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�� BiomeCHAniCS

Restoration of normal knee 
kinematics with respect to tibial 
insert design in mobile bearing lateral 
unicompartmental arthroplasty using 
computational simulation

Aims
Mobile- bearing unicompartmental knee arthroplasty (UKA) with a flat tibial plateau has not 
performed well in the lateral compartment, leading to a high rate of dislocation. For this rea-
son, the Domed Lateral UKA with a biconcave bearing was developed. However, medial and 
lateral tibial plateaus have asymmetric anatomical geometries, with a slightly dished medial 
and a convex lateral plateau. Therefore, the aim of this study was to evaluate the extent at 
which the normal knee kinematics were restored with different tibial insert designs using 
computational simulation.

methods
We developed three different tibial inserts having flat, conforming, and anatomy- mimetic 
superior surfaces, whereas the inferior surface in all was designed to be concave to prevent 
dislocation. Kinematics from four male subjects and one female subject were compared un-
der deep knee bend activity.

Results
The conforming design showed significantly different kinematics in femoral rollback and 
internal rotation compared to that of the intact knee. The flat design showed significantly 
different kinematics in femoral rotation during high flexion. The anatomy- mimetic design 
preserved normal knee kinematics in femoral rollback and internal rotation.

Conclusion
The anatomy- mimetic design in lateral mobile UKA demonstrated restoration of normal knee 
kinematics. Such design may allow achievement of the long sought normal knee charac-
teristics post- lateral mobile UKA. However, further in vivo and clinical studies are required 
to determine whether this design can truly achieve a more normal feeling of the knee and 
improved patient satisfaction.
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Article focus
�� The influence of lateral tibial insert 

designs on knee kinematics in mobile- 
bearing unicompartmental knee arthro-
plasty (UKA).

Key message
�� The anatomy- mimetic lateral mobile 

UKA design has shown more proper 

kinematics in femoral rollback and 
internal rotation than that of the flat and 
conforming designs.

Strength and limitations
�� This study showed that the surface design 

of the tibial lateral insert has a significant 
impact on the restoration of normal knee 
kinematics in mobile- bearing UKA.
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�� The model used in this study assumes the material 
properties and attachment points of the ligaments 
based on highly variable values from the reference.

introduction
Most of the published results addressing unicompart-
mental knee arthroplasty (UKA) relate to the medial 
compartment.1,2 UKA is an appropriate procedure for 
patients with unilateral knee osteoarthritis. While the 
reported results of medial UKA have been comparable 
to those of total knee arthroplasty (TKA),2-4 the results of 
lateral UKA are still controversial,5,6 likely because indi-
cations for this procedure are still not well established, 
particularly for the lateral compartment. In addition, 
lateral UKA is technically more challenging than medial 
UKA, due to difficulties with exposure, as well as the short-
comings of traditional unicompartmental implants that 
do not take into consideration the anatomical differences 
between the medial and lateral compartments. There are 
potential advantages to both mobile and fixed bearings 
in this situation. Mobile bearings have the advantage in 
terms of the polyethylene wear and better improved kine-
matics compared to fixed- bearing designs.7-9 This could 
be a particular advantage in the lateral compartment, 
where there is a large amount of femoral rollback in 
flexion.10 Despite these theoretical advantages, the results 
for mobile bearing designs in the lateral compartment 
have been less encouraging, with a 10% rate of disloca-
tion reported in the first year.11 Therefore, modification 
in the surgical technique and adaptation of the implant 
design to a domed tibial component and biconcave tibial 
insert will potentially allow the use of a mobile- bearing 
insert in the lateral compartment.12,13

Typically, the medial and lateral tibial plateaus have 
asymmetric geometries, with a slightly dished medial 
plateau and a convex lateral plateau.14,15 In addition, the 
screw home mechanism is much more significant on the 
lateral side. The dished medial plateau and the greater 
stability of the medial meniscus restrict the anteroposte-
rior (AP) translation and posterior rollback of the medial 
femoral condyle. In contrast, the convex lateral plateau 
combined with the lateral meniscus mobility shows 
greater range of AP motion with greater posterior roll-
back of the lateral femoral condyle.16 This patient- specific 
design may improve the biomechanical behaviour of 
lateral UKA as it may provide more natural biomechanics.17

