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Background: Surgery for bone tumors around the knee often involves extensive
resection, making the subsequent prosthetic reconstruction challenging. While
carbon fiber-reinforced polyetheretherketone (CF-PEEK) has been widely used in
orthopedic implants, its application in tumor-type prosthesis is limited. This study
aims to evaluate the feasibility of using 30wt% and 60wt% carbon fiber-reinforced
polyetheretherketone (CF30-PEEK and CF60-PEEK) as materials for a redesigned
tumor-type knee prosthesis through numerical analysis.

Methods: A knee joint model based on CT data was created, and the resection and
prosthetic reconstruction were simulated. Three finite element models of the
prostheses, representing the initial and updated designs with CoCrMo and CFR-
PEEK components, were constructed. Loading conditions during standing and
squatting were simulated with forces of 700 N and 2800 N, respectively. Finite
element analysis was used to analyze the von Mises stress and stability of all
components for each prosthesis type.

Results: After improvements in both material and design, the new Type
3 prosthesis showed significantly lower overall stress with stress being evenly
distributed. Compared with the initial design, the maximum von Mises stress in
Type 3 was reduced by 53.9% during standing and 74.2% during squatting. In the
standing position, the maximum stress in the CF30-PEEK femoral component
decreased by 57.3% compared with the initial design which was composed of
CoCrMo, while the stress in the CF60-PEEK cardan shaft remained consistent. In
the squatting position, the maximum stress in the femoral component decreased
by 81.9%, and the stress in the cardan shaft decreased by 46.5%.

Conclusion: The incorporation of CF30-PEEK effectively transmits forces and reduces
stress concentration on the femoral component, while CF60-PEEK in the redesigned
cardan shaft significantly reduces stress while maintaining stiffness. The redesigned
prosthesis effectively conducts loading force anddemonstrates favorable biomechanical
characteristics, indicating thepromisingpotential of utilizingCF30-PEEKandCF60-PEEK
materials for tumor-type knee prostheses. The findings of this study could provide novel
insights for the design and development of tumor-type knee prostheses.
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1 Introduction

Aggressive bone and soft tissue tumors around the knee often
require extensive surgical resection, and functional reconstruction
with tumor-type knee prosthesis. The limitations of widely used
metallic materials in orthopedic prostheses, such as titanium alloys
and CoCrMo, have been highlighted in numerous studies. The most
common drawbacks are the heavy weight due to high density, and
the significant difference in elastic modulus between the metal
implants (ranging from 100 to 200 GPa) and human bones
(3–20 GPa). The modulus mismatch, also known as the stress
shielding effect, can lead to small fractures, aseptic loosening, and
ultimately implant failure (Sumner, 2015). Additionally, certain
metal ions released by wear particles are toxic to bone and tissue
cells, causing inflammation in adjacent tissues (Okazaki and Gotoh,
2005; Scharf et al., 2014; Armstead et al., 2017). Therefore, updating
the materials used for prosthetic fabrication is crucial.

Implants that offer suitable mechanical properties, excellent
wear resistance, and low cytotoxicity form the basis for successful
osteointegration. Carbon/polymer composites have gained
significant interest due to their exceptional mechanical properties.
Among these composites, carbon-fiber-reinforced
polyetheretherketone (CF-PEEK) has been extensively studied in
orthopedics over the past few decades, following the successful
utilization of pure polyetheretherketone (PEEK) (Theivendran
et al., 2021). CF-PEEK provides translucency under X-ray
imaging, eliminating scattering effects and enabling the
evaluation of early tumor recurrence and precise radiotherapy
while minimizing the impact on surrounding soft tissues (Zimel
et al., 2015; Nevelsky et al., 2017). CF-PEEK filled with 30wt% short
carbon fiber (CF30-PEEK) demonstrates excellent mechanical
properties, with a tensile strength (175–209 MPa) and elastic
modulus (16–24 GPa) (Bonnheim et al., 2019; Avanzini et al.,
2022) significantly lower than those of metals, closely resembling
the properties of bone (50–100 MPa and 7–30 GPa) (Morgan et al.,
2018). This resemblance effectively avoids stress shielding and
subsequent implant loosening or failure (Sha et al., 2009).
Additionally, CF-PEEK exhibits favorable wear resistance when
articulating against ceramic and metallic materials (Scholes and
Unsworth, 2007; Brockett et al., 2016), and its wear particles do not
demonstrate significant cytotoxicity (Utzschneider et al., 2010),
thereby extending the prosthesis lifespan. To date, CF-PEEK has
been investigated in various applications, including spinal cages
(Schwendner et al., 2023), fixation systems (Boriani et al., 2018;
Cofano et al., 2020), knee joint prostheses (Koh et al., 2019), and
intramedullary nails (Vles et al., 2019; Ziran et al., 2020).

The length, arrangement, and weight percentage of carbon fibers
filled in CF-PEEK can impact its mechanical properties, providing the
opportunity to manipulate them (Liao et al., 2020). While CF-PEEK
with 30wt% carbon fiber is reinforced by short carbon fibers, CF-PEEK
with 60wt% (CF60-PEEK) contains relatively longer or continuous
carbon fibers. CF60-PEEK shares many similarities with CF30-PEEK
but exhibits higher stiffness due to the utilization of long carbon fibers
(Zhao et al., 2021). The elastic modulus of CF60-PEEK can range from
50 GPa to 150 GPa, depending on the orientation and volume fraction
of carbon fibers (Bonnheim et al., 2019). Therefore, CF60-PEEK,
possessing light weight and high stiffness, is suitable for fabricating
torsion-resistant and load-bearing implants.

Due to the large bone defect, tumor-type knee prostheses are
typically heavier than most knee joint implants. Therefore, replacing
metallic biomaterials with CF-PEEK holds technological importance
for tumor-type prostheses. With a lower density than CoCrMo alloy
(7.9–8.5 g/cm3) and Ti6Al4V alloy (4.51 g/cm3), CF30-PEEK
(1.35–1.4 g/cm3) can reduce the weight of the prosthesis and
alleviate the burden on surrounding tissues, resulting in a
considerable improvement in comfort. Despite the increasing use
of CF-PEEK in orthopedic trauma and spinal instrumentation, there
is limited published research on tumor-type knee prostheses
composed of CF-PEEK. Finite Element Analysis is an essential
method for simulating stress distribution and exploring
mechanical properties when designing a prosthesis (Yao et al.,
2021; Zhu et al., 2021). In our previous study, we introduced an
originally designed micro-motion tumor-type knee prosthesis and
conducted Finite Element Analysis. However, the initial prosthesis
yielded unsatisfactory results during subsequent tests. In this study,
we have renewed the design and provided a numerical study of a
novel tumor-type prosthesis composed of CF-PEEK. This study
aims to explore the feasibility of using CF30-PEEK and CF60-PEEK
as replacements for CoCrMo in tumor-type knee prostheses, and
three different Finite Element models were established to analyze the
von Mises stress of each component. The results of this study are
expected to provide insights into the development of tumor-type
knee prostheses.

2 Materials and methods

2.1 Updates in prosthesis design

Three tumor-type knee prostheses, referred to as Type 1, Type 2,
and Type 3, were evaluated in this study. Type 1 represents the initial
design, consisting of intramedullary stems for the femur and tibia
medullary cavity, an extension rod, a distal femoral component, two
flexion shafts with two shaft bushings, a cardan shaft with a cardan
gasket, a tibial insert, and a proximal tibial component (Figure 1A).
The cardan shaft not only links the femur and tibia but also enables
controlled micro-motions within the knee joint. This design
preserves knee joint flexibility for multidirectional movement
while maintaining necessary constraint. However, subsequent test
results of Type 1 indicated a possibility of dislocation and the need
for further adjustments, leading to the development of Type 2 and
Type 3 prostheses.

To reduce the risk of dislocation, the diameter of the distal end of
the cardan shaft was enlarged in Type 2 and Type 3, making it wider
than the gap of the tibial insert. As a result, the cardan gasket was
removed to fit into the groove of the tibial component. Additionally,
the neck of the cardan shaft was lengthened, and the PE tibial insert
was slightly thickened accordingly. A bushing ring inside the cardan
shaft was also removed. The Type 2 and Type 3 has the same
geometric design, and the details of all types are shown in
Supplementary Figure S1.

However, both the cardan shaft and tibial component weremade
of CoCrMo. Although our previous study showed that the flexion
shafts and cardan shaft are not the main bearing components (Guo
and Guo, 2022), it is doubtful whether retaining a metal-on-metal
interface after removing the PE gasket is safe and appropriate. This
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interface may not withstand repeated motion and may increase the
risk of wear, especially considering the cytotoxicity of CoCrMo wear
debris.

