
applied  
sciences

Article

Biomechanical Effect of Various Tibial Bearing
Materials in Uni-Compartmental Knee Arthroplasty
Using Finite Element Analysis

Yoon Hae Kwak 1,†, Hyoung-Taek Hong 2,†, Yong-Gon Koh 3 and Kyoung-Tak Kang 2,*
1 Department of Orthopaedic Surgery, Yonsei University College of Medicine, Severance Hospital,

Seoul 03722, Korea; yoonhaekwak@yuhs.ac
2 Department of Mechanical Engineering, Yonsei University, 50 Yonsei-ro, Seodaemun-gu, Seoul 03722, Korea;

hyoungtaekhong@gmail.com
3 Department of Orthopaedic Surgery, Joint Reconstruction Center, Yonsei Sarang Hospital, 10 Hyoryeong-ro,

Seocho-gu, Seoul 06698, Korea; osygkoh@gmail.com
* Correspondence: tagi1024@gmail.com; Tel.: +82-2-2123-4827
† These authors contributed equally to this work.

Received: 9 June 2020; Accepted: 15 September 2020; Published: 17 September 2020
����������
�������

Abstract: This paper aimed to evaluate the biomechanical effects of tibial bearing materials,
from ultra-high-molecular-weight polyethylene (UHMWPE) to poly-ether-ether-ketone (PEEK)
and carbon-fiber-reinforced poly-ether-ether-ketone (CFR-PEEK). The studies were conducted based
on a validated finite element model. The geometry of the intact knee model was developed from
computed tomography and magnetic resonance imaging of the left knee joint of a 37-year-old healthy
male volunteer. Three different loading conditions, related to the loads applied in the experimental
research, were applied to this study for model predictions and validation. The contact stress in the
other compartments was under normal walking conditions. Also, stresses on five regions of the tibia
bone were analyzed under normal walking conditions. The lowest contact stress between the lateral
meniscus and tibial cartilage was achieved in the order of the use of CFR-PEEK, PEEK, and UHMWPE
tibial bearings. Moreover, CFR-PEEK and PEEK tibial bearings indicated lower and greater stresses
on cortical and trabecular bones, respectively, compared to the UHMWPE tibial bearing. These results
show that CFR-PEEK can be used as a tibial bearing material as an alternative to UHMWPE, and
such a change in the material may be a good method for reducing potential anteromedial pain.
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1. Introduction

Uni-compartmental knee arthroplasty (UKA) has recently become a popular procedure owing to
its excellent treatment of anteromedial osteoarthritis (OA), particularly for focal defect treatment in
younger patients and in those with early localized OA of the knee [1–3].

Although several clinical studies have reported that UKA can mimic the motion of an intact
knee [4,5], and some authors have shown outstanding results over 10 years of follow-up with up-to-date
designs [1,6], failures with this procedure have been reported [7,8]. The clinical outcomes of UKA have
shown four main postoperative problems: malpositioning of the prosthetic parts, tibial bearing wear,
OA progression in the remaining compartments, and localized tibia bone stress [7–10]. Because of
the recently strict selection of patients and advanced surgical techniques, the long-term survival rate
post-UKA has been significantly enhanced [3].

In both types, fixed and mobile bearings, the wear of tibial bearings made from
ultra-high-molecular-weight polyethylene (UHMWPE) is an important issue in the long-term
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performance of UKA [8,11]. The perceived requirement to lessen contact stress in a UKA design has
led to the introduction of highly conforming and low-contact-stress designs. Although these implant
geometries have indeed lessened contact stress on the articulating surface, the increase of conformity
has tended to lead to an over-constraint in the joint, with a risk of mechanical failure due to secondary
stresses occurring within the bearings [12].

Developments during the last decades have presented significant changes in manufacturing
and sterilization methods, as well as material technologies, enhancing the mechanical properties,
oxidative stability, and wear of UHMWPE [13,14]. However, such an apparent trade-off between
each of these factors with increasing cross-linkage is associated with a decrease in fatigue
resistance [13,14]. There have been several investigations of substitute materials for UHMWPE,
including poly-ether-ether-ketone (PEEK) and carbon-fiber-reinforced PEEK (CFR-PEEK).

Brockett et al. reported that highly conforming designs, such as total hip replacement and
conforming UKA using CFR-PEEK, have shown low wear in in vitro knee wear simulations [15].
However, they recently stated that the wear rates of both PEEK and CFR-PEEK tibial bearings were
nearly twice that of UHMWPE tibial bearings under comparable conditions for total knee arthroplasty
(TKA) [16]. S C Scholes and A Unsworth reported that UKA with a CFR-PEEK tibial bearing provided
lower volumetric wear rates than conventional metal-on-UHMWPE prostheses when tested under
equivalent conditions [17]. Further research is required to substantiate whether CFR-PEEK is an
appropriate substitute material for UHMWPE in terms of wear performance. However, as far as we
know, there has been an information deficiency on tibia bone stress, which is an important criterion for
aseptic loosening and anteromedial pain, when using PEEK and CFR-PEEK tibial bearing materials.
Besides this, there has been no study that has evaluated contact stress on the other compartments with
regard to the different materials.

As previously mentioned, part malpositioning and wear problems can be overcome through
proper surgical technique and a change in material, respectively. However, it is impractical to
experimentally evaluate progressive OA on the other compartments and tibia bone stress problems
based on a change in material. In addition, tibia bone stress is an important criterion for aseptic
loosening and anteromedial pain [18–20]. The biomechanical effects of a change in tibial bearing
material on the contact stress in the lateral meniscus and articular cartilage, and on stress on the tibia
bone, can be evaluated in a practical manner using finite element (FE) analysis. Our prior study
showed the biomechanical effect on varus/valgus conditions relating to UHMWPE and CFR-PEEK
tibial bearing material in UKA. However, there has been no study of PEEK tibial bearing material in
UKA [21].

This paper aimed to evaluate alternative polymers to replace UHMWPE as tibial bearing materials
in UKA. The biomechanical effects of UHMWPE, PEEK, and CFR-PEEK as the tibial bearing material
were compared. The contact stresses in the lateral meniscus and articular cartilage, and the stress
on the tibia bone, were evaluated under gait cycle conditions. We hypothesized that CFR-PEEK, the
stiffness of which is closest to that of bone, would show the best biomechanical effect.

2. Materials and Methods

2.1. Computational Model of the Intact Knee Joint

This study was performed using an entirely validated FE model of the knee joint, developed in
our prior studies [22–25] from computed tomography (CT) and magnetic resonance imaging (MRI)
of the left knee joint of a 37-year-old healthy male volunteer [26]. The manual segmentation had an
accuracy of 0.1 mm. The combination process for the reconstructed CT and MRI models was via
positional alignment of each model using commercial software, Rapidform (version 2006; 3D Systems
Korea, Seoul, Korea). The image data were then imported into Mimic 17.0 image processing software
(Materialise Ltd., Leuven, Belgium) to obtain the geometry for the three-dimensional (3D) model
generation of all structures. The initial graphics exchange specification (IGES) files exported from
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Mimic were imported into Unigraphics NX software (version 7.0; Siemens PLM Software, Torrance,
CA, USA) to generate solid models for each femur, tibia, fibula, patella, and soft-tissue segment. The
solid models were then imported into Hypermesh software (version 8.0; Altair Engineering, Troy, MI,
USA) to create an FE mesh. The FE mesh analysis was conducted through the use of ABAQUS (version
6.11; Simulia, Providence, RI, USA) (Figure 1a).
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Figure 1. The validated 3D finite element (FE) model for (a) the intact knee joint and (b) the fixed-bearing
uni-compartmental knee arthroplasty (UKA) used in this study.