However, the current patient- specific UKA inserts 
have been designed with fixed bearing. As previously 
mentioned, the lateral plateau has greater mobile char-
acteristics than the medial plateau. In addition, one of 
the potential limitations of a completely patient- specific 
design is the variability in coronal curvature of the femoral 
component, which may cause point loading in partic-
ular flexion angles when a curved tibial insert is used. To 
address this problem, a flat tibial insert should be used 
with the constant coronal curvature femoral compo-
nent, which ensures constant loading in a large area 

irrespective of the flexion angle.18 A recent study showed 
that reduction in tibiofemoral conformity preserved 
natural knee kinematics in patient- specific lateral UKA.19 
However, their study disregarded mobile characteristics 
in lateral tibial plateau.19

Therefore, the aim of this study was to evaluate the 
extent to which the normal knee kinematics was restored 
with different tibial insert designs using computational 
simulation. We developed three different tibial inserts 
having flat, conforming, and anatomy- mimetic superior 
surfaces, and the inferior surface in all was designed to be 
concave to prevent dislocation. We hypothesized that the 
anatomy- mimetic design preserves the closest kinematics 
to that of normal knee in lateral UKA.

methods
Design of mobile patient-specific inserts for later-
al UKA. This study was approved by our hospital’s 
Institutional Review Board and written informed con-
sent was obtained from each subject. Four male sub-
jects (Subject 1: age 36 years, height 178 cm, mass 75 
kg; Subject 2: age 34 years, height 173 cm, mass 83 kg; 
Subject 3: age 32 years, height 182 cm, mass 79 kg; 
Subject 4: age 34 years, height 173 cm, mass 71 kg) and 
one female subject (Subject 5: age 26 years, height 163 
cm, mass 65 kg) without any medical history of knee joint 
problems participated in this study. The patient- specific 
lateral UKA insert was designed using a previously ex-
isting 3D knee joint model.20-22 CT and MRI scans were 
initially performed. The image data were imported into 
Mimics version 14.1 (Materialise, Leuven, Belgium) for 
3D reconstruction. Planes were defined through the in-
tersection of condyles in both the sagittal and coronal 
views. The patient’s bone defines the sagittal geometry 
of the femoral component. Thus, the sagittal geometry 
is completely patient- specific; the resultant sagittal im-
plant radii vary with respect to the AP dimension of the 
implant (Figure 1). The coronal curvatures of the patient 
are measured at multiple positions along the length of 
the femoral condyle, and a mean curvature is evaluat-
ed using this data for each patient.23 In this approach, a 
patient- derived constant coronal curvature is achieved.23 
The tibial component is designed using the CT and MRI 
data of the patient’s tibia to ensure complete cortical rim 
coverage. However, unlike femoral components, three 
different tibial insert designs were applied. They were 
the flat design, anatomy- mimetic convex design, and 
conformity- increasing design (Figure  2). This method 
was used for all subject- specific models. In addition, the 
inferior surface was designed to be concave to prevent 
dislocation of mobile bearing.
Development of patient-specific finite element model for 
lateral mobile UKA. The previously mentioned 3D medi-
cal imaging data used for a patient- specific lateral mobile 
UKA development were used in the development of the 
finite element (FE) model (Figure 2).20-23 3D bone and soft 
tissue models were reconstructed from CT and MRI, as 
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Fig. 1

Design process of patient- specific unicompartmental knee: a) spline curves used to model the femoral component; b) polyethylene insert that provides an 
anatomical fit and a perfect coverage; and c) patient- specific unicompartmental knee arthroplasty (UKA) model design.

Fig. 2

The three different FE models used in the analysis: a) flat design; b) anatomy- mimetic convex design; and c) conformity design.

described in previous studies.18,23,24 All the ligament bun-
dles were modelled as non- linear springs, and the mate-
rial properties were obtained from previous studies.25,26 
The heights of the tibial insert for the three different de-
signs were matched to the original bone anatomy using 

a sagittal cross- sectional image, then aligned with the 
mechanical axis and positioned at the medial edge with a 
square (0°) inclination in the coronal plane of the tibia.25 
The rotating axis was defined as the line parallel to the 
lateral edge of the tibial baseplate passing through the 
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Table i. Material properies for finite element model.

Variable Young’s modulus (mPa) Poisson’s ratio

CoCr alloy 220,000 0.30

UHMWPE 685 0.47

Ti6AI4V alloy 110,000 0.30

PMMA 1,940 0.4

PMMA, polymethyl methacrylate; UHMWPE, ultra- high- molecular- 
weight polyethylene.

centre of the femoral component fixation peg. For the 
implanted model, a 1 mm cement gap was considered 
between the component and bone. Material properties 
of the femoral component, