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Abstract
Background  In recent years, the popularity of unicompartmental knee arthroplasty (UKA) has increased. However, the effect 
of femoral component positioning in UKA continues to invite a considerable debate. The purpose of this study involved 
assessing the biomechanical effect of mal-alignment in femoral components in UKA under dynamic loading conditions 
using a computational simulation.
Methods  A validated finite element model was used to evaluate contact stresses in polyethylene (PE) inserts and lateral 
compartment and force on collateral ligament in the femoral component ranging from 9° of varus to 9° of valgus.
Results  The results indicated that contact stress on the PE insert increased with increases in the valgus femoral alignment 
when compared to the neutral position while contact stress on the lateral compartment increased with increases in the varus 
femoral alignment. The forces on medial and lateral collateral ligaments increased with increases in valgus femoral align-
ments when compared to the neutral position. However, there was no change in popliteofibular and anterior lateral ligaments 
with respect to the malpositioning of femoral component.
Conclusion  The results of the study confirm the importance of conservation in post-operative accuracy of the femoral com-
ponent since the valgus and varus femoral malalignments affect the collateral ligament and lateral compartment, respectively. 
Our results suggest that surgeons should avoid valgus malalignment in the femoral component and especially malalignment 
exceeding 9°, which may induce higher medial collateral ligament forces.
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Introduction

Unicompartmental knee arthroplasty (UKA) is widely used 
to treat single-compartment osteoarthritis (OA) leading to 
good intermediate and long-term outcomes [1, 2]. Medial 
UKA involves performing resurfacing of the medial com-
partment in isolated medial compartment degenerative joint 
disease [3].

The potential advantages of UKA include a more nor-
mal gait, reduced perioperative morbidity, better range of 
motion, a less invasive procedure, preservation of bone 
stock, and faster rehabilitation [4–6]. Despite the fore-men-
tioned advantages of UKA relative to total knee arthroplasty 
(TKA), a recent study reported that UKA leads to a higher 
risk of revision when compared to TKA [7]. Additionally, 
UKA requires a technically demanding procedure and pre-
cise component positioning [8–10].
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Patient factors are associated as potential factors that 
affect UKA survivorship. However, component malposition-
ing is correlated with revision rates [11, 12]. As reported 
by previous studies, inaccurate alignment or technical 
errors of prosthetic components can lead to point contact 
and increased stress concentration that are identified as 
main contributors of early polyethylene (PE) wear [13, 14]. 
Additionally, the fore-mentioned types of malalignment 
periprosthetic fractures, failures of the device, residual pain, 
subsidence, and OA progression in the lateral compartments 
are caused by an altered stress pattern in the bone/cartilage 
[15–18]. However, biomechanical studies examining the 
malpositioning have largely focused on varus and valgus 
alignment in the tibial component with respect to the antero-
medial aspect of proximal tibia pain [19–22]. The studies do 
not consider main postoperative problems including medial 
knee pain that is related to bone overload, components mal-
positioning and soft tissue tensioning, and OA progression 
in the lateral compartment. Innocenti et al. examined load 
sharing and ligament strains in balanced, overstuffed, and 
understuffed UKA [23].

Kwon et  al. [24] used computational simulation and 
reported that joint line preservation in UKA implantation is 
a key factor for postoperative outcomes in the lateral com-
partment. However, to the best of the authors’ knowledge, 
extant studies have not evaluated contact stress on the PE 
insert and lateral compartment and force on collateral liga-
ments in femoral component with varus and valgus mala-
lignment. It is impractical to apply experimental measure-
ments to directly investigate the biomechanical effect on 
femoral component malalignment. However, these limita-
tions can be resolved with finite element (FE) analysis [24].

The purpose of this study involved evaluating the biome-
chanical effects on different varus/valgus alignment posi-
tions of femoral components in UKA. Specifically, contact 
stress on the PE insert and lateral compartment and force 
on collateral ligaments were investigated using a validated 
FE model for fixed-bearing UKA by comparing differently 
aligned configurations under a gait cycle condition. We 
hypothesized that the coronal alignment of UKA femoral 
component is an important factor and that the PE insert, 
lateral compartment and collateral ligament could be nega-
tively affected by malalignment.

Materials and methods

Intact knee model

The right leg of a 36-year-old male subject was used to rep-
resent the geometric intact of the knee model. Anatomic 
structures were reconstructed from the subject’s computed 
tomography (CT) and magnetic resonance imaging (MRI). 