All bones except the tibia were assumed to be rigid, whereas the tibia was considered to be
transversely isotropic in this model because it is stiffer than soft tissue, with minimal effect on the
current research [27]. The constitutive laws for the cortical and trabecular bones of the tibia were
assumed [28,29]. The cortical bone was regarded as transversely isotropic. Its mechanical properties
were applied as follows: E1 = E2 = 11.5 GPa, E3 = 17 GPa, ν12 = 0.51, and ν23 = ν13 = 0.31. We took the
third axis to be parallel to the anatomical axis of each bone. The trabecular bone was regarded as a linear
isotropic material. The material properties were applied as follows: E = 2.13 GPa and ν = 0.3 [28,29].
The articular cartilage was assumed to be a linear elastic and isotropic material because a simple
compressive and time-independent load was applied to the knee joint. Its mechanical properties were
a modulus of 15 MPa and a Poisson ratio of 0.47 [30]. The menisci were assumed to be of a transversely
isotropic, linearly elastic, homogeneous material. Their moduli were 120 MPa in the circumferential
direction and 20 MPa in the axial and radial directions. The Poisson ratios of the menisci were 0.2
in both the circumferential and radial directions and 0.3 in the axial direction [31]. To represent the
meniscal attachments, each meniscal horn was bonded to the bone through the use of linear spring
elements (SPRINGA element type) with a total stiffness of 2000 N/mm [32]. In addition, the major
ligaments were modeled through the use of nonlinear and tension-only spring elements [33,34]. The
interfaces between the bones and cartilage were modeled as fully bonded. The contacts between
the femoral cartilage and meniscus, the meniscus and tibial cartilage, and the femoral cartilage and
tibial cartilage were applied to both the medial and lateral sides, resulting in six contact pairs [22].
Contact was defined using a penalty-based method with a weight factor. As a result, contact forces
were defined as a function of the penetration distance of the master into the slave surface.
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2.2. Computational Model of UKA

A fixed-bearing UKA (Zimmer, Inc., Warsaw, IN, USA) was virtually implanted in the medial
compartment of the normal knee model (Figure 1b). The normal bone models were imported
and adequately located, trimmed, and meshed with rigid elements through the use of surgical
techniques [35].

Size 6 and 5 devices were used for the femoral and tibial parts, respectively, based on the anatomical
geometries of the femur and tibia. The devices were then aligned using the mechanical axis and placed
at the medial edge of the tibia. The tibial baseplate, neutrally aligned, was defined as having a square
(0◦) inclination in the coronal plane with a 5◦ posterior slope. The axis of rotation was defined as a
line parallel to the lateral edge of the tibial part passing through the center of the femoral part peg.
A neutral femoral part distal cut perpendicular to the mechanical axis of the femur was reproduced,
parallel to the tibial cut.

In relation to the implanted model, a 1 mm gap for bone cement was applied between the implant
part and bone. The femoral and tibial parts, bone cement, and tibial bearing (UHMWPE, PEEK, and
CFR-PEEK) were assumed to be linear elastic isotropic materials [18,36–40]. A tibial bearing thickness
of 8 mm was applied on all three different models.

In terms of modulus of elasticity and Poisson’s ratio, the material properties of each part were as
shown in Table 1 [18,36–40].

Table 1. Mechanical properties applied in FE analysis.

Material Modulus of Elasticity Poisson’s Ratio

Femoral part Cobalt chromium alloy (CoCr) 195 GPa 0.3

Tibia part Titanium alloy (Ti6Al4V) 110 GPa 0.3

Tibia bearing
UHMWPE 685 MPa 0.4

PEEK 3500MPa 0.3
CFR-PEEK 18,000 MPa 0.4

Bone cement PMMA 1940 MPa 0.4

According to the range reported in the literature, the friction coefficients between the
articulating surfaces were assumed to be 0.07, 0.06, and 0.04 for UHMWPE, PEEK, and CFR-PEEK,
respectively [37,41,42]

2.3. Loading and Boundary Conditions

For model predictions and validation for clinically relevant loading scenarios, three different
loading conditions related to the loads applied in the experimental research were applied to this FE
study. Identically simulated loading protocols were used in the experiment for validation of the model.
Under the first loading condition, 150 N was applied to the tibia with 30◦ and 90◦ flexion in the knee
joint to evaluate the anterior and posterior tibial translations [23]. Under the second loading condition,
an axial load of 1150 N was applied on the FE model to obtain the contact stresses and to compare them
with those reported in a published FE study on the knee joint [27]. Under the third loading condition,
UKA model validation was conducted with four flexion angles (0◦, 30◦, 60◦, and 90◦) using passive
flexion simulation. Furthermore, anterior and posterior drawer loads of 130 N were applied separately
to the tibia at the center of the knee, equivalent to the conditions in experimental research [43]. As a
fourth loading condition, gait cycle loading was applied to compare the biomechanical effects of the
three different tibial bearing materials (Figure 2) [44]. A computational analysis was performed using
force controls of the anterior–posterior force in regard to the compressive load applied to the hip [45,46].
A proportional–integral–derivative controller was integrated into the computational model to allow for
the control of the quadriceps in a manner equivalent to that in the experiment [47]. Internal–external
and varus–valgus torques were applied to the tibia [45,46]. The contact stresses on the lateral meniscus
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and tibial cartilage were analyzed in the other compartments, as well as tibial bone stress, influencing
residual pain. Five regions of interest (ROIs) were defined on the proximal tibia (Figure 3). ROIs 1 and
4 were defined at the resection corner between the sagittal and transverse tibia bone cuts. The other
three ROIs were located on the trabecular bone surface beneath the tibial baseplate, with ROIs 2 and 3
being medial and lateral to the keel slot, respectively. ROI 5 was defined to investigate the cause of
residual pain and was positioned on the proximal anteromedial surface of cortical bone for all models.
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3. Results

3.1. Intact and UKA Model Validation

The FE model was subjected to evaluations based on experimental data available in the literature.
The intact model validation was conducted in a previous study [22,23] and is briefly introduced
herein. Mesh convergence was defined as the point at which cartilage pressures were within 95% of
the pressure of the next two smaller mesh sizes. This criterion was met by a mesh size of 2.0 mm.
If the differences between FE model simulations and experimental data were lower than two standard
deviations (SDs) from the mean of the experimental data, the FE model was considered to be validated.
This was explained with an in vivo laxity test for the subject identical to the FE model. The laxity
test was applied to the anterior–posterior drawer under 30◦ and 90◦ of flexion with a series of stress
radiographs. Its results were compared with the results from the experiment on the FE model’s
subject to validate the intact FE model. Under the loading condition with 30◦ flexion, the anterior
tibial translation was measured as 2.83 mm in the experiment and 2.54 mm in the FE model, and the
posterior tibial translation was measured as 2.12 mm in the experiment and 2.18 mm in the FE model
for validation [23]. A good agreement was thus shown between the experiment results and the FE
model. In addition, the results were also compared with previous FE results for validation. Under
an axial load of 1150 N, average contact pressures of 3.1 and 1.53 MPa were evaluated on the medial
and lateral meniscus, respectively. Both contact pressures were within 4% of the equivalent pressures
of 2.9 and 1.45 MPa reported by Pena et al. [27]. These minor differences might have been due to
variations in the geometries, such as the thickness of the cartilage and meniscus, between different
studies. However, on an overall basis, the high consistency between the results of the validation and
reference substantiated the FE model’s ability to produce reasonable results [27]. The UKA model
validation was performed through the use of anterior and posterior translations of tibial compartments
in the anterior and posterior drawer tests at 134 N for 6.1, 9.9, 8.7, and 8.5 mm; and 5.8, 4.3, 3.8, and
4.9 mm at 0◦, 30◦, 60◦, and 90◦ knee flexion in the UKA model, respectively (Figure 4). These findings
from the simulation indicate good agreement with prior experimental data within the ranges of values
under the anterior and posterior drawer loads [43].
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3.2. Comparison of Contact Stress on Other Compartments in Regard to Change in Tibial Bearing Material

Figure 5 indicates the contact stress in the lateral meniscus and tibial cartilage with respect to
tibial bearing materials UHMWPE, PEEK, and CFR-PEEK during the gait cycle. The lateral meniscus
and tibial cartilage were influenced during the stance phase regardless of the tibial bearing material
used. The maximum contact stress was found in the lateral meniscus and tibial cartilage, in which the
axial force showed important loading at 13% and 47% of the gait cycle. The PEEK and CFR-PEEK tibial
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bearings showed 49% and 79% lower contact stress than the UHMWPE tibial bearing in the lateral
meniscus. In addition, the PEEK and CFR-PEEK tibial bearings showed 47% and 70% lower contact
stress than the UHMWPE tibial bearing in the tibial cartilage.
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3.3. Comparison of von Mises Stress in Tibial Bone ROIs in Regard to Change in Tibial Bearing Material