CF60-PEEK reinforced by continuous carbon fiber has shown a
comparable elastic modulus (150 GPa) to CoCrMo (218 GPa), with
reduced wear rates and cytotoxicity of wear debris. Therefore, to
reduce the potential for wear while maintaining high stiffness,
CoCrMo was replaced by CF60-PEEK for the cardan shaft, while
the tibial component remained made of CoCrMo. Consequently,
Type 2 (which contains a CoCrMo cardan shaft) served only as a
control group in this study. Apart from the structural issues, the
weight of the CoCrMo components also drew our attention. The
advantages of using CF30-PEEK in tumor-type prostheses were
confirmed in our previous study (Guo and Guo, 2022), and we
retained the design of CF30-PEEK femoral component and
extension rod in Type 3 (Figure 1B).

2.2 Finite element model construction

The CT data was derived from the same patient as our previous
study (Guo and Guo, 2022), with a height of 168 cm and a weight of
70 kg. The total femur and total tibia measured 430 mm and

330 mm in length, respectively. Next, the medical modeling
software Mimics 20.0 (Materialise Inc., Belgium) was used to
construct the original knee joint model. The osteotomy length for
the resection of the distal femur tumor was set at 128 mm, and for
the proximal tibia it was set at 10.5 mm. Both osteotomy directions
were perpendicular to the axis of the medullary cavity.

Subsequently, the simulated osteotomy was performed, and a
custom prosthesis model was designed using engineering design
software CREO 7.0 (PTC, United States). To analyze the stress
distribution of three different implants in two static postures (knee
joint at 0° for standing and at 90° for squatting), a finite element (FE)
environment was created. The Altair Inspire software (Altair
Engineering Inc., United States) was used for the pre-processing
of this environment. Static structural analysis was performed using
the OptiStruct 2019 solver (Altair Engineering Inc., United States).
All materials were simplified to be linear elastic and isotropic, and
the properties of different materials are shown in Table 1.

2.3 Loading and boundary conditions

In the loading condition, a downward load of 700 N was
applied vertically to the femoral head to simulate the body’s

FIGURE 1
(A) A schematic diagram of the components of this micro-motion tumor-type knee prosthesis. (B) Differences in the materials among the three
types of prostheses.
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gravity in one-legged standing. A load of 2,800 N was applied to
simulate the highest loaded condition during one-legged
squatting (Smith et al., 2008; Kutzner et al., 2010; Bergmann
et al., 2014). In both postures, the distal end of tibia was fully
constrained in all directions (Supplementary Figures S2A, B).

As shown in Supplementary Figures S2C, D, the contact
conditions were varied among standard, boned and no
contact. Briefly, the interfaces between the intramedullary
stems and bones were bonded due to the bone cement design
(indicated in blue). The interfaces between the femoral
intramedullary stem, extension rod and the femoral
component were also bonded because of the taper connection.
For the remaining interfaces, standard contact conditions were
applied (indicated in green). Additionally, some seemingly
narrow gaps did not actually result in contact based on the
geometric design (indicated in gray).

2.4 Model verification and data processing

Initially, the 10 Nodes tetrahedral (TET10) elements were
utilized for calculations. However, during the gradual mesh
refinement, increasing errors emerged and prevented the
completion of the calculations. This issue could be attributed to
the complexity of the model, which includes multiple components
with intricate structures. Additionally, the software may
automatically adjust meshes to accommodate small curvature
corners, potentially distorting the meshes, which could
significantly impact the stress levels and yield unreliable results
(Saadlaoui et al., 2017).

For computational efficiency, the 4 Nodes tetrahedral (TET4)
elements was subsequently employed for the calculation. In this
study, the vonMises stress was selected as the primary parameter for
evaluating biomechanical performance of the prosthesis. A
convergence test was conducted on both Type 1 and Type
3 models by increasing the mesh densities (Supplementary
Figures S3A, B). It was observed that convergence curve was not
smooth. This could be attributed to the fact that many parameters of
the model could affect mesh convergence behavior, and convergence
tests may not always yield satisfactory solutions (Schmidt et al.,
2009).

Another reason for the lack of smoothness in the convergence
curve may be that the models retained substantial details, resulting
in different convergence rates at different locations (Schmidt et al.,
2009). For instance, considering the femoral component, which is of
particular interest in this study, as the mesh density increased, the
smooth surfaces of the medial and lateral condyles converged at
much lower mesh densities. In contrast, the intercondylar fossa with
curvature features exhibited slower convergence rates
(Supplementary Figures S3C, D). Theoretically, the best way to
determine whether smaller element sizes would result in smooth
curves without abrupt changes would be to continuously increase
the mesh densities, although this approach is impractical (Bright and
Rayfield, 2011).

The different rate was calculated as the percentage difference in
the maximum von Mises stress between the current mesh density
and the previous density (Supplementary Tables S1, S2). Regarding
the different rate, there appears to be no consensus in the literature,
with values of <10% or <5% both being quoted (Schmidt et al., 2009;
Bright and Rayfield, 2011; Lai et al., 2015; Tseng et al., 2015). In this
study, the convergence was considered to have started at where
a <10% different rate was observed between successive meshes.
Consequently, for most locations, the Type 1 model can be deemed
to have converged at 341,411 elements and the Type 3 model at
333,723 elements, with an average mesh size of 2.0 mm (Table 2).

All the statistical analyses in this study were performed with the
SPSS 22.0 software. For comparison of three groups, one-way
ANOVA was performed. The differences were considered
significant at p < 0.05.

TABLE 1 The characteristics of different materials.

Materials Young’s
modulus (MPa)

Poisson’s
ratio

Tensile
strength (MPa)

Compressive
strength (MPa)

Cortical bone Rezwan et al. (2006), Guo and Guo (2022) 14,000 0.30 50–151 130–220

CoCrMo Sevimay et al. (2005), Herranz et al. (2020) 218,000 0.33 409–431 632–682

Ti6Al4V Arrazola et al. (2009), Kaleli et al. (2018), Ishfaq
et al. (2021)

110,000 0.35 960–1,100 870–1,010

UHMWPE Manoj Kumar et al. (2015), Malito et al.
(2018)

1,016 0.30 10.2–26.3 9.8–15.7

CF30-PEEK Sarot et al. (2010), Schwitalla and Müller
(2013)

18,000 0.39 175–214 239–246

CF60-PEEK Schwitalla et al. (2015), Liao et al. (2020) 150,000 0.35 2000 800

TABLE 2 The number of nodes and elements for each model.

Model Nodes Elements

Standing Type-1 83,163 341,411

Type-2 80,812 333,723

Type-3 80,812 333,723

Squatting Type-1 83,180 339,746

Type-2 81,739 337,572

Type-3 81,739 337,572
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3 Results

3.1 Development of micro-motion tumor
prosthesis

The initial design (referred to as Type 1) was first
demonstrated in our previous study (Guo and Guo, 2022). For
individuals in Asia and the Middle East, certain daily activities
such as toileting, kneeling, and cross-legged sitting often require
full flexion squatting (Hemmerich et al., 2006). However, during
the subsequent static loading test of Type 1, which simulated this
specific movement, unsatisfactory results were observed. It was
discovered that there was a potential issue where the cardan shaft
could be pulled out from the cardan gasket, leading to
subluxation, or even getting stuck in the gap of the tibial
insert, resulting in complete dislocation (Figure 2). This
occurred when the prosthesis underwent prolonged bending at
a high flexion angle with load-bearing. If this situation were to
occur in a clinical utilization, it would require a revision surgery
to restore the functionality of the knee joint. To address this issue,
the cardan shaft was redesigned as described in the Methods
section. Subsequently, the stress distribution of all three
prostheses was analyzed.

3.2 Overall stress distribution and
displacement of three models

The von Mises stress distribution of three models, including
the proximal femur and tibia, was analyzed in this study.
Figure 3A illustrates the overall stress distribution of the
entire model in the standing posture. The maximum stress
value was observed in Type 2 (93.63 MPa), which was higher
than Type 1 (82.95 MPa) and Type 3 (38.25 MPa). As shown in
Figure 3B, when squatting, Type 2 showed the highest stress value
(5,662 MPa), significantly exceeding that of Type 1 (4,694 MPa)

and Type 3 (1,213 MPa). For a more detailed examination, three
random points around the maximum stress point were collected
for statistical analysis. As shown in Figures 3C, D, the maximum
stress observed in the Type 3 model was the lowest in both
standing and squatting position. Compared with Type 1, Type
3 showed a distinct reduction of 53.9% in maximum von Mises
stress during standing and 74.2% reduction during squatting. The
maximum displacement of the entire model was shown in
Figure 4. The maximum displacement was observed in the
proximal femur in both positions. When standing, the
maximum displacement in Type 3 (18.02 mm) was slightly
higher than that of Type 1 (17.48 mm) and Type 2
(17.53 mm). In the squatting position, the maximum
displacement remained highest in Type 3 (173.6 mm),
significantly surpassing that of Type 1 (115.5 mm) and Type 2
(114.8 mm).