Prior to the reconstruction, medical records for the subject 
indicated neutral lower limb alignment without any anatomi-
cal abnormality, previous operations, and arthritis.

The contours of the bony structures (including femur, 
tibia, fibula, and patella) and soft tissues (including liga-
ments and menisci) were reconstructed from CT and MRI 
images, respectively. Previous studies have developed and 
validated the computational knee joint model [25, 26]. Medi-
cal imaging was performed using a 64-channel CT scan-
ner (Somatom sensation 64; Siemens Healthcare, Erlangen, 
Germany) and a 3-T MRI system (Discovery MR750w; 
GE Healthcare, Milwaukee, WI, USA). The CT and MRI 
scans were performed with 0.1 and 0.4 mm slice thickness, 
respectively.

The reconstructed CT and MRI models were combined 
with the positional alignment of each model using a com-
mercial software (Rapidform version 2006; 3D Systems 
Korea Inc., Seoul, Republic of Korea). The bony structures 
were assumed as rigid bodies using four-node shell ele-
ments. The cartilage and menisci were modeled as isotropic 
and transversely isotropic, respectively, with linear elastic 
material properties using eight-node hexahedral elements 
[26–28] (Fig. 1). All the major ligaments were defined as 
hyperelastic rubber-like materials that represent nonlinear 
stress–strain relations [29, 30]. The interfaces between the 
cartilage and the bones were modeled as fully bonded. The 
contacts between the femoral cartilage and meniscus, the 
meniscus and tibial cartilage, and the femoral cartilage and 
tibial cartilage were modeled for both the medial and lateral 
sides, thereby resulting in six contact pairs [25]. Conver-
gence was defined as a relative change of < 5% between two 
adjacent meshes. The average element size of the simulated 
cartilage and menisci corresponded to 0.8 mm.

FE models with varus/vagus of the femoral 
component for UKA

A fixed bearing UKA (Zimmer, Inc., Warsaw, IN, USA) was 
virtually implanted in the medial compartment of the devel-
oped intact knee model. The bone models were imported and 
appropriately positioned, trimmed, and meshed with rigid 
elements using surgical techniques [31].

Based on the dimension of femur and tibia, devices with 
sizes six and five were selected for the femoral component 
and tibial baseplate, respectively. The devices were then 
aligned with the mechanical axis and positioned at the 
medial edge of the tibia. The neutrally aligned tibial base-
plate was defined as a square (0°) inclination in the coronal 
plane with a 5° posterior slope. A rotating axis was defined 
as a line parallel to the lateral edge of the tibial baseplate that 
passes through the center of the femoral component peg. A 
neutral femoral component distal cut that is perpendicular 
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to the mechanical axis of the femur and parallel to the tibial 
cut was reproduced.

Varus and valgus alignments of 3°, 6°, and 9° were 
achieved by an equivalent repositioning of the femoral com-
ponent from the mechanical axis (Fig. 2). With respect to 
the implanted model, a 1 mm cement gap was simulated 
between the component and bone.

The PE insert and the femoral and tibial components were 
modeled as elastoplastic and as linear elastic isotropic mate-
rials, respectively [20, 22, 32]. The materials of the femoral 
component, PE insert, and tibial component corresponded to 
a cobalt chromium alloy (CoCr), ultra high molecular weight 

polyethylene (UHMWPE), and a titanium alloy (Ti6Al4V), 
respectively (Table 1). The femoral component came into 
contact with the PE insert. The selected coefficient of fric-
tion between the PE and metal corresponded to 0.04 [32].

Fig. 1   Schematic of a intact and 
b UKA FE models used in FE 
analysis

Fig. 2   Schematic of FE models with femoral malalignment from varus 9° to valgus 9°

Table 1   Material properties for FE model

Young’s modulus (MPa) Poisson’s ratio

CoCrMo alloy 220,000 0.30
UHMWPE 685 0.47
Ti6Al4V alloy 110,000 0.30
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Loading and boundary conditions

The FE investigation included two types of loading condi-
tions corresponding to loads used in the experimental part of 
the study for UKA model validation and model predictions 
for gait cycle loading scenarios. The intact model was vali-
dated in a previous study, and the UKA model was validated 
by comparing it with models in previous experimental stud-
ies [25, 26, 33].

