-body analysis overpredicted the contact pressure for
49% of the gait cycle compared with the deformable-body analysis, but otherwise, the results matched
well (Figure 3).
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Figure 3. Comparison between the deformable body and rigid body for (a) anterior–posterior (AP)
tibial translation, (b) internal–external (IE) tibial rotation, and (c) contact pressure.

The UHMWPE was modeled as an elastoplastic material, and its material properties were obtained
in our previous study [29,36]. PEEK and CFR–PEEK tensile tests were performed according to ASTM
D638-0 by using an MTS 810.23 servo-hydraulic testing system. The CFR–PEEK comprised the pure
PEEK material reinforced by 30% short carbon fibers. The material properties, i.e., the Young’s modulus
(E) and Poisson’s ratio (v), were as follows: UHMWPE: E = 685 MPa, v = 0.47; PEEK: E = 3500 MPa,
v = 0.3; CFR–PEEK: E = 18000 MPa, v = 0.4. The yield strengths of the UHMWPE, PEEK, and CFR–PEEK
were 17, 100, and 225 MPa, respectively, and the ultimate tensile stress and the plastic strain for the
UHMWPE were 33 MPa and 0.32, respectively.

2.2. Boundary and Loading Conditions

The explicit TKA FE model was a fully dynamic model that predicted the motions in the
knee joint and the stresses exerted on the tibial insert under the ISO gait loading condition
(Figure 4). The axial force, AP translation, and IE rotation were force-controlled, whereas the flexion
was displacement-controlled.
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The kinematics, contact mechanics, and wear performance were evaluated using an FE model
developed with the Stanmore knee simulator condition. Soft-tissue constraints were reproduced using
a mechanical spring-based assembly with four linear springs (Figure 1). The flexion and axial forces, as
well as the AP load and IE torque, were applied to the femoral component and tibial insert, respectively.
The femoral component was free in the medial–lateral (ML) direction, AP direction, varus and valgus
(VV), and was constrained in IE rotation. The axial load application was offset toward the medial
condyle to reproduce the 60:40 experimental conditions. The tibial insert was free in the ML and
VV directions, while it was constrained in the superior–inferior and flexion–extension. The center
of rotation for the FE model was defined between the medial and lateral condyles. The AP spring
translational and IE rotational stiffness were 10.4 N/mm and 0.30 Nm deg-1, respectively.

2.3. Computational Wear Simulation

The wear of UHMWPE, PEEK, and CFR–PEEK was numerically formulated using the Archard
wear model [37]. In 1953, Archard introduced an equation for evaluating the linear wear depth
perpendicular to the wear surface between two metal surfaces sliding against each other. The following
equation is known as Archard’s wear law:

H = KwpS (1)

where H is the linear wear depth, Kw is an experimentally determined wear factor, p is the contact
pressure, and S is the sliding distance. The wear factors of UHMWPE, PEEK, and CFR–PEEK for the
tibial-insert material employed in this study were estimated according to the average wear factors for
TKA and ball-on-flat wear tests from the literature [38–40].



Lubricants 2019, 7, 30 6 of 14

The general computational wear models are based on Archard’s wear law with arbitrary wear
factors to match the experimental wear from the simulator machine. The disadvantage of Archard’s
equation for predicting wear in TKA is that it does not consider changes in the sliding direction and
the resultant wear increase [41,42]. Additionally, delamination, pitting, and third-body wear are not
considered; however, previous studies showed that these effects are negligible for a tibial insert. The
Sarkar correction with the friction parameter µ was applied to the Archard model [43]:

H = KwpS (1 + 3µ2)0.5 (2)

The Archard model was used to estimate the wear and predict the geometry modifications
of the tibial insert due to the wear after a certain number of cycles. The femoral component was
assumed, without modifications. The wear was considered to be constant for a certain number of
cycles (Figure 5).
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An adaptive remeshing wear simulation was performed using Python scripts (Stichting
Mathematisch Centrum, Amsterdam, The Netherlands) that interfaced with the Abaqus output [26].
The model for predicting the wear on the tibial insert was incorporated into the user subroutine
VFRICTION using the FORTRAN code. The simulation was repeated, and the wear was multiplied by
the size of each step (50,000 cycles per step) to evaluate the total wear after 5 million cycles. This update
interval was shorter than those used in previous computational studies on TKA wear [26,44].