3.3 Mechanical analysis of extension rod,
femoral component and tibial insert

The extension rod and femoral component of three
prostheses were made of materials with different mechanical
properties, which could potentially affect the stress distribution.
However, as shown in Figure 5, in the standing condition, the
maximum stress values observed on the extension rod were
nearly identical for Type 1 (22.15 MPa), Type 2 (26.83 MPa),
and Type 3 (25.48 MPa). This trend remained similar in the
squatting position, with values of 1,308, 1,283, and 1,213 MPa,
respectively.

There were significant differences in the stress distribution on
the femoral component. In the standing condition (Figure 5A), the
maximum stress on the CF30-PEEK femoral component in Type 3
(35.45 MPa) was significantly lower than that of the CoCrMo
component in Type 1 (82.95 MPa) and Type 2 (93.63 MPa).
Moreover, in all three types, the highest stress on the femoral

FIGURE 2
Illustration of (A) a normal Type 1 prosthesis, (B) the cardan shaft being pulled out from the cardan gasket, and (C) the cardan shaft fully dislocated
and stuck into the tibial insert.
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FIGURE 3
Distribution of the von Mises stress in the three entire models in the (A) standing position and (B) squatting position. Statistical analysis of the
maximum von Mises stress in the (C) standing and (D) squatting position (*p < 0.05 compared with Type 1, #p < 0.05 compared with Type 2, same in the
following figures).

FIGURE 4
Displacement of the threemodels in the (A) standing and (B) squatting position. Statistical analysis of themaximum displacement in the (C) standing
and (D) squatting position.
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component appeared at the contact area with the cardan shaft,
located within the region corresponding to intercondylar fossa. In
the squatting condition, the maximum stress on the femoral
component of Type 3 (850 MPa) was substantially lower than
that of Type 1 (4,694 MPa) and Type 2 (5,662 MPa). It is
noteworthy that the maximum stress in all three types of
prostheses was observed at the interface between the femoral
component and tibial insert (Figure 5B). Compared with Type 1,
the maximum stress on the femoral component of Type 3 decreased
by 57.3% and 81.9% under the standing and squatting conditions,
respectively.

Regarding the tibial insert, stress concentration was observed on
the anterior regions of the insert in all three types. The maximum
stress observed in Type 3 (6.723 and 704 MPa) was higher than that
of Type 1 (4.095 and 625.1 MPa) and Type 2 (3.853 and 519.3 MPa)
in both postures (Figures 5A, B). Further analysis of the medial and
lateral sides of the insert (corresponding to the medial and lateral
menisci) revealed that the maximum von Mises stress on both sides
of the tibial insert in Type 3 was also higher than those in the other
two types (Supplementary Figure S4).

3.4 Stress analysis of connecting
components

The connecting components consist of the flexion shaft S1 and
flexion shaft S2 (Figure 1). S2 is inserted into S1, with two shaft
bushings positioned between S1 and the femoral component.
Together, these connecting components articulate the cardan
shaft with the femoral component. When standing, the
maximum stress on both the flexion shaft S1 (6.383 MPa) and S2
(3.137 MPa) of Type 3 was slightly higher than that of Type 1
(2.158 and 1.148 MPa, respectively) and Type 2 (5.842 and
2.545 MPa, respectively) (Figure 6A). Similarly, when squatting,
Type 3 exhibited the highest stress on S1 (295.8 MPa) and S2
(71.23 MPa) among the three types, as compared with Type 1
(105.7 and 36.51 MPa, respectively) and Type 2 (169.8 and
54.06 MPa, respectively) (Figure 6B). In the standing condition,
most stress located on the central area of shaft S1 and S2 in all the
three types. However, when squatting, most stress was concentrated
on the central area of S2 but a greater amount was found on the edge
of S1. The maximum stress on all shaft bushings showed no

FIGURE 5
Distribution of the von Mises stress in the extension rod, femoral component and tibial insert in the (A) standing and (B) squatting position.
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significant differences among them, although Type 3 presented
slightly higher stress values regardless of position (Figure 7).

3.5 Stress analysis of micro-motion
components

The cardan shaft is a key distinguishing feature that sets this
prosthesis apart from other distal femoral tumor-type prostheses. It
serves the dual purpose of connecting the femoral and tibial
components and enabling micro-motions in multiple directions,
thus preserving the flexibility of the knee joint.

Figure 8 demonstrates that in Type 2 and Type 3, the cardan
gasket was removed due to the enlarged distal end of the cardan
shaft. Following design and material adjustments, it was observed
that when standing, the maximum stress in the cardan shaft of Type
3 (26.69 MPa) was slightly higher than that of Type 1 (22.29 MPa)
but lower than Type 2 (37.34 MPa). In Type 1, the majority of the
stress was located at the contact area with femoral component,
whereas in Type 2 and Type 3, more stress appeared on the neck of
the cardan shaft. In the squatting position, the stress distribution
differed from the standing posture. The maximum stress in Type 3

(996.3 MPa) was significantly lower than that in Type 1 (1862 MPa)
but similar to Type 2 (970.3 MPa). The majority of high-stress was
located at the flange region of upper cardan shaft, in contact with the
shaft bushings, with no significant stress concentration in the neck
or bottom areas. Compared with Type 1, the maximum stress on the
cardan shaft of Type 3 increased by 19.7% when standing, but
decreased by 46.5% when squatting.

Regarding the cardan gasket in Type 1, most of the maximum
stress was observed on the edges below the top of the gasket. When
squatting, stress concentration appeared at the central bottom of the
gasket, which was not obvious when standing. Furthermore, in Type
1, the gasket top was in contact with the tibial insert, presenting an
interface stress of approximately 0.16–0.53 MPa in the standing
position and 2.06–8.52 MPa in the squatting position. It is worth
noting that in Type 2 and Type 3, the upper surface of the
hemisphere structure was not in contact with the bottom of the
tibial insert (Supplementary Figure S1), thus showing a normal
stress gradient.

Analysis of the tibial component revealed that when standing,
the maximum stress in Type 3 (11.16 MPa) was lower than that of
Type 1 (20.62 MPa) and Type 2 (15.78 MPa). When squatting, Type
1 showed the highest stress value of 937.8 MPa, followed by Type 3

FIGURE 6
Distribution of the von Mises stress on flexion shaft S1 and S2 in the (A) standing and (B) squatting position.
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(612.4 MPa) and Type 2 (532.1 MPa). The distribution of von Mises
stress on the tibial component was similar among the three types in
the standing or squatting position, respectively.

3.6 Stress analysis of femur, tibia, and
intramedullary stems

Figure 9 demonstrates that in the standing condition, the
maximum stress on the proximal femur was nearly identical
between Type 1 (8.262 MPa) and Type 2 and Type 3 (both
8.222 MPa). Additionally, the maximum stress observed on the
tibia was similar among Type 1 (33.61 MPa) and the other two
types (both 34.02 MPa). Furthermore, there were only minor
differences in the stress distribution among the femoral or tibial
intramedullary stems, respectively. A similar trend was observed in
the squatting condition. These findings suggest that the adjustments
in design andmaterial had minimal impact on the stress distribution
of the femur, tibia, and their intramedullary stems. Figure 10
presents the maximum stress values of each component in all
three types.

4 Discussion

The wide resection of bone tumors around the knee requires
reconstruction with appropriate tumor-type prostheses. In our
previous study (Guo and Guo, 2022), we proposed the initial
design of a micro-motion tumor-type knee prosthesis. This
prosthesis incorporates a crucial cardan shaft connection, which

enables micro-motion between the femur and tibia, preserving the
flexibility of the knee joint after implant surgery. However, during
subsequent tests simulating prolonged squatting with weight-
bearing, the prosthesis exhibited a potential for dislocation,
leading to malfunctions of the prosthesis. Consequently, a
redesign of the prosthesis became necessary. The primary cause
of dislocation was the cardan shaft being pulled out from the shaft
gasket and the tibial component. Therefore, the redesign primarily
focused on addressing this issue throughmodifications to the cardan
shaft, as described above.

CFR-PEEK has been successfully used in many orthopedic
reconstructions. Although CF30-PEEK has not been extensively
used for femoral components or load-bearing parts of joint
prostheses (Koh et al., 2019; Vertesich et al., 2022), it has
demonstrated good load-bearing capacity in other clinical
applications and has shown stable long-term performance
(Nakahara et al., 2013; Rotini et al., 2015; Schliemann et al.,
2015; Boriani et al., 2018; Laux et al., 2018; Ziegler et al., 2019).
Additionally, our previous study found favorable stress distribution
in the femoral component made of CF30-PEEK (Guo and Guo,
2022). These findings suggest that CF30-PEEK can potentially
replace CoCrMo for the femoral component, reducing the weight
of the tumor-type prosthesis without compromising its strength.
Therefore, in this study, we chose to retain CF30-PEEK as the
material for the femoral component in Type 3.

By adjusting the arrangement and weight fraction of carbon
fibers embedded in CFR-PEEK composites, CF60-PEEK exhibits an
elastic modulus ranging from 50 to 150 GPa (Schwitalla et al., 2015;
Xu et al., 2019; Liao et al., 2020; Souza et al., 2021). This allows for
achieving higher rigidity and torsion resistance similar to metals,

FIGURE 7
Distribution of the von Mises stress on shaft bushings in the (A) standing and (B) squatting position, and (C) statistical analysis of the maximum stress
in three types.

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Wu et al. 10.3389/fbioe.2023.1243936

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1243936


while maintaining a lighter weight (Verma et al., 2021). Clinical use
of long carbon fiber-reinforced PEEK composites, such as the
Carbofix Piccolo system, have demonstrated good load-bearing
capabilities and bending resistance (Hak et al., 2014). Tests
conducted by Steinberg et al. showed that tibial nails and plates
made of 60wt% CFR-PEEK exhibit similar mechanical
characteristics to commercially available metal implants, with
lower wear performance (Steinberg et al., 2013). CF60-PEEK also
demonstrates excellent wear resistance (Koh et al., 2019). The wear
rate of CFR-PEEK is lower than that of metal-on-UHMWPE and
metal-on-metal systems (Howling et al., 2003; Scholes and
Unsworth, 2009a; Scholes and Unsworth, 2009b). Considering
these characteristics, CF60-PEEK was selected as the material for
the cardan shaft in this study to ensure component rigidity, stability,
and high wear resistance. Its impact on stress distribution was
subsequently analyzed.

Finite element analysis (FEA) is a highly effective and powerful
tool for evaluating multiple variables in orthopedic implants, aiding
in design optimization and predicting stress distribution (Pfeiffer,
2016). In this study, three different finite element models were
developed, incorporating Young’s modulus and Poisson’s ratio to

complete the models. To independently assess the effect of material
variations on stress distribution, the Type 2 group, which had the
same geometric structure as Type 3 but retained the CoCrMo
composition as Type 1, served as control group as well. However,
there is currently a lack of consensus on the loading or contact stress
on the knee joint during movement, particularly after reconstruction
with a tumor-type knee prosthesis. Research on the knee joint
suggests that the peak axial force during level walking can range
from 2.2 to 2.5 times body weight (BW) (Bergmann et al., 2014). In
fast walking, the medial knee contact force can increase by 30%–70%
compared to the standing position, and the loading is greatly
influenced by muscle force (Ogaya et al., 2015; Trepczynski et al.,
2018). Stair descent can generate forces up to 346% BW, while stair
ascent can result in forces up to 316% BW (Kutzner et al., 2010).
These values vary widely among individuals, and the estimation of
contact force may have an error of 10% BW (Jung et al., 2017).

Furthermore, the load on the knee joint becomes more complex
in the deep squat position (beyond 90 degrees of flexion). On one
hand, the actual tibiofemoral contact forces depend on the net
moments of the hamstrings or the quadriceps force in the sagittal
plane (Smith et al., 2008; Kutzner et al., 2010; Bergmann et al., 2014).

FIGURE 8
Distribution of the von Mises stress on the cardan shaft, cardan gasket, and tibial component in the (A) standing and (B) squatting position.
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On the other hand, even at the same knee flexion angle, loading
conditions on the knee joint can vary during activities such as stair
ascent, rising from a chair, and deep squatting. For example, during
one-legged flexion in stair ascending, the knee joint experiences

forces equivalent to 316% BW, while during two-legged bending in
deep squatting, the forces range from 240% to 253% BW (Taylor
et al., 1998; Smith et al., 2008; Kutzner et al., 2010; Bergmann et al.,
2014). Moreover, due to the various combinations of anatomical

FIGURE 9
Distribution of the von Mises stress on the proximal femur, tibia, and respective intramedullary stems in the (A) standing and (B) squatting position.

FIGURE 10
Summary of the maximum von Mises stress in each component in the (A) standing and (B) squatting position.
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structures and complex movements, determining the normal
loading conditions within the knee joint is challenging (Taylor
et al., 2004).

Therefore, for computational efficiency, in our study, we
applied a load of 700 N to simulate the load during standing,
and 2800 N to simulate the extreme load during knee bending in
the gait cycle. These loads are slightly higher than those used in
previous finite element studies, but align more closely with the
peak loading during one-legged postures (Bergmann et al., 2014),
as we aimed to encompass a wider range of the complexity and
variability of knee joint loading. However, considering that
patients may use assistive devices such as braces or crutches
during postoperative recovery, the load settings in this study may
be higher than the actual tibiofemoral contact stress under most
circumstances.

Research has shown that for primary distal femoral
endoprostheses, decreased survivorship is primarily attributed to
soft tissue failure, aseptic loosening, and structural complications
(Pala et al., 2013; Bus et al., 2017; Haijie et al., 2018; Ogura et al.,
2021). In the case of revision prostheses, periprosthetic fracture and
aseptic loosening are the primary causes of implant failure (Pala et al.,
2013; Geiger et al., 2023). In this study, the overall von Mises stress of
the newly designed prosthesis was significantly lower than that of the
other two groups in both the standing and squatting position. Stress
analysis of the entiremodel showed that, after updating the design and
material, the overall stress on the Type 3 prosthesis remained
consistent and evenly distributed. Additionally, there was no
significant difference in the stress distribution observed at the
bone-prosthesis interface between Type 3 and Type 1 in both
standing and squatting positions. The von Mises stress between
the bones and intramedullary stems was similar, indicating no
significant stress shielding effects. This suggests that the stress in
the Type 3 model is effectively transmitted from the prosthesis to the
cortical bone, preventing instability between the prosthesis and bone
and avoiding subsequent complications.

The displacement analysis of the entire model revealed that in
the standing position, Type 3 showed similar results to the other two
groups. However, during the higher load-bearing squatting position,
the displacement in Type 3 significantly increased. This can be
attributed to the notable difference in stiffness between the CF30-
PEEK components and the CoCrMo components. The extension
rod and femoral component that made of CF30-PEEK exhibit lower
stiffness but higher elastic deformability, which aligns with the
findings of our previous study (Guo and Guo, 2022).

Upon further analysis of the load distribution on the components,
it was observed that after the design modifications, there were no
significant differences in the stress distribution of the intramedullary
stems of the femur and tibia, extension rod, and bushings for flexion
shafts. However, notable changes were observed in the stress
distribution of the components that had been replaced with new
materials and the components in contact with them. When
comparing the stress distribution of the femoral components, it
was found that in the standing position, the region in contact with
the cardan shaft (referred to as the intercondylar fossa) showed the
highest stress. In the squatting position, the maximum stress shifted to
the region in contact with the tibial insert. The femoral component
made of CF30-PEEK exhibited significantly lower maximum stress in
both standing and squatting positions, compared with the CoCrMo

groups. A long-term follow-up research showed that after tumor
resection and reconstruction in the knee joint, the prosthesis failure
was primarily caused by mechanical facts (Henderson et al., 2011).
These failures are likely linked to the weight of the prosthesis. The
findings in this study highlight the positive impact of using CF30-
PEEK in the femoral component, as it not only effectively reduces the
weight burden but also mitigates the risks of fatigue due to stress
concentration.

Analysis of the tibial insert revealed complex results. The
Type 3 group showed higher maximum stress on the UHMWPE
insert compared to the other two groups, in both standing and
squatting postures. Further analysis revealed that both the medial
and lateral regions of the tibial insert experienced elevated stress
in the Type 3 group. In this study, the elastic modulus of CF30-
PEEK was set at 18 GPa, significantly lower than that of CoCrMo
but closer to UHMWPE. This relative modulus compatibility
helps with load transfer and promotes even stress distribution
(Heary et al., 2016). It was further confirmed in this study, where
the von Mises stress on the CF30-PEEK femoral component was
closer to that of the UHMWPE insert, compared with the
CoCrMo-UHMWPE pairs. These findings suggest that the
load force could be effectively transmitted from the femoral
component to the tibial insert. However, it is important to
note that all three groups exhibited some stress concentration
at the ridge of the tibial insert. Further research is necessary to
assess the potential risks of wear and fatigue associated with tibial
inserts.

The flexion shaft S1 and S2 play a crucial role in articulating the
femoral components and the cardan shaft. The stress concentration
regions on the flexion shaft may be influenced by the transmission of
axial forces from the femoral component. Regarding the cardan
shaft, when comparing Type 3 with Type 2 and Type 1, the
utilization of CF60-PEEK as the material along with the design
updates, resulted in a similar stress distribution when standing, but a
substantial reduction in stress when squatting. This reduction could
hold significant importance for tumor-type prostheses, as many of
tumor-type prostheses still carry a risk of breakage (Yoshida et al.,
2012). Studies have reported that approximately 2%–6% of tumor
patients reconstructed with rotating hinge prostheses experienced
fractures at the tibial yoke, where the rotating component was
inserted into the tibial tray (Myers et al., 2007). In contrast to
rotating hinge implants, in this prosthesis, the bottom of the cardan
shaft remains unfixed, and stress is transmitted through the femoral
component to the tibial insert and tibial component. We speculate
that the substantial reduction in stress on the cardan shaft could help
mitigate the risk of fractures resulting from increased activity and
repetitive torsion.

As for the tibial component, Type 3 exhibited slightly higher
stress, although the stress difference among the three groups was
minimal. The region in contact with the tibial insert experienced the
highest stress, and no stress concentration was observed at the
contact surface between the cardan shaft and the groove of the tibial
component. The low contact pressure contributes to reducing the
risk of wear at the interface between the cardan shaft and the tibial
component (Grupp et al., 2010; Koh et al., 2019).

In the squatting position, certain components showed stress
levels that exceeded their theoretical yield strength. However, this
does not necessarily indicate component failure. The results are
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influenced by various parameters such as mesh density and loading
conditions. Utilizing loading conditions that are closer to
physiological conditions could likely yield a more realistic stress
distribution. We also acknowledge the following limitations in this
study. Firstly, for computational efficiency, only Poisson’s ratio and
elastic modulus were considered as parameters. Incorporating
additional parameters for model construction (Viceconti et al.,
2005) and using viscoelastic models for specific components may
offer more comprehensive insights into stress distribution (Alotta
et al., 2018). Secondly, this study exclusively assessed the von Mises
stress on bones and the prosthesis under two static conditions.
Future research should account for the gradual changes in a post-
surgery patient’s gait. Incorporating dynamic motion models and
analyzing the complete gait cycle would facilitate a more specific
evaluation of stress distribution across a wider range of knee flexion
degrees. Furthermore, a comprehensive biomechanical analysis
should consider the influence of soft tissues and muscles, as they
significantly impact joint loading. Additionally, combining the
findings with ex vivo validations such as pressure-sensitive film
tests would provide a more accurate assessment of the contact forces
and stress distribution within the prosthesis (Khosravipour et al.,
2018).

5 Conclusion

In conclusion, our study provides a novel investigation into a
tumor-type prosthesis composed of CFR-PEEK, with a focus on
assessing the von Mises stress distribution across its components.
The results indicate that CF30-PEEK effectively transmits forces,
leading to reduced stress concentration on the femoral component,
while reduced weight and improved functionality. The incorporation
of CF60-PEEK in the redesigned cardan shaft significantly reduces the
von Mises stress while maintaining comparable stiffness. These
advancements in force transmission and stress reduction are
expected to enhance the stability and durability of the new tumor-
type knee prosthesis. However, before introducing the prosthesis into
routine clinical practice, further objective investigations on
deformation and wear performance are necessary.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving human participant were reviewed and
approved by the Ethics Committee of Peking University People’s
Hospital. The patients/participants provided their written informed
consent to participate in this study.

Author contributions

Conceptualization: WG; validation, methodology, resources:
HW, YG, WG; formal analysis, data collection, writing–original
draft: HW; writing–review and editing: HW, YG, WG. All
authors contributed to the article and approved the submitted
version.

Funding

This study was supported by the Beijing Science and Technology
Planning Project (grant number Z201100005520054) and the
Capital Health Development Scientific Research Special Project
(grant number 2020-2Z-4089).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1243936/
full#supplementary-material

References

Alotta, G., Barrera, O., and Pegg, E. C. (2018). Viscoelastic material models for more
accurate polyethylene wear estimation. J. Strain Analysis Eng. Des. 53, 302–312. doi:10.
1177/0309324718765512

Armstead, A. L., Simoes, T. A., Wang, X., Brydson, R., Brown, A., Jiang, B.-H., et al.
(2017). Toxicity and oxidative stress responses induced by nano- and micro-CoCrMo
particles. J. Mater. Chem. B 5, 5648–5657. doi:10.1039/C7TB01372H

Arrazola, P.-J., Garay, A., Iriarte, L.-M., Armendia, M., Marya, S., and Le Maître, F.
(2009). Machinability of titanium alloys Ti6Al4V and Ti555.3. J. Mater. Process.
Technol. 209, 2223–2230. doi:10.1016/j.jmatprotec.2008.06.020

Avanzini, A., Battini, D., Petrogalli, C., Pandini, S., and Donzella, G. (2022). Anisotropic
behaviour of extruded short carbon fibre reinforced PEEK under static and fatigue loading.
Appl. Compos Mater 29, 1041–1060. doi:10.1007/s10443-021-10004-1

Bergmann, G., Bender, A., Graichen, F., Dymke, J., Rohlmann, A., Trepczynski, A.,
et al. (2014). Standardized loads acting in knee implants. PLOS ONE 9, e86035. doi:10.
1371/journal.pone.0086035

Bonnheim, N., Ansari, F., Regis, M., Bracco, P., and Pruitt, L. (2019). Effect of carbon
fiber type on monotonic and fatigue properties of orthopedic grade PEEK. J. Mech.
Behav. Biomed. Mater. 90, 484–492. doi:10.1016/j.jmbbm.2018.10.033

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Wu et al. 10.3389/fbioe.2023.1243936

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1243936/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1243936/full#supplementary-material
https://doi.org/10.1177/0309324718765512
https://doi.org/10.1177/0309324718765512
https://doi.org/10.1039/C7TB01372H
https://doi.org/10.1016/j.jmatprotec.2008.06.020
https://doi.org/10.1007/s10443-021-10004-1
https://doi.org/10.1371/journal.pone.0086035
https://doi.org/10.1371/journal.pone.0086035
https://doi.org/10.1016/j.jmbbm.2018.10.033
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1243936


Boriani, S., Tedesco, G., Ming, L., Ghermandi, R., Amichetti, M., Fossati, P., et al.
(2018). Carbon-fiber-reinforced PEEK fixation system in the treatment of spine tumors:
A preliminary report. Eur. Spine J. 27, 874–881. doi:10.1007/s00586-017-5258-5

Bright, J. A., and Rayfield, E. J. (2011). The response of cranial biomechanical finite
element models to variations in mesh density. Anatomical Rec. 294, 610–620. doi:10.
1002/ar.21358

Brockett, C. L., Carbone, S., Abdelgaied, A., Fisher, J., and Jennings, L. M. (2016).
Influence of contact pressure, cross-shear and counterface material on the wear of PEEK
and CFR-PEEK for orthopaedic applications. J. Mech. Behav. Biomed. Mater. 63, 10–16.
doi:10.1016/j.jmbbm.2016.06.005

Bus, M. P. A., van de Sande, M. A. J., Fiocco, M., Schaap, G. R., Bramer, J. A. M., and
Dijkstra, P. D. S. (2017). What are the long-term results of MUTARS® modular
endoprostheses for reconstruction of tumor resection of the distal femur and proximal
tibia? Clin. Orthop. Relat. Res. 475, 708–718. doi:10.1007/s11999-015-4644-8

Cofano, F., Di Perna, G., Monticelli, M., Marengo, N., Ajello, M., Mammi, M., et al.
(2020). Carbon fiber reinforced vs titanium implants for fixation in spinal metastases: A
comparative clinical study about safety and effectiveness of the new carbon-strategy.
J. Clin. Neurosci. 75, 106–111. doi:10.1016/j.jocn.2020.03.013

Geiger, E. J., Arnold, M. T., Hart, C. M., Greig, D., Trikha, R., Sekimura, T., et al.
(2023). What is the long-term survivorship of primary and revision cemented distal
femoral replacements for limb salvage of patients with sarcoma? Clin. Orthop. Relat.
Research® 481, 460–471. doi:10.1097/CORR.0000000000002333

Grupp, T. M., Utzschneider, S., Schröder, C., Schwiesau, J., Fritz, B., Maas, A., et al.
(2010). Biotribology of alternative bearing materials for unicompartmental knee
arthroplasty. Acta Biomater. 6, 3601–3610. doi:10.1016/j.actbio.2010.04.003

Guo, Y., and Guo, W. (2022). Study and numerical analysis of von Mises stress of a
new tumor-type distal femoral prosthesis comprising a peek composite reinforced with
carbon fibers: finite element analysis. Comput. Methods Biomechanics Biomed. Eng. 25
(15), 1663–1677. doi:10.1080/10255842.2022.2032681

Haijie, L., Dasen, L., Tao, J., Yi, Y., Xiaodong, T., andWei, G. (2018). Implant survival
and complication profiles of endoprostheses for treating tumor around the knee in
adults: A systematic review of the literature over the past 30 years. J. Arthroplasty 33,
1275–1287.e3. doi:10.1016/j.arth.2017.10.051

Hak, D. J., Mauffrey, C., Seligson, D., and Lindeque, B. (2014). Use of carbon-fiber-
reinforced composite implants in orthopedic surgery. Orthopedics 37, 825–830. doi:10.
3928/01477447-20141124-05

Heary, R. F., Parvathreddy, N. K., Qayumi, Z. S., Ali, N. S., and Agarwal, N. (2016).
Suitability of carbon fiber–reinforced polyetheretherketone cages for use as anterior
struts following corpectomy. J. Neurosurg. Spine 25, 248–255. doi:10.3171/2016.1.
SPINE14291

Hemmerich, A., Brown, H., Smith, S., Marthandam, S. s. k., and Wyss, U. p. (2006).
Hip, knee, and ankle kinematics of high range of motion activities of daily living.
J. Orthop. Res. 24, 770–781. doi:10.1002/jor.20114

Henderson, E. R., Groundland, J. S., Pala, E., Dennis, J. A., Wooten, R., Cheong, D.,
et al. (2011). Failure mode classification for tumor endoprostheses: retrospective review
of five institutions and a literature review. JBJS 93, 418–429. doi:10.2106/JBJS.J.00834

Herranz, G., Berges, C., Naranjo, J. A., García, C., and Garrido, I. (2020). Mechanical
performance, corrosion and tribological evaluation of a Co–Cr–Mo alloy processed by
MIM for biomedical applications. J. Mech. Behav. Biomed. Mater. 105, 103706. doi:10.
1016/j.jmbbm.2020.103706

Howling, G. I., Sakoda, H., Antonarulrajah, A., Marrs, H., Stewart, T. D., Appleyard,
S., et al. (2003). Biological response to wear debris generated in carbon based composites
as potential bearing surfaces for artificial hip joints. J. Biomed. Mater. Res. Part B Appl.
Biomaterials 67B, 758–764. doi:10.1002/jbm.b.10068

Ishfaq, K., Abdullah, M., and Mahmood, M. A. (2021). A state-of-the-art direct metal
laser sintering of Ti6Al4V and AlSi10Mg alloys: surface roughness, tensile strength,
fatigue strength and microstructure. Opt. Laser Technol. 143, 107366. doi:10.1016/j.
optlastec.2021.107366

Jung, Y., Koo, Y., and Koo, S. (2017). Simultaneous estimation of ground reaction
force and knee contact force during walking and squatting. Int. J. Precis. Eng. Manuf. 18,
1263–1268. doi:10.1007/s12541-017-0148-7

Kaleli, N., Sarac, D., Külünk, S., and Öztürk, Ö. (2018). Effect of different restorative
crown and customized abutment materials on stress distribution in single implants and
peripheral bone: A three-dimensional finite element analysis study. J. Prosthet. Dent.
119, 437–445. doi:10.1016/j.prosdent.2017.03.008

Khosravipour, I., Pejhan, S., Luo, Y., and Wyss, U. P. (2018). Customized surface-
guided knee implant: contact analysis and experimental test. Proc. Inst. Mech. Eng. H.
232, 90–100. doi:10.1177/0954411917744586

Koh, Y.-G., Park, K.-M., Lee, J.-A., Nam, J.-H., Lee, H.-Y., and Kang, K.-T. (2019).
Total knee arthroplasty application of polyetheretherketone and
carbon-fiber-reinforced polyetheretherketone: A review. Mater. Sci. Eng.
C-MATERIALS Biol. Appl. 100, 70–81. doi:10.1016/j.msec.2019.02.082

Kutzner, I., Heinlein, B., Graichen, F., Bender, A., Rohlmann, A., Halder, A., et al.
(2010). Loading of the knee joint during activities of daily living measured in vivo in five
subjects. J. Biomechanics 43, 2164–2173. doi:10.1016/j.jbiomech.2010.03.046

Lai, Y. -S., Chen, W. -C., Huang, C. -H., Cheng, C. -K, Chan, K. -K., and Chang, T. -K.
(2015). The effect of graft strength on knee laxity and graft in-situ forces after posterior
cruciate ligament reconstruction. PLoS One 10, e0127293. doi:10.1371/journal.pone.0127293

Laux, C. J., Hodel, S. M., Farshad, M., and Müller, D. A. (2018). Carbon fibre/
polyether ether ketone (CF/PEEK) implants in orthopaedic oncology. World J. Surg.
Oncol. 16, 241. doi:10.1186/s12957-018-1545-9

Liao, C., Li, Y., and Tjong, S. C. (2020). Polyetheretherketone and its composites
for bone replacement and regeneration. POLYMERS 12, 2858. doi:10.3390/
polym12122858

Malito, L. G., Arevalo, S., Kozak, A., Spiegelberg, S., Bellare, A., and Pruitt, L. (2018).
Material properties of ultra-high molecular weight polyethylene: comparison of tension,
compression, nanomechanics and microstructure across clinical formulations. J. Mech.
Behav. Biomed. Mater. 83, 9–19. doi:10.1016/j.jmbbm.2018.03.029

Manoj Kumar, R., Sharma, S. K., Manoj Kumar, B. V., and Lahiri, D. (2015). Effects of
carbon nanotube aspect ratio on strengthening and tribological behavior of ultra high
molecular weight polyethylene composite. Compos. Part A Appl. Sci. Manuf. 76, 62–72.
doi:10.1016/j.compositesa.2015.05.007

Morgan, E. F., Unnikrisnan, G. U., and Hussein, A. I. (2018). Bone mechanical
properties in healthy and diseased states. Annu. Rev. Biomed. Eng. 20, 119–143. doi:10.
1146/annurev-bioeng-062117-121139

Myers, G. J. C., Abudu, A. T., Carter, S. R., Tillman, R. M., and Grimer, R. J. (2007).
Endoprosthetic replacement of the distal femur for bone tumours: LONG-TERM
results. J. Bone and Jt. Surg. Br. 89, 521–526. doi:10.1302/0301-620X.89B4.18631

Nakahara, I., Takao, M., Bandoh, S., Bertollo, N., Walsh, W. R., and Sugano, N.
(2013). In vivo implant fixation of carbon fiber-reinforced PEEK hip prostheses in an
ovine model. J. Orthop. Res. 31, 485–492. doi:10.1002/jor.22251

Nevelsky, A., Borzov, E., Daniel, S., and Bar-Deroma, R. (2017). Perturbation effects
of the carbon fiber-PEEK screws on radiotherapy dose distribution. J. Appl. Clin. Med.
Phys. 18, 62–68. doi:10.1002/acm2.12046

Ogaya, S., Naito, H., Okita, Y., Iwata, A., Higuchi, Y., Fuchioka, S., et al. (2015).
Contribution of muscle tension force to medial knee contact force at fast walking speed.
J. Mech. Med. Biol. 15, 1550002. doi:10.1142/S0219519415500025

Ogura, K., Fujiwara, T., Morris, C. D., Boland, P. J., and Healey, J. H. (2021). Long-
term competing risks for overall and cause-specific failure of rotating-hinge distal
femoral arthroplasty for tumour reconstruction. Bone and Jt. J. 103-B, 1405–1413.
doi:10.1302/0301-620X.103B8.BJJ-2020-2323.R1

Okazaki, Y., and Gotoh, E. (2005). Comparison of metal release from various metallic
biomaterials in vitro. Biomaterials 26, 11–21. doi:10.1016/j.biomaterials.2004.02.005

Pala, E., Henderson, E. r., Calabrò, T., Angelini, A., Abati, C. n., Trovarelli, G., et al. (2013).
Survival of current production tumor endoprostheses: complications, functional results, and a
comparative statistical analysis. J. Surg. Oncol. 108, 403–408. doi:10.1002/jso.23414

Pfeiffer, F. M. (2016). The use of finite element analysis to enhance research and
clinical practice in orthopedics. J. Knee Surg. 29, 149–158. doi:10.1055/s-0035-1570114

Rezwan, K., Chen, Q. Z., Blaker, J. J., and Boccaccini, A. R. (2006). Biodegradable and
bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering.
Biomaterials 27, 3413–3431. doi:10.1016/j.biomaterials.2006.01.039

