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Abstract

Osteoarthritis (OA) is a musculoskeletal disorder specified as a joint disease that affects mostly human joints worldwide.
Total knee arthroplasty (TKA) is performed to restore the affected joint and relieve the symptoms. However, tibial
malrotation, which is one of the most common errors in TKA, results in poor function of the implant and pain after the
procedure. People with OA often experience limited mobility and cannot accomplish daily tasks. Finite element analysis
(FEA) has been widely applied to interpret the biomechanical and kinematic force along the joint and investigate the
cruciate ligament’s mechanical behavior. Unfortunately, one of the problems in TKA implants is their malalignment
affecting tibial rotation. This study employs FEA to investigate the relationship between tibial malrotation and the
consequent displacements and forces in the anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL). A
subject-specific knee model is used to study the effects of ligament model complexity and simulated ligament wrapping
on knee biomechanics and kinematics. Tibial malrotation had a more considerable effect on ACL than on PCL. In terms
of ligament forces, both anterior and posterior PCL bundles generated notably greater forces compared with the ACL
bundles, with averages of 26823.92 + 13.32 N and 2796.49 + 23.98 N, respectively. The displacement of the PCL bundles
was also substantial, equaling 26.37 + 0.01 mm in the anterior and 18.87 + 0.08 mm in the posterior. Correct implant
alignment is essential to avoid overtensioning of the ligament and offers knee joint ligament balance that can restore
native knee kinematics.

Keywords: bicruciate retaining, finite element analysis, ligament forces, malrotation, total knee arthroplasty

1. Introduction knee kinematics [6]. Although TKA effectively relieves
pain and restores function, range of motion is a crucial
In 2015, the World Health Organization estimated that factor influencing postoperative outcomes and is
9.6% of men and 18.0% of women aged 60 years or considerably affected by preoperative range of motion
older exhibited osteoarthritis (OA) symptoms, and that [7]. Compared with the conditions before OA, abnormal
for those with symptomatic OA, 25% experienced knee kinematics may persist even after TKA [8, 9].
difficulties in performing daily tasks and 80% suffered
mobility restrictions [1, 2]. OA, which is a prevalent Biomechanical testing methods, including in vivo and
musculoskeletal disorder, results in joint pain, functional computational simulations, have been employed to assess
limitations, and reduced quality of life. OA primarily TKA. They aim to evaluate the compatibility of TKA
affects the hands, facet joints, feet, knees, and hips, with implant designs with natural human kinematics and
the knee being the most affected [3-5]. The knee is a kinetics, particularly focusing on the kinematic joint
weight-bearing joint, and its stiffness and dysfunction effects on cruciate ligament forces and concentration on
result in weakened muscles and limited flexion [4]. In tibial malrotation across various knee conditions.
OA, the damaged cartilage cannot be restored to its Malalignment during TKA surgery can result in tibial
initial ~ condition, hence necessitating total knee malrotation, often caused by measurement errors [7].
arthroplasty (TKA) surgery to treat it. However, the Although implant alignment should ideally replicate
existing TKA designs cannot completely restore normal forces in a healthy knee, achieving this outcome is not
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always feasible. Exceeding acceptable ranges of implant
distortion can result in knee instability and affect
kinematic joint behavior and cruciate ligament forces.

Computational approach is currently in demand,
particularly finite element analysis (FEA), as acquiring
live testing specimens is excessively challenging. Hence,
a fully virtual environment has been used, employing
three-dimensional (3D) models of TKA prostheses. This
approach allows for examination of different virtual
ligament complexities, component malalignments, and
tibial malrotation. Strain and stress conditions within the
tibia cannot be experimentally measured, hence
justifying the reliance on computational analysis. A
virtual TKA knee model with virtual ligaments can be
used to assess the consequences of various factors. By
developing and modifying a 3D finite element (FE)
model of TKA implant design, we can investigate the
effect of tibial rotation on stress distribution in the
implant as well as quantify and establish correlations
between tibial rotation, knee joint kinematics, and
cruciate ligament forces.