The results of the wear simulation for the UHMWPE tibial insert were validated through
comparison with previous experimental studies [45–47]. The kinematics, wear depth, and volumetric
wear of UHMWPE, PEEK, and CFR–PEEK were compared.
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3. Results

3.1. Validation of UHMWPE Wear Model

To validate the model for predicting the wear on the tibial insert, it was compared with a previous
in vitro wear experiment with regard to the volumetric wear rate [46,47]. The wear rate of the model
for estimating the wear of the UHMWPE insert was 24.90 mm3/million cycle, and that from the in vitro
experimental data of Morrision et al. was 23.4 ± 2.4 mm3/million (Table 1) after 1 million cycles [46].
The volumetric wear after 5 million cycles was compared with the experimental results of Papannagari
et al. [47]. The predicted volumetric wear of the UHMWPE tibial insert was 124.04 mm3. This value
was determined to be 120.42 ± 11.99 mm3 in the in vitro experiment (Table 1). The predicted wear
rate and volumetric wear for the UHMWPE tibial insert were within one standard deviation of the
in vitro experiment data [46,47]. The results for the tibiofemoral kinematics, UHMWPE tibial insert,
and validation showed good agreement between the predicted and experimental kinematic data [45].
The AP translation and IE rotation were reasonably similar to those of the experimental data with
regard to the trend and magnitude (Figure 6). The ranges of the AP translation and IE rotation from
the experimental data were 7.1 mm and 9.3◦, respectively, and the predicted displacement ranges were
6.7 mm and 9.1◦, respectively.

Table 1. Comparison between computational simulation and previous experimental studies for wear
rate and volumetric wear in UHMWPE.

Term Our Study In Vitro Experimental Data

Wear rate (mm3/million) 24.90 23.4 ± 2.4
Volumetric wear (mm3) 124.04 120.42 ± 12.0
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3.2. Comparison of Kinematics, Wear Depth, and Volumetric Wear in UHMWPE, PEEK, and CFR–PEEK
Tibial Inserts

Figure 7 shows the tibiofemoral kinematics for UHMWPE, PEEK, and CFR–PEEK under the
gait loading condition. The greatest AP and IE movements are observed for the UHMWPE model,
followed by PEEK and then CFR–PEEK. The posterior translations and internal rotations in the PEEK
and CFR–PEEK models were relatively small under the gait loading condition.
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Figure 7. Comparison of the kinematics in (a) AP tibial translation and (b) IE tibial rotation for the
UHMWPE, PEEK, and CFR–PEEK models.

Figure 8 shows the relative contributions of the contact area and contact pressure. The average
instantaneous peak contact pressure over the entire gait cycle was calculated to be 13.4, 23.6,
and 36.1 MPa for the UHMWPE, PEEK, and CFR–PEEK models, respectively. The volumetric wear
and wear depth in UHMWPE, PEEK, and CFR–PEEK after 5 million cycles are presented in Table 2.
The volumetric wear was 124.0, 300.9, and 15.6 mm3 for UHMWPE, PEEK, and CFR–PEEK, respectively,
after 5 million cycles. Compared with UHMWPE, after 5 million cycles, the volumetric wear in
CFR–PEEK was 87.4% smaller, and that in PEEK was 142.7% larger. The maximum wear depth was
0.31, 0.89, and 0.12 mm in UHMWPE, PEEK, and CFR–PEEK, respectively, after 5 million cycles.
Compared with UHMWPE, after 5 million cycles, the wear depth in CFR-PEEK was 61.3% smaller,
and that in PEEK was 187.1% larger. Figure 9 compares the predicted wear contours for UHMWPE,
PEEK, and CFR–PEEK, indicating that CFR–PEEK had a smaller wear depth than UHMWPE and
PEEK. All the wear-prediction models exhibited a deep wear scar in the central region on the medial
side, as well as a smaller, shallower patch on the lateral condyle.
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Lubricants 2019, 7, 30 9 of 14

Table 2. Volumetric wear and wear depth for the UHMWPE, PEEK, and CFR–PEEK models.