Figure 6 indicates the von Mises stress in the tibial bone ROIs with respect to the tibial bearing
materials UHMWPE, PEEK, and CFR-PEEK during the gait cycle. ROIs 1 and 2 showed the greatest
stress in the trabecular bone regions, ROIs 1–4, in all three models, and it was found to occur during
the stance phase. However, unlike the contact stress, there was a difference in stress in regard to
the different tibial bearing materials during the gait cycle. In the trabecular bone region, PEEK and
CFR-PEEK showed greater stress, but they showed lower stress than the UHMWPE model in the
cortical bone region, ROI 5.
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4. Discussion

In this study, the most significant finding was that other compartments’ contact stress and tibial
bone stress, which are the most serious postoperative problems of UKA, are improved when using
CFR-PEEK instead of UHMWPE.

Recently, there have been many developments and improvements in orthopedic implants, which
require significant attention and are surgically used to treat joint diseases and traumatic injuries,
along with their associated complications [48]. For example, knee joint OA is very common in people
over 60 years of age. For severe cases of knee OA, TKA is the standard type of care, relieving the
patient’s pain and allowing them to return to their ordinary daily activities [49,50]. In spite of such
improvement, the lifetime of the prosthesis is fundamentally limited, with infection, instability, aseptic
loosening, periprosthetic fractures, and mechanical wear being the reasons for TKA revision [51,52].
Consequently, many patients need to undergo TKA revision within 10 years after their primary surgery.
Consequently, novel implants with advanced materials are being presented and evaluated to improve
implant survival rates and reduce the burden of associated TKA revision [53].

PEEK and CFR-PEEK are popular as implantable orthopedic biomaterials used in spinal surgery,
usually in the form of intervertebral cages [48,54]. There has recently been growing interest in
improvements in the affinity of PEEK and CFR-PEEK for bone ongrowth and ingrowth applications.
CFR-PEEK is a biocompatible material and is sufficiently durable for long-term implantation. Its elastic
modulus is very similar to that of bone, and it can endure prolonged fatigue strain [48].

In a previous study, PEEK and CFR-PEEK were investigated as substitute bearing materials for
metallic and ceramic interfaces [54]. Research on simple pin-on-plate configurations, with PEEK
or CFR-PEEK pins articulating against cobalt–chromium, zirconia-toughened alumina ceramic, and
polymeric plates, has generally proved that CFR-PEEK has equivalent or better wear performance
when compared to conventional polyethylene materials [55,56]. Although PEEK does not appear to
provide equivalent wear performance against hard bearings, pin-on-plate studies have shown that
it may be a suitable material for articulation with another polymer [57]. As mentioned above, the
currently used UHMWPE may cause worse problems for UKA than for TKA. Because UKA is also used
as a surgical treatment for younger patients, the functionality of the tibial bearing is more important.
In addition, as far as we know, there has been no research regarding the biomechanical effects in other
compartments or with the tibial bone when using CFR-PEEK as a tibial bearing.

We found that the lowest contact stress occurred on the lateral meniscus and tibial cartilage when
using CFR-PEEK. In addition, the greatest contact stress was found during the stance phase, during
which an axial force occurred. This trend was equivalent to those found in previous research [26,58].
Because the contact stress is mainly affected by compressive loading, during the swing phase, where
there is no compressive load, no difference was observed in the contact stress with the change in
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material. In addition, the difference in contact stress for the different materials was greater in the lateral
meniscus than in the articular cartilage, which is due to the anatomical difference between the lateral
meniscus and tibial cartilage. A meniscus is a bumper for an articular surface, equivalent to a bearing;
therefore, there is a greater difference in the lateral meniscus with respect to the change in material.