TKA studies often focus on knee kinematics, particularly
the impact on the cruciate ligament. Bicruciate-retaining
total knee arthroplasty (BCR-TKA) designs aim to
restore natural knee movement by preserving both the
anterior cruciate ligament (ACL) and posterior cruciate
ligament (PCL) [4, 10]. Previous research works have
suggested that knees treated with BCR-TKA exhibit
kinematics and stability comparable with those of healthy
knees. However, several arguments have been raised
regarding the clinical outcomes of BCR-TKA versus
ACL-sacrificing TKA [4]. External and internal tibial
rotations considerably influence the postoperative
flexion angle of the knee [11]. In vivo, studies examining
ligament forces during BCR-TKA have reported
substantial alterations in knee Kkinematics during
activities that involve deep knee bending, with these
kinematic changes exhibiting a strong correlation with
alterations in cruciate ligament forces [4, 12].

FEA is a flexible approach for conducting parametric
comparative studies, allowing for manipulation of
various design parameters and prediction of mechanical
behaviors [13]. Simplified FE models incorporating
basic geometry, cartilage, menisci, and ligament-driven
kinetics have been observed to yield cartilage responses
largely comparable to those of more complex models
incorporating additional joint tissue features [12]. The
recent investigations have also employed FE models to
predict the gradual loss of proteoglycans and collagen
in articular cartilage. Application of these models,
particularly for the knee, can enhance our understanding
of the biomechanical modifications associated with
development of TKA [12, 13].
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Therefore, this study constructs a 3D FE model of a
BCR-TKA implant to investigate the effect of tibial
malrotation on the mechanics of both the ACL and PCL.
A patient-specific multibody dynamics model of TKA is
developed. The knee model is constructed, starting with
modeling of a BCR-TKA implant, and ligaments
surrounding the knee are incorporated using spring
elements. Tibial malrotation is simulated by altering the
rotational position of the tibial component while
retaining the same femoral alignment. Displacements and
reaction forces in the ACL and PCL during knee bending
motion are observed.

2. Methods and Analysis

3D models of the femoral component, tibial inserts, and
tibial component were constructed on the basis of the
geometrical landmark of a 29-year-old female (W = 70
kg, H = 170 cm) [14, 15]. Two deformable contact
models were defined between the femoral component
and tibial compartment. Ligaments, namely the medial
collateral ligament (MCL), lateral collateral ligament
(LCL), ACL, and PCL, were wrapped around the knee
joint model. They were modeled as spring elements
with a piecewise force—displacement relationship.
Table 1 presents the stiffness coefficient assigned to
each ligament [16]. Figure 1 shows a 3D model of the
BCR-TKA implant, alongside the attached ligaments
that connected the femur and tibia.

Tibial bone, patella, and femoral bone were excluded
from the knee model, as we focused on stress
distribution at the tibiofemoral articulations between
the TKA components to optimize the computational
efficiency. For boundary conditions, the tibia component
was mechanically constrained in all degrees of freedom
while the femoral component was modeled to undergo
bending motion ranging from 0° to 90° of flexion angle.
Axial load, anterior—posterior (AP) load, and knee joint
moment were applied to the reference point of the
femoral component. Figure 2 shows the loading
boundary applied to the knee model obtained from
Bergmann et al. [17].

Table 1.  Stiffness Coefficient of the Ligaments [16]

Ligament Stiffness (N/mm)
ACL 380
LCL 100
MCL 100
PCL 200

Abbreviations: ACL = anterior cruciate ligament; LCL =
lateral collateral ligament; MCL = medial collateral ligament;
PCL = posterior cruciate ligament
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(a)

(b)

Figure 1. Three-Dimensional (3D) Model of the Bicruciate-Retaining Total Knee Arthroplasty (BCR-TKA) Implant Aligned with the
Anteromedial and Posterolateral Bundles of Both the Anterior Cruciate Ligament (ACL) and Posterior Cruciate Ligament
(PCL), Medial Collateral Ligament (MCL), and Lateral Collateral Ligament (LCL): (a) Isometric View and (b) Front View
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Figure 2. Boundary and Loading Conditions: (a) Flexion Angle, (b) Axial Load, (c) Anterior—Posterior Load, and (d) Knee Joint

Moment During Knee Flexion [17]

Figure 3. 3D FE Model of the BCR-TKA Implant

Table 2. Mechanical Properties of the Ultrahigh Molecular Weight Polyethylene (UHMWPE) used in this Study [21]
Material Density (ton/mm3)  Young’s modulus (MPa)  Yield strength (MPa) Poisson’s ratio
UHMWPE 9.5 x 1010 1200 14.07 0.46

An FE mesh was generated using linear hexahedral solid
(C3D8R) elements. High-gradient areas of the mesh were
refined to ensure accurate representation of the model. The
characteristic element length of 1.2 mm was employed in
consistency with previous FE models [18-20]. Figure 3
shows the FE model of the BCR-TKA implant. Ultrahigh
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molecular weight polyethylene (UHMWPE, 1SO5834-2)
was used as the material for the tibial insert, and it was
homogeneous, isotropic, and linearly elastic. Table 2
presents the mechanical properties of UHMWPE [21].
“Hard” pressure-overclosure relationship with a friction
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coefficient of 0.04 was employed to simulate the contact
between the femoral component and tibial insert [22, 23].

According to the patient’s surgical report, the proximal
tibia was cut at 90° to the long axis in the coronal plane (0°
varus) and at 90° in the sagittal plane (0° posterior tilting).
These positions were defined in the developed patient-
specific multibody dynamics model of TKA as the neutral
positions of the femoral and tibial components. The
rotational positions of the tibial component were modified
concerning the neutral position to investigate the tibial
component’s malrotation: neutral, and internal-external
(IE) rotations of 3° and 10°. These tibial components with
the same femoral component were separately imported
into the developed patient-specific multibody dynamics
model of TKA. We investigated the effects of the tibial
component’s malrotation on the ACL and PCL mechanics
with the same tibiofemoral conformity. In mechanically
aligned TKA, several reference lines were used to
minimize 1E malrotation of the femoral and tibial
components [7].

This was accomplished in part by setting the AP axes of
the femoral and tibial components as parallel to the
flexion-extension plane of the extended knee. Several
points and axes in the anteroposterior and mediolateral
planes were described to aid in rotational alignment of
the tibial component. The “Akagi line” is the most
commonly used anatomical anteroposterior axis for tibial
rotation. The degree of rotation that causes symptoms
and initiates the need for further treatment considerably
varies, ranging from 2° to 10° of internal rotation.
Establishing a specific safe range for tibial rotation is
difficult because several studies have reported positive
results even in patients with degree of rotation outside the
normal range. Mobile-bearing implants, however, are
more forgiving of slight rotational errors [24].

3. Results and Discussion

ACL and PCL displacements. Displacement analysis
of the anteromedial ACL bundle (aACL) and
posterolateral ACL bundle (pACL) was conducted
during knee flexion at various tibial rotation angles. At
the neutral position (0°) of the tibial insert, the aACL
exhibited a displacement of 4.234 mm as the knee
flexed from 0° to 90°. An external tibial rotation of 3°
resulted in a slightly lower displacement of 4.07 mm,
while a further external rotation of 10° increased the
displacement to 4.165 mm at the maximum flexion.
Likewise, internal tibial rotations of 3° and 10° resulted
in displacements of 3.990 and 3.574 mm, respectively,
both of which were slightly lower than the displacement
at the neutral position. During the early stage of knee
flexion, all tibial rotation conditions exhibited steep
increment in displacement, peaking at angles ranging
from 40.5° to 45°. Subsequently, the aACL exhibited a
regressive trend in displacement as the knee flexed to
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the maximum angle of 90°, with external rotations
showing higher displacement compared with internal
rotations. No considerable differences in kinematics
were observed between the minimum and maximum
flexion angles for both internal and external tibial
rotations, except for the 10° internal tibial rotation
condition, which showed slightly lower displacement
compared with the other conditions.

The pACL exhibited the highest displacement of 4.40
mm during knee flexion at 3° external tibial rotation,
compared with 4.244 displacement mm at the neutral
position. As the tibia rotated further to 10° external tibial
rotation, the pACL exhibited a displacement of 4.319 mm
and no considerable differences were observed between
each external rotation. The pACL exhibited 4.51 and
4.967 mm displacements at internal tibial rotations of 3°
and 10°, respectively. Internal tibial rotation resulted in
higher movement of the ligament versus external
rotation, although no notable differences were observed
compared with the neutral position. Both the aACL and
pACL exhibited gradual increase in displacement, with
similar values, during the early stages of knee flexion,
i.e., from 0° to 13.5°. However, with the knee reaching
the mid-flexion range, the displacement of the pACL
gradually regressed until 49.5° flexion. Meanwhile, the
displacement of the aACL continued to gradually regress
until the maximum flexion angle. Interestingly, the
pACL exhibited steep increases in displacement for knee
flexion ranging from 49.5° to 90° across all tibial rotation
conditions. Excessive tightness during knee flexion can
impede the kinematic movement of the tibial component
[25]. Figure 4 shows the ligament displacements at
various flexion angles for both the aACL and pACL.