Term UHMWPE PEEK CFR–PEEK

Volumetric wear (mm3) 124.0 300.9 15.6
Wear depth (mm) 0.31 0.89 0.12
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4. Discussion

We investigated the effects of the different materials on the wear of the tibial insert. The worldwide
orthopedic market has been as large as 29.237 billion USD, the greatest portion of which is attributed
to diseases related to knee joints [48]. TKA and unicompartmental knee arthroplasty have been
considered as unique surgical solutions in OA, and most global manufacturers provide only UHMWPE
tibial inserts. The number of tribological studies for analyzing wear on tibial inserts in TKA has
increased for elucidating the behavior of materials and developing new solutions to prevent implant
failure due to tibial-insert wear. Significant parametric studies on the effects of the geometry, alignment,
and loading on implant wear have not been frequently performed in design procedures, because of
the time required. Experimental studies are often performed, but they are inefficient with regard to
cost and time, and can analyze only limited configurations and load conditions [24,49,50]. However,
experimental study is ultimately necessary to fully understand the behavior of materials.

In this study, to develop efficient computational tools for evaluating wear in TKA, we compared
the predicted wear of a tibial insert based on simple wear theory with the results of carefully controlled
wear experiments.

The predicted contact pressure was found to be dependent on both the mesh density and modeling
type between a rigid and deformable body. To accurately predict the wear, the geometry was modified
with a smaller period than the previously validated computational wear, which showed the reliability
of our results [26,42,44].

In this study, PEEK and CFR–PEEK, as alternatives to UHMWPE in fixed-bearing TKA, were
investigated using a computational wear simulation for a femoral bearing in current clinical use.

Pin-on-plate studies have shown that the wear of UHMWPE decreases with the increase of
the contact pressure; thus, low-conformity fixed-bearing arthroplasty with a small contact area and
high contact pressure has less wear than a more conforming implant, with all other parameters
fixed [51,52]. Research on the wear performance of PEEK and CFR–PEEK as bearings in TKA has
been scarce; pin-on-plate studies have recently revealed that the wear worsens with the increase of the
contact pressure, but this has not been established as a universal trend [53,54]. Pin-on-plate studies
involving PEEK or CFR–PEEK pins articulating against cobalt-chromium and zirconia plates have
generally demonstrated that the wear of CFR–PEEK is less than or comparable to that of conventional
polyethylene materials [49,55]. While the wear performance of PEEK is not equivalent to that of hard
bearings, pin-on-plate studies have indicated that PEEK may be an appropriate material for articulation
with another polymer [55,56]. The potential wear advantage of CFR–PEEK bearings in total joint
replacement appear to be particularly significant in ceramic-on-CFR-PEEK hip arthroplasty [39,49].
This result agrees well with the findings of the present study.
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Additionally, the geometry in TKA and the material properties influence the contact pressure.
The elastic moduli of PEEK and CFR-PEEK are higher than that of UHWMPE (4 GPa, 15 GPa, and
685 MPa, respectively) [54,57]. Application of simple Hertzian contact theory for a static condition of a
2800-N axial load applied to TKA in a neutral position highlights the influence of the material properties
on the contact mechanics of the bearing. Under identical loading conditions, the predicted nominal
contact pressure for PEEK and CFR–PEEK flat tibial inserts was more than an order of magnitude
higher than that of a UHMWPE tibial insert [54]. Furthermore, two studies reported that a variation
of CFR–PEEK was unsuitable for implants, but these studies were limited to low-congruency knee
designs [39,54]. However, these studies also reported that the same experiment with a high-congruency
design, e.g., ball-and-socket, resulted in less wear than PE; consequently, this design was given a
neutral rating for broadly supporting CFR–PEEK as a material [39,53]. The femoral component and
tibial insert used in this study conformed to the design of TKA. Therefore, the results for CFR–PEEK
were as good as those for UHMWPE, similar to the findings of a previous study [39].