Aseptic loosening of the prosthetic parts, particularly in the tibia, is one of the major failure modes
of UKA [4]. Therefore, aseptic loosening of the tibial part has been attributed to abnormally low or
high stress/strain of trabecular bone, both of which induce substantiating bone absorption. In addition,
aseptic loosening is also caused by UHMWPE wear-debris-induced osteolysis.

In the present research, we mostly evaluated the trabecular bone stress at the implant–bone
interface and observed certain findings. We revealed that stress on the tibial bone ROIs 1–4 with
CFR-PEEK and PEEK was greater than that with UHMWPE. Although the tibial part is made of titanium
alloy, the CFR-PEEK tibial bearing is equivalent to bone in terms of its mechanical properties and may
lessen the aseptic loosening in the tibial part with less of a stress-shielding effect. Some patients have
problems with anteromedial pain over the proximal tibia in daily life, early after implantation, which
almost always decreases during the first year. However, in a small number of patients, it persists and
may even worsen. It is therefore important to understand why such pain occurs, why it spontaneously
decreases in most cases, and why it remains and worsens in other cases. The elastic modulus of cortical
bone, being even larger than that of trabecular bone, always leads to most of the load being transferred
by the tibial baseplate. The abnormally high stress/strain on the proximal medial area of cortical bone
has been used to explain the persistent pain post-UKA. Therefore, the level of stress was analyzed in
ROI 5 with respect to the tibial bearing material applied. Our results may be explained by the change
in bearing material being a good remedy for anteromedial pain, that is, the mechanical properties of
CFR-PEEK are more similar to those of bone in comparison to UHMWPE. The stress increases in the
cortical bone and the stress decreases in the trabecular bone around the tibial baseplate may lead to
pain, inducing loosening of the tibial baseplate [59–62]. Therefore, CFR-PEEK showed the potential
to decrease anteromedial pain and loosening of the tibial baseplate when compared to PEEK and
UHMWPE by way of its decreased stress on cortical bone and increased stress on trabecular bone.
In addition, unlike contact stress occurring in other compartments, stress on the bone is influenced
during the gait cycle. Stress is an important factor not only in terms of axial force but also in translation
and rotation, unlike contact stress.

We recently showed that a CFR-PEEK pedicle screw rod is a good device with regard to the
degeneration in the adjacent segment in the lumbar spine as compared to titanium [39]. In other words,
it is very beneficial for the mechanical properties of the implant to be equivalent to those of bone.

It is important to emphasize some of the strengths derived from this research. First, unlike prior
research on UKA, the FE model applied in this research included the femur and related soft tissues, as
well as the tibia [18,19,36]. Second, unlike the conventional biomechanical model of UKA, this research
included the application of the gait cycle loading condition, as opposed to the application of a vertical
static loading condition [18–20,36,40,59]. Third, the current research validated the intact model, and
the UKA model was also validated by anterior tibial translation (ATT) and posterior tibial translation
(PTT) comparisons with experiments from a prior study.

Nevertheless, some limitations should be noted. First, the lateral compartment was regarded as an
elastic material. In addition, no effects of anisotropy and viscoelasticity were considered. Second, the
UKA designs and anatomy were regarded and virtually created and implanted from just one subject
and one prosthetic product. Third, the UKA had been fully bonded and there was no consideration
given in this paper to micro-motion that may occur between the PE bearing and the tibial part. Lastly,
we only considered change in the tibial bearing material. In future studies, the relationship between
tibial baseplates will be studied.
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5. Conclusions

In conclusion, this study established that FE analysis can provide local mechanical data not
available from in vivo or other types of experiments, allowing us to evaluate the mechanical factors
affecting the biomechanical environment when using different tibial bearing materials. The contact
stress was evaluated to investigate progressive degenerative OA on other compartments, and the von
Mises stress was evaluated to investigate aseptic loosening and anteromedial pain in tibia bone. We
found that the CFR-PEEK tibial bearing showed the lowest amount of contact stress in the lateral
meniscus and tibial cartilage. Also, the lowest stress showing no anteromedial pain was shown in
ROI 5. Therefore, CFR-PEEK may be a good alternative material to UHMWPE, showing a positive
biomechanical effect post-UKA.
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