The validation of the UKA model was performed with 
flexion angles of 0°, 30°, 60°, and 90° using passive flexion 
simulation. Additionally, anterior and posterior drawer loads 
of 130 N were separately applied to the tibia at the knee 
center in a manner similar to that in a previous experimental 
study [25]. Gait cycle loading was applied as a second load-
ing to compare the biomechanical effect of the varus/valgus 
malalignment femoral component. The contact stresses on 
the PE insert, lateral compartment, and force on collateral 
ligaments were predicted using the model under gait-cycle 
loading conditions (ISO 14,243) [34]. The computational 
analysis was performed with force controls to both the tibi-
ofemoral and patellofemoral joint motions with respect to 
the compressive load applied to the femoral component.

A proportional–integral–derivative controller was incor-
porated into the computational model to allow for the con-
trol of the quadriceps in a manner similar to that in the 
experiment [35]. Furthermore, anterior–posterior (AP) load 
and internal–external (IE) rotation were applied to the PE 
insert, and varus-valgus rotation in the medial–lateral was 
controlled by the ankle joint followed by quadriceps force 
attached to the patellar button [34–37]. The FE model was 
analyzed using ABAQUS software (version 6.11; Simulia, 
Providence, RI, USA).

Results

Validation of UKA model

Anterior tibial translations in the anterior drawer test at 
130 N corresponded to 6.1, 9.9, 8.7, and 8.5 mm, and poste-
rior tibial translations in the posterior drawer test at 130 N 
corresponded to 5.8, 4.3, 3.8, and 4.9 mm at 0°, 30°, 60° and 
90° of knee flexion, respectively, in UKA model (Fig. 3). 
The findings indicated that the results from the simulation 
and those from a previous experimental study agreed well 
within the ranges of values under anterior and posterior 
drawer loadings.

Comparison of contact stress on the PE insert 
and lateral compartment in varus and valgus 
femoral components

Figure 4 shows the contact stress on the PE inserts in the 
neutral position, and the varus/valgus UKA FE models dur-
ing the gait cycle condition. Contact stress on the PE insert 
increased in the valgus UKA model when compared to that 
in the neutral position, and the highest increase was observed 
in the 9° valgus model. The contact stresses on the PE insert 
increased by 8, 19, and 27% in 3°, 6°, and 9° valgus models, 
respectively, when compared to the neutral position UKA 
model in stance phase under a gait cycle. However, differ-
ences were not observed in the swing phase.

Similar to valgus UKA model, contact stress on PE insert 
in varus UKA model also increased and its maximum value 
was found in 9° varus UKA model. However, the amount of 
increase was less than valgus condition. The contact stress 
on PE insert increased by 5, 12 and 17%, respectively, in 3°, 

Fig. 3   Knee kinematics from the a anterior and b posterior drawer tests using UKA model were compared with the previous experimental study
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6° and 9° degree varus UKA models compared to the neu-
tral position UKA model. Furthermore, in a manner similar 
to the valgus mode, a difference was only observed in the 
stance phase under the gait cycle.

Contact stress distributions in PE insert with respect to 
varus, valgus and neutral positions in UKA model are shown 
in Fig. 5. The contact point between the femoral component 
and the superior surface of PE insert changes with respect 
to the alignment. In a varus UKA model, the contact point 
is positioned in the lateral side of PE insert. On the other 

hand, in a valgus alignment, it is positioned closer to the 
medial edge.

Figure 6 shows the contact stress on lateral compart-
ment in the neutral position and the varus/valgus UKA FE 
models during the gait cycle condition. Contact stress on 
the lateral compartment in the varus model increased when 
compared to that in the neutral position. In contrast, con-
tact stress on the lateral compartment in the valgus model 
decreased when compared to that in the neutral position. 
In a manner similar to the PE insert, the difference was 

Fig. 4   Comparison for the effect of femoral malalignment to the contact stress on PE insert with respect to a varus and b valgus malalignment 
during the gait cycle

Fig. 5   Contact stresses distributions on PE insert with respect to a varus 9°, b neutral and c valgus 9° alignment
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also only observed in the stance phase. The contact stress 
increased by 5, 8, and 13% in varus 3°, 6°, and 9° models, 
and it decreased by 3, 6, and 8% in valgus 3°, 6°, and 9° 
models compared to neutral position.