Rotini, R., Cavaciocchi, M., Fabbri, D., Bettelli, G., Catani, F., Campochiaro, G., et al.
(2015). Proximal humeral fracture fixation: multicenter study with carbon fiber peek
plate. Musculoskelet. Surg. 99, 1–8. doi:10.1007/s12306-015-0371-2

Saadlaoui, Y., Milan, J.-L., Rossi, J.-M., and Chabrand, P. (2017). Topology
optimization and additive manufacturing: comparison of conception methods using
industrial codes. J. Manuf. Syst. 43, 178–186. doi:10.1016/j.jmsy.2017.03.006

Sarot, J. R., Contar, C. M. M., Cruz, A. C. C. d., and de Souza Magini, R. (2010).
Evaluation of the stress distribution in CFR-PEEK dental implants by the three-
dimensional finite element method. J. Mater Sci. Mater Med. 21, 2079–2085. doi:10.
1007/s10856-010-4084-7

Scharf, B., Clement, C. C., Zolla, V., Perino, G., Yan, B., Elci, S. G., et al. (2014).
Molecular analysis of chromium and cobalt-related toxicity. Sci. Rep. 4, 5729. doi:10.
1038/srep05729

Schliemann, B., Hartensuer, R., Koch, T., Theisen, C., Raschke, M. J., Kösters, C., et al.
(2015). Treatment of proximal humerus fractures with a CFR-PEEK plate: 2-year results
of a prospective study and comparison to fixation with a conventional locking plate.
J. Shoulder Elb. Surg. 24, 1282–1288. doi:10.1016/j.jse.2014.12.028

Schmidt, H., Alber, T., Wehner, T., Blakytny, R., and Wilke, H.-J. (2009).
Discretization error when using finite element models: analysis and evaluation of an
underestimated problem. J. Biomech. 42, 1926–1934. doi:10.1016/j.jbiomech.2009.
05.005

Scholes, S. C., and Unsworth, A. (2009a). Pitch-based carbon-fibre-reinforced poly
(ether—Ether—Ketone) OPTIMA® assessed as a bearing material in a mobile bearing
unicondylar knee joint. Proc. Inst. Mech. Eng. H. 223, 13–25. doi:10.1243/
09544119JEIM471

Scholes, S. C., and Unsworth, A. (2007). The wear properties of CFR-PEEK-OPTIMA
articulating against ceramic assessed on a multidirectional pin-on-plate machine. Proc.
Inst. Mech. Eng. H. 221, 281–289. doi:10.1243/09544119JEIM224

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Wu et al. 10.3389/fbioe.2023.1243936

https://doi.org/10.1007/s00586-017-5258-5
https://doi.org/10.1002/ar.21358
https://doi.org/10.1002/ar.21358
https://doi.org/10.1016/j.jmbbm.2016.06.005
https://doi.org/10.1007/s11999-015-4644-8
https://doi.org/10.1016/j.jocn.2020.03.013
https://doi.org/10.1097/CORR.0000000000002333
https://doi.org/10.1016/j.actbio.2010.04.003
https://doi.org/10.1080/10255842.2022.2032681
https://doi.org/10.1016/j.arth.2017.10.051
https://doi.org/10.3928/01477447-20141124-05
https://doi.org/10.3928/01477447-20141124-05
https://doi.org/10.3171/2016.1.SPINE14291
https://doi.org/10.3171/2016.1.SPINE14291
https://doi.org/10.1002/jor.20114
https://doi.org/10.2106/JBJS.J.00834
https://doi.org/10.1016/j.jmbbm.2020.103706
https://doi.org/10.1016/j.jmbbm.2020.103706
https://doi.org/10.1002/jbm.b.10068
https://doi.org/10.1016/j.optlastec.2021.107366
https://doi.org/10.1016/j.optlastec.2021.107366
https://doi.org/10.1007/s12541-017-0148-7
https://doi.org/10.1016/j.prosdent.2017.03.008
https://doi.org/10.1177/0954411917744586
https://doi.org/10.1016/j.msec.2019.02.082
https://doi.org/10.1016/j.jbiomech.2010.03.046
https://doi.org/10.1371/journal.pone.0127293
https://doi.org/10.1186/s12957-018-1545-9
https://doi.org/10.3390/polym12122858
https://doi.org/10.3390/polym12122858
https://doi.org/10.1016/j.jmbbm.2018.03.029
https://doi.org/10.1016/j.compositesa.2015.05.007
https://doi.org/10.1146/annurev-bioeng-062117-121139
https://doi.org/10.1146/annurev-bioeng-062117-121139
https://doi.org/10.1302/0301-620X.89B4.18631
https://doi.org/10.1002/jor.22251
https://doi.org/10.1002/acm2.12046
https://doi.org/10.1142/S0219519415500025
https://doi.org/10.1302/0301-620X.103B8.BJJ-2020-2323.R1
https://doi.org/10.1016/j.biomaterials.2004.02.005
https://doi.org/10.1002/jso.23414
https://doi.org/10.1055/s-0035-1570114
https://doi.org/10.1016/j.biomaterials.2006.01.039
https://doi.org/10.1007/s12306-015-0371-2
https://doi.org/10.1016/j.jmsy.2017.03.006
https://doi.org/10.1007/s10856-010-4084-7
https://doi.org/10.1007/s10856-010-4084-7
https://doi.org/10.1038/srep05729
https://doi.org/10.1038/srep05729
https://doi.org/10.1016/j.jse.2014.12.028
https://doi.org/10.1016/j.jbiomech.2009.05.005
https://doi.org/10.1016/j.jbiomech.2009.05.005
https://doi.org/10.1243/09544119JEIM471
https://doi.org/10.1243/09544119JEIM471
https://doi.org/10.1243/09544119JEIM224
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1243936


Scholes, S. C., and Unsworth, A. (2009b). Wear studies on the likely performance of
CFR-PEEK/CoCrMo for use as artificial joint bearing materials. J. Mater. Science-
Materials Med. 20, 163–170. doi:10.1007/s10856-008-3558-3

Schwendner, M., Ille, S., Kirschke, J. S., Bernhardt, D., Combs, S. E., Meyer, B., et al.
(2023). Clinical evaluation of vertebral body replacement of carbon fiber–reinforced
polyetheretherketone in patients with tumor manifestation of the thoracic and lumbar
spine. Acta Neurochir. 165, 897–904. doi:10.1007/s00701-023-05502-z

Schwitalla, A. D., Abou-Emara, M., Spintig, T., Lackmann, J., and Müller, W. D.
(2015). Finite element analysis of the biomechanical effects of PEEK dental implants on
the peri-implant bone. J. Biomechanics 48, 1–7. doi:10.1016/j.jbiomech.2014.11.017

Schwitalla, A., and Müller, W.-D. (2013). PEEK dental implants: A review of the
literature. J. Oral Implant. 39, 743–749. doi:10.1563/AAID-JOI-D-11-00002

Sevimay, M., Turhan, F., Kiliçarslan, M. A., and Eskitascioglu, G. (2005). Three-
dimensional finite element analysis of the effect of different bone quality on stress
distribution in an implant-supported crown. J. Prosthet. Dent. 93, 227–234. doi:10.1016/
j.prosdent.2004.12.019

Sha, M., Guo, Z., Fu, J., Li, J., Fan Yuan, C., Shi, L., et al. (2009). The effects of nail
rigidity on fracture healing in rats with osteoporosis. Acta Orthop. 80, 135–138. doi:10.
1080/17453670902807490

Smith, S. M., Cockburn, R. A., Hemmerich, A., Li, R. M., and Wyss, U. P. (2008).
Tibiofemoral joint contact forces and knee kinematics during squatting.Gait Posture 27,
376–386. doi:10.1016/j.gaitpost.2007.05.004

Souza, J. C. M., Pinho, S. S., Braz, M. P., Silva, F. S., and Henriques, B. (2021). Carbon
fiber-reinforced PEEK in implant dentistry: A scoping review on the finite element
method. Comput. METHODS BIOMECHANICS Biomed. Eng. 24, 1355–1367. doi:10.
1080/10255842.2021.1888939

Steinberg, E. L., Rath, E., Shlaifer, A., Chechik, O., Maman, E., and Salai, M. (2013).
Carbon fiber reinforced PEEK optima—a composite material biomechanical properties
and wear/debris characteristics of CF-PEEK composites for orthopedic trauma
implants. J. Mech. Behav. Biomed. Mater. 17, 221–228. doi:10.1016/j.jmbbm.2012.
09.013

Sumner, D. R. (2015). Long-term implant fixation and stress-shielding in total hip
replacement. J. Biomechanics 48, 797–800. doi:10.1016/j.jbiomech.2014.12.021