Our results indicate that UHMWPE, PEEK, and CFR–PEEK had significant differences in the AP
and IE kinematic ranges of motion, with no associated reductions in the tibial insert wear rates in the
simulation. In this study, the friction likely had a greater influence on the generation of wear than the
AP and IE ranges of motion. Therefore, we assume that the surface sliding in the imposed femoral
flexion range of motion was the dominant kinematic variable that determined the wear rates and was
accompanied by secondary tribological factors, such as increased friction, indicating the importance of
the kinematic ranges of motion in the generation of wear [45].

Kinematic prediction is important for successful wear simulation; thus, the kinematics were
compared with the experimentally measured motions [45]. In all cases, the predicted kinematics
exhibited good agreement with the measurements, particularly during the stance phase. The prediction
quality decreased during the swing phase, likely owing to the lack of constraint provided by the spring
gap. While the spring gap represents the toe in a typical joint laxity curve, it provides a more
challenging situation for kinematic prediction, because of the potential for the tibial insert with little
restraint to motion. Therefore, the experimental kinematics were sensitive to friction, which was not
considered in the simplified FE model. The kinematics in the experiments were likely influenced by
a surface articulation change. as well as the frictional characteristics. The models considered only
wear-induced changes in geometry, with the assumption of a constant coefficient of friction. However,
the predicted wear rate, volumetric wear, and kinematics evaluated using the models exhibited a linear
relationship with the number of loading cycles, and their magnitudes showed good agreement with
the experimental results.

Interestingly, the PEEK and CFR–PEEK tibial inserts yielded a high contact pressure and a
small contact area, possibly because of the higher stiffness of PEEK and CFR–PEEK compared
with UHMWPE. Nevertheless, the volumetric wear in CFR–PEEK was substantially lower than
that in UHMWPE.

In this study, the friction and wear coefficients played a more dominant role in the generation
of wear than the AP and IE ranges of motion. Therefore, the tribological factors, such as the friction
and wear coefficients, were as important as the surface sliding, because of the imposed femoral flexion
range of motion in the generation of wear. Wear prediction in validated and efficient computational
models now permits design evaluation and change of materials in silico. The outputs allow surgeons
to better understand the effects of the design and materials on wear and allow engineers to optimize
and improve implant designs.

This study had five limitations. First, we assessed CFR–PEEK as an alternative to UHMWPE
using only a single implant design. The results may vary for different designs [54]. Second, we used
a constant wear factor that did not change with respect to the contact stress or sliding direction.
This could account for the differences between the predicted and measured volumetric wears. This was
a retrospective study in which the wear factor was not directly evaluated experimentally; however,
an effort was made to apply a representative wear factor under contact conditions. Third, we compared
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the in vitro experimental and computational wear but did not consider the wear in the clinical field.
Fourth, a friction coefficient from the literature was used in FE model. Further sensitivity analysis
would be required as the friction coefficient is an important factor. Fifth, the viscoelasticity was not
considered for the tibial insert. However, previous studies have implemented nonlinear viscoelastic
and elastoplastic material models, and no meaningful difference in the wear rates between linear and
nonlinear material models was reported [42].

5. Conclusions

In conclusion, an FE wear simulation was performed to predict the wear depth and volumetric
wear of TKA. According to the results, a validated computational model and numerical procedure
are useful for the efficient evaluation of the wear performance in different materials and designs.
The increase in the contact area and reduction in the contact pressure may not be the only predictors
of the wear performance; the wear factor was also found to be important. Our findings suggest the
applicability of CFR–PEEK as an alternative material to UHMWPE for tibial inserts in the field
of knee-joint arthroplasty. However, orthopedic research should be performed to evaluate the
threshold conditions and appropriate applications of the newly developed and introduced biomaterial.
In future studies, the application of CFR–PEEK materials to additional types or designs of TKA should
be investigated.
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