Comparison of collateral ligament forces in varus 
and valgus femoral components

Figure 7 shows the ligament forces on the medial collat-
eral ligament (MCL), lateral collateral ligament (LCL), 
popliteofibular (PFL), and anterior lateral ligament 
(ALL) in the neutral position, and the varus/valgus UKA 
FE models during the gait cycle condition. The force on 
the MCL exhibited complex patterns. The forces on the 
MCL increased during the stance and swing phases in the 
varus and valgus FE UKA models, respectively, under the 
gait cycle when compared to those in the neutral position 
UKA FE model. The forces on the MCL increased by 28 
and 61% during stance and swing phases, respectively, 
in varus 9° and valgus 9° FE UKA models under the gait 
cycle when compared to those in the neutral position UKA 
FE model. However, the force on LCL increased in the 
valgus UKA FE model and decreased in the varus UKA 
FE model when compared to those in the neutral position 
UKA FE model. The forces on the LCL increased by 9% 
and decreased by 11% in valgus 9° and varus 9° FE UKA 
models, respectively. The forces on PFL and ALL were 
not influenced by the varus and valgus malalignment when 
compared to those in the neutral position UKA. However, 
the force exerted on PFL decreased by 8% during stance 
phase in valgus 9° UKA model compared to those in the 
neutral position UKA.

Discussion

The main findings of this study indicated the prevalence of 
different trends with respect to the PE insert, lateral com-
partment, and collateral ligament with femoral component 
malalignment. The contact stress on PE insert increased 
with valgus femoral component compared to varus condi-
tion. However, the contact stress on lateral compartment 
increased and decreased with varus and valgus femoral 
component conditions, respectively, compared to neutral 
position. In addition, forces on MCL and LCL increased 
in valgus femoral component.

Precise restoration of mechanical and component posi-
tioning were reported as major factors in improving the 
component longevity and clinical outcomes of UKA [38]. 
However, there is an absence of general agreement with 
respect to the optimal position of the femoral component. 
In addition, many computational researches have been 
previously studied with respect to biomechanical effect 
in different varus and valgus components [19–21, 39–41]. 
However, most of them were focused on varus and valgus 
conditions in the btibial component [19–21, 39–41].

Extant research has reported several complications 
following the UKA such as rupture of the medial or lat-
eral collateral ligaments, wear of PE inserts, degenera-
tive changes in the lateral compartment, and fractures of 
the medial proximal tibia [11–18]. Thus, UKA requires a 
demanding procedure in terms of special experience with 
early failure risk [8–10]. Previous studies have widely 
investigated and reported on post-operative alignment in 
medial UKA for varus OA knees. However, there is a pau-
city of studies examining the risk factors of post-operative 

Fig. 6   Comparison for the effect of femoral malalignment to the lateral compartment on PE insert with respect to a varus and b valgus malalign-
ment during the gait cycle
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malalignment [42–44]. In addition, previous studies 
reported on pre-operative valgus stress angle measurement 
and coronal knee alignment as important predictors for 
post-operative alignment [44, 45]. As mentioned above, 
UKA is characterized by several complications, and these 
adverse effects are significant factors that contribute to 
post-operative malalignment. However, to the best of the 
authors’ knowledge, studies to date have not evaluated the 
contact stress on the PE insert, lateral compartment, and 
forces on the exerted collateral ligaments in a malalign-
ment condition.

The advantage of computational simulation using a 
single subject is that the effects of component alignment 
within the identical subject can be determined with the 
exception of variables such as weight, height, bony geom-
etry, differences in ethnicities and sex, ligament proper-
ties, and component size [46]. Additionally, most in-vitro 
biomechanical studies involved evaluations using aged 
cadaveric subjects with loosening between the specimen 
and device as well as some attenuation of the tissue itself 

that can occur by successive loading in mechanical test-
ing [47].

Complication trends were observed in contact stresses on 
PE insert and lateral compartment. Contact stresses on the 
PE insert increased in the valgus and varus FE UKA models, 
but contact stress on lateral compartment increased only in 
varus FE UKA model.

This phenomenon could be explained by the difference 
in stiffness between PE insert and lateral compartment of 
the knee with UKA. In the lateral compartment on both the 
tibia and femur displayed an elastic modulus of 15 MPa, 
while the PE insert exhibited an elastic modulus of 685 MPa. 
Consequently, there is difference of more than one order of 
magnitude in the Young’s Modulus between the medial and 
lateral compartments, and the materials in each compart-
ment deform based on their elastic modulus [21].

This trend that contact stresses on PE insert and lateral 
compartment increased and decreased, respectively, was fre-
quently shown in valgus UKA model and it could be caused 
by the transfer of loading. Furthermore, the contact stresses 

Fig. 7   Comparison for the effect of femoral malalignment in UKA model with respect to collateral ligament force on the a MCL, b LCL, c PFL 
and d ALL under gait cycle loading conditions
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and patterns on the PE insert and lateral compartment 
showed good agreements with those obtained in a previous 
study [48, 49]. However, the increase rate of contact stress 
on lateral compartment was lower than that in the PE insert. 
Furthermore, in the neutral FE UKA model, UKA was vir-
tually implanted in a perfect anatomic position achieved by 
replacing the original cartilage and joint line as performed 
in a previous study [24]. The result of this study indicated 
support for the induction of overcorrection of alignment by 
highlighting a few of the erroneous varus and valgus align-
ments due to the change in stiffness [50].