Taylor, S. J. G., Walker, P. S., Perry, J. S., Cannon, S. R., and Woledge, R. (1998). The
forces in the distal femur and the knee during walking and other activities measured by
telemetry. J. Arthroplasty 13, 428–437. doi:10.1016/S0883-5403(98)90009-2

Taylor, W. R., Heller, M. O., Bergmann, G., and Duda, G. N. (2004). Tibio-femoral
loading during human gait and stair climbing. J. Orthop. Res. 22, 625–632. doi:10.1016/j.
orthres.2003.09.003

Theivendran, K., Arshad, F., Hanif, U.-K., Reito, A., Griffin, X., and Foote, C. J. (2021).
Carbon fibre reinforced PEEK versus traditional metallic implants for orthopaedic
trauma surgery: A systematic review. J. Clin. Orthop. trauma 23, 101674. doi:10.1016/j.
jcot.2021.101674

Trepczynski, A., Kutzner, I., Schwachmeyer, V., Heller, M. O., Pfitzner, T., and Duda,
G. N. (2018). Impact of antagonistic muscle co-contraction on in vivo knee contact
forces. J. NeuroEngineering Rehabilitation 15, 101. doi:10.1186/s12984-018-0434-3

Tseng, Z. J, and Flynn, J. J. (2015). Convergence analysis of a finite element skull
model of Herpestes javanicus (Carnivora, Mammalia): Implications for robust

comparative inferences of biomechanical function. Journal of Theoretical Biology
365, 112–148. doi:10.1016/j.jtbi.2014.10.002

Utzschneider, S., Becker, F., Grupp, T. M., Sievers, B., Paulus, A., Gottschalk, O., et al.
(2010). Inflammatory response against different carbon fiber-reinforced PEEK wear
particles compared with UHMWPE in vivo.Acta Biomater. 6, 4296–4304. doi:10.1016/j.
actbio.2010.06.002

Verma, S., Sharma, N., Kango, S., and Sharma, S. (2021). Developments of PEEK
(polyetheretherketone) as a biomedical material: A focused review. Eur. Polym. J. 147,
110295. doi:10.1016/j.eurpolymj.2021.110295

Vertesich, K., Staats, K., Böhler, C., Koza, R., Lass, R., and Giurea, A. (2022). Long
term results of a rotating hinge total knee prosthesis with carbon-fiber reinforced poly-
ether-ether-ketone (CFR-PEEK) as bearing material. Front. Bioeng. Biotechnol. 10,
845859. Available at: https://www.frontiersin.org/articles/10.3389/
fbioe.2022.845859 [Accessed June 10, 2023]. doi:10.3389/fbioe.2022.845859

Viceconti, M., Olsen, S., Nolte, L.-P., and Burton, K. (2005). Extracting clinically
relevant data from finite element simulations. Clin. Biomech. (Bristol, Avon) 20,
451–454. doi:10.1016/j.clinbiomech.2005.01.010

Vles, G. F., Brodermann, M. H., Roussot, M. A., and Youngman, J. (2019). Carbon-
fiber-reinforced PEEK intramedullary nails defining the niche. Case Rep. Orthop. 2019,
1–6. doi:10.1155/2019/1538158

Xu, Z., Zhang, M., Gao, S., Wang, G., Zhang, S., and Luan, J. (2019). Study on
mechanical properties of unidirectional continuous carbon fiber-reinforced PEEK
composites fabricated by the wrapped yarn method. Polym. Compos. 40, 56–69.
doi:10.1002/pc.24600

Yao, Y., Mo, Z., Wu, G., Guo, J., Li, J., Wang, L., et al. (2021). A personalized 3D-
printed plate for tibiotalocalcaneal arthrodesis: design, fabrication, biomechanical
evaluation and postoperative assessment. Comput. Biol. Med. 133, 104368. doi:10.
1016/j.compbiomed.2021.104368

Yoshida, Y., Osaka, S., Kojima, T., Taniguchi, M., Osaka, E., and Tokuhashi, Y. (2012).
Revision of tumor prosthesis of the knee joint. Eur. J. Orthop. Surg. Traumatol. 22,
387–394. doi:10.1007/s00590-011-0848-0

Zhao, W., Yu, R., Dong, W., Luan, J., Wang, G., Zhang, H., et al. (2021). The influence
of long carbon fiber and its orientation on the properties of three-dimensional needle-
punched CF/PEEK composites. Compos. Sci. Technol. 203, 108565. doi:10.1016/j.
compscitech.2020.108565

Zhu, D., Fu, J., Wang, L., Guo, Z., Wang, Z., and Fan, H. (2021). Reconstruction with
customized, 3D-printed prosthesis after resection of periacetabular Ewing’s sarcoma in
children using “triradiate cartilage-based” surgical strategy:a technical note.
J. Orthop. Transl. 28, 108–117. doi:10.1016/j.jot.2020.12.006

Ziegler, P., Maier, S., Stöckle, U., Gühring, M., and Stuby, F. M. (2019). The treatment
of proximal humerus fracture using internal fixation with fixed-angle plates. Dtsch.
Ärzteblatt Int. 116 (45), 757–763. doi:10.3238/arztebl.2019.0757

Zimel, M. N., Hwang, S., Riedel, E. R., and Healey, J. H. (2015). Carbon fiber
intramedullary nails reduce artifact in postoperative advanced imaging. Skelet. Radiol.
44, 1317–1325. doi:10.1007/s00256-015-2158-9

Ziran, B. H., O’Pry, E. K., and Harris, R. M. (2020). Carbon fiber–reinforced PEEK
versus titanium tibial intramedullary nailing: A preliminary analysis and results.
J. Orthop. Trauma 34, 429–433. doi:10.1097/BOT.0000000000001756

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Wu et al. 10.3389/fbioe.2023.1243936

https://doi.org/10.1007/s10856-008-3558-3
https://doi.org/10.1007/s00701-023-05502-z
https://doi.org/10.1016/j.jbiomech.2014.11.017
https://doi.org/10.1563/AAID-JOI-D-11-00002
https://doi.org/10.1016/j.prosdent.2004.12.019
https://doi.org/10.1016/j.prosdent.2004.12.019
https://doi.org/10.1080/17453670902807490
https://doi.org/10.1080/17453670902807490
https://doi.org/10.1016/j.gaitpost.2007.05.004
https://doi.org/10.1080/10255842.2021.1888939
https://doi.org/10.1080/10255842.2021.1888939
https://doi.org/10.1016/j.jmbbm.2012.09.013
https://doi.org/10.1016/j.jmbbm.2012.09.013
https://doi.org/10.1016/j.jbiomech.2014.12.021
https://doi.org/10.1016/S0883-5403(98)90009-2
https://doi.org/10.1016/j.orthres.2003.09.003
https://doi.org/10.1016/j.orthres.2003.09.003
https://doi.org/10.1016/j.jcot.2021.101674
https://doi.org/10.1016/j.jcot.2021.101674
https://doi.org/10.1186/s12984-018-0434-3
https://doi.org/10.1016/j.jtbi.2014.10.002
https://doi.org/10.1016/j.actbio.2010.06.002
https://doi.org/10.1016/j.actbio.2010.06.002
https://doi.org/10.1016/j.eurpolymj.2021.110295
https://doi.org/10.3389/fbioe.2022.845859
https://doi.org/10.1016/j.clinbiomech.2005.01.010
https://doi.org/10.1155/2019/1538158
https://doi.org/10.1002/pc.24600
https://doi.org/10.1016/j.compbiomed.2021.104368
https://doi.org/10.1016/j.compbiomed.2021.104368
https://doi.org/10.1007/s00590-011-0848-0
https://doi.org/10.1016/j.compscitech.2020.108565
https://doi.org/10.1016/j.compscitech.2020.108565
https://doi.org/10.1016/j.jot.2020.12.006
https://doi.org/10.3238/arztebl.2019.0757
https://doi.org/10.1007/s00256-015-2158-9
https://doi.org/10.1097/BOT.0000000000001756
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1243936

	Effect of carbon-fiber-reinforced polyetheretherketone on stress distribution in a redesigned tumor-type knee prosthesis: a ...
	1 Introduction
	2 Materials and methods
	2.1 Updates in prosthesis design
	2.2 Finite element model construction
	2.3 Loading and boundary conditions
	2.4 Model verification and data processing

	3 Results
	3.1 Development of micro-motion tumor prosthesis
	3.2 Overall stress distribution and displacement of three models
	3.3 Mechanical analysis of extension rod, femoral component and tibial insert
	3.4 Stress analysis of connecting components
	3.5 Stress analysis of micro-motion components
	3.6 Stress analysis of femur, tibia, and intramedullary stems

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