Displacement of the anterolateral bundle of the PCL
(aPCL) remained consistent and exhibited similar
patterns for each degree of tibial rotation during knee
flexion, from the minimum to maximum value of the
range. Figure 5 shows the ligament displacements at
various flexion angles for both aPCL and posteromedial
bundle of the PCL (pPCL). Clearly, the differences in
displacement for each degree of tibial rotation are not
considerable. Notably, the displacement of the aPCL
sharply increased as the knee flexed between 31.5° and
54°. Similarly, the pPCL followed a comparable trend
during knee flexion, exhibiting a similar distribution of
displacement across all tibial rotation conditions.
However, despite experiencing the same steep increment
during the corresponding phase, the pPCL exhibited
slightly lower displacement than the aPCL. In the initial
phase, both the aPCL and pPCL exhibited moderate
increase in displacement as the knee flexed from the
starting position to the one-third point of flexion. This
was followed by steep rise in displacement during the
middle phase of knee flexion, and finally, a moderate
increment toward the final quarter of flexion until
reaching the maximum flexion. The reported changes in
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ligament length were based on kinematic measurements,
as experimental measurements of ligament length often
involve measurement of the length between ligament
insertions during replicated knee motion. A previously
conducted study reported considerable overstretching of
the PCL for deep flexion positions in BCR-TKA [26].
Nature or type of high-flexion activity was also observed
to affect knee kinematics [4]. Figure 5 shows ligament
displacements for knee joint motions at various flexion
angles.

ACL and PCL forces. The forces exerted by the aACL
and pACL exhibited different patterns during knee
flexion across various tibial malrotation conditions.
Figure 7 shows the ligament forces at various flexion
angles for both aACL and pACL. In the early phase of
flexion, i.e., from 4.5° to 18°, the aACL consistently
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Figure 6. Displacements of the ACL and PCL at Flexion Angles of (a) 0°, (b) 30°, (c) 60°, and (d) 90°
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The forces exerted on the pACL peaked during 3°
external tibial malrotation at 81° knee flexion. External
malrotation of the tibial component, which can occur
during knee flexion, may become more apparent during
knee extension [27]. However, these forces did not
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remain high as the knee continued to flex. Throughout
the initial phase of flexion up to the mid-flexion point at
49.5°, forces equivalent to 110 N were generated across
all tibial malrotation conditions, hence forming a plateau.
The forces fluctuated as the knee flexed from the mid to
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maximum range, exhibiting rapid changes for each tibial
malrotation condition. This resulted in varying trends of
declining and rising forces upon reaching the maximum
flexion. During the final phase of flexion, we observed
considerable differences in forces exerted on the pACL
among various tibial malrotation conditions. The lowest
force in this phase was observed to be 110 N during 10°
internal tibial malrotation; the phase ended with slightly
lower forces compared with those at the other conditions,
at 122.8 N. Notably, tibial malrotation in the neutral
position (0°) and 3° IE rotation resulted in almost
identical forces when the knee reached the maximum
flexion. Hence, we can infer that different types of high-
flexion activities might distinctly affect ACL forces [4].

Figure 8 shows the ligament forces at various flexion
angles for both the aPCL and pPCL. The aPCL and pPCL
forces increased with flexion across all tibial malrotation
conditions. At a flexion range of 31.5°-63°, the forces
considerably increased and the force at 10° internal
malrotation was higher than those at other conditions. We
observed no considerable differences among the
conditions as the knee flexed at the starting phase,
ranging from 4.5° to 22.5° of flexion. Subsequently, as
the knee reached the maximum flexion, the forces
steadily decreased and the force in the aPCL did not
considerably change at various malrotations of the tibial
component. The aPCL exhibited no difference in
variation of forces exerted during the IE malrotation.

Similar to that for the aPCL, forces in the pPCL increased
with knee flexion for various IE tibial malrotation
conditions. Forces exerted during the early stage of
flexion, i.e., 4.5° to 22.5°, showed no considerable
changes for each condition, and no notable differences in
forces were identified between the tibial malrotation
conditions. Through the middle phase of the flexion, i.e.,
from 31.5° to 67.5°, similar to that for the aPCL, forces
in the pPCL steeply increased and peaked across all
conditions; the highest force, 2911.63 N, was exerted
during 10° internal malrotation. In fact, 10° internal
malrotation remained to provide the highest force up until
the maximum knee flexion. At the maximum flexion, we
observed no considerable differences among the various
tibial malrotation conditions. Functional outcomes were
adversely affected by a rotational mismatch of 10°. A
previously conducted study demonstrated that better
clinical outcomes were achieved when mean tibial
component rotational angles ranged from 3° external
rotation to 3° internal rotation [27]. Furthermore,
overstretching of the PCL can increase the force exerted
on the ligament. [28].

Bicruciate-retaining (BCR) TKA, which aims to replicate
native knee kinematics by preserving the ACL, has
yielded promising results in terms of joint stability and
clinical outcomes [29]. BCR-TKA has been observed to
considerably alter knee kinematics during deep knee
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bending activities. These changes in kinematics have
shown a significant correlation with modifications in
cruciate ligament forces. We believe these findings are
important for development of suitable ligament-balancing
strategies and advancement of BCR knee designs [4].
However, some studies have raised concerns regarding
the elevated tension on the ligaments in BCR-TKA,
which may result in higher revision rate and adversely
affect clinical outcomes [30]. Internal rotation of the
tibial component exceeding 3° results in higher stress on
the patella, tilting, and misalignment. An internal rotation
error of more than 5° is associated with anterior knee
pain. Internal rotation exceeding 10° can cause stiffness.
Malrotation exceeding 15° increases wear on the implant,
exerts more tension on the surrounding ligaments, and
ultimately results in failure of the joint replacement.
However, an external rotation of up to 5°—10° is generally
better tolerated [24]. Although research and development
in BCR-TKA is ongoing, only a limited number of studies
have compared BCR-TKA with the traditional cruciate-
substituting TKA. Accordingly, further research must be
conducted to establish knee prostheses that can more
effectively preserve native knee kinematics [25]. This
ongoing research is expected to contribute to advancing
the field of TKA and improving the outcomes for patients
in future. The finding suggest that the posterior ligaments
exhibit varying patterns of length change at different
locations. The parameters used for the ligament models
were based on values from the literature to demonstrate the
general workflow. However, determining the zero-load
lengths of ligaments is a challenging task, and these
parameters can considerably affect computational models.
The sensitivity study demonstrated the sensitivity of
ligament length change to model parameters. The model
successfully captured the trend of ligament behavior vis-a-
vis implant alignment [28].

We acknowledge certain limitations of this study. First,
the study focused on a single model, which may limit
generalizability of the findings. Future research could,
therefore, involve testing on multiple models with various
knee geometries or kinematically aligned implants in a
bid to strengthen the results, allowing for more robust
statistical analysis and more definitive conclusions.
Second, the limited number of samples for each tibial
malrotation condition warrants a mention, as the absence
of alternative models for BCR-TKA design prevented the
inclusion of design variations in the simulations. However,
running multiple simulations for each condition might
yield similar outcomes, minimizing the need for extensive
computational testing. Third, we must recognize that the
evaluation of the relationship between tibial malrotation,
and cruciate ligament force and kinematics was based
on computational approaches rather than real-life
experiments, which may limit generalizability of the
findings. Further research using experimental approaches
is, thus, needed to comprehensively understand cruciate
ligament behavior in the context of tibial malrotation.
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Furthermore, assessment of bone coverage of the tibial
component is a crucial factor affecting the component’s
rotation angle and clinical outcomes. However, the precise
measurement of the contact area between the tibial
component and bone was not feasible in this study. Plus,
the scope of this study was limited to conditions with
normal knee OA, excluding those with valgus and varus
deformities.

4. Conclusion

This study demonstrated that tibial malrotation
considerably influenced the kinematics and forces of the
cruciate ligaments. The findings highlight the importance
of considering tibial malrotation in ligament-balancing
strategies and BCR knee designs to optimize joint
stability and functional outcomes. However, the study
has certain limitations, including the focus on a single
model rather than multiple models and the use of
computational  approaches rather than real-life
experiments. Hence, further research involving multiple
models, experimental approaches, and larger-scale
studies encompassing various knee OA conditions is
needed to confirm and expand these findings. By gaining
a deeper understanding of the relationship between tibial
malrotation and cruciate ligament behavior, future
advancements in TKA can be made to

1. preserve native knee kinematics in a more effective
manner, and
2. improve the clinical outcomes.
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