An interesting result was also observed with respect to 
a collateral ligament in the valgus 9° UKA FE and neutral 
position models. The forces on the MCL and LCL increased 
by 61 and 9%, respectively, in the valgus 9° UKA FE model 
when compared to those in the neutral position. However, 
the force on the MCL increased albeit slightly during the 
stance phase in the varus UKA FE model when compared to 
that in the neutral position UKA FE model. With respect to 
the medial UKA implantation, the valgus deformity mainly 
induced a stress increase on the MCL as a consequence of 
the difference in stiffness [21, 51]. The study indicated that 
the forces on collateral ligament were different in the varus 
and valgus UKA FE models according to the conditions. 
An overcorrection can cause ligament overstretching on one 
side and relaxation on the opposite side. Specifically, the 
stretched ligament side can induce stiffness or pain [21]. A 
previous study defined the surrounding tension as a rela-
tive position of the components and the tension of the sur-
rounding soft tissues that impact the results [32]. Heyse et al. 
reported that overstuffing in UKA evidently led to consid-
erable tension in the valgus knee joint and higher strains 
in the MCL [50]. The findings of the study confirmed the 
conclusions obtained in the study by Heyse et al. in which 
a strain increase was not observed with respect to the MCL 
across all motor tasks and over the entire flexion range [50].

Intraoperative balancing should be considered in this condi-
tion to prevent tension on the MCL. However, most surgeons 
only focus on knee balancing with full extension and 90° of 
flexion [50]. In addition, we found that force on LCL with 
valgus femoral component increased as also shown in Heyse 
et al’s study [50]. The implantation of an UKA to the medial 
side influence the distribution of load transfer in knee joint. In 
other words, MCL force increase keeps the knee from tilting 
too much into valgus during loading, thus preventing overload 
on the lateral side. In addition, decreased contact stress on 
lateral compartment in valgus model supported it. Therefore, 
more loads pass throughout the medial compartment even in 
optimum balancing condition. It may lead to clinical prob-
lems such as loosening of the tibial component or fractures 
of the medial tibial plateau or the underlying bone [52]. Pain 
is a frequent revision reason in UKA [53]. The results in the 
present study indicate that coronal alignment of the femoral 

component is important. Specifically, it is important to avoid 
valgus femoral malalignment that may cause wear on the PE 
insert and pain in the MCL. However, ± 3 varus and valgus 
malalignments could alter due to a lower degree of biome-
chanical change.

It is important to highlight several strengths of the present 
study. First, in contrast to previous UKA studies, the FE model 
in the study included the tibia as well as the femur and related 
soft tissues [20, 22, 39]. Second, in contrast to the current bio-
mechanical UKA model, the present study included the appli-
cation of gait cycle loading as opposed to a simple vertical 
static loading condition [19–23, 39]. Third, the current study 
validated the intact model and performed kinematic validation 
on the UKA FE model.

Nevertheless, several limitations should also be noted. First, 
the bony structures were assumed as rigid. In reality, bone 
is composed of cortical and cancellous tissues. However, the 
main purpose of the study did not involve evaluating the effects 
of different prostheses on bone. Additionally, this assumption 
exerted a minimal influence on the study since the stiffness of 
bone exceeds that of the relevant soft tissues [27]. Second, the 
lateral compartment was considered as an elastic material, and 
the effects of anisotropy and viscoelasticity were not consid-
ered. Third, potential malalignments of the tibial component 
were not included in this analysis. This could be evaluated in a 
future study that investigates the effect of mixed femoral/tibial 
component malalignment of the medial compartment. Finally, 
only the gait cycle was simulated, and more demanding activi-
ties (such as sitting on and standing from a chair, ascending 
and descending stairs, or squatting) should be included in a 
future study.

In conclusion, contact stresses on PE insert, lateral compart-
ment, and collateral ligament were investigated with respect 
to femoral malalignment under the gait cycle daily activity 
condition using a computation simulation. The results suggest 
that surgeons should avoid valgus malalignment in the femoral 
component and especially malalignment exceeding 9°, which 
may induce higher MCL forces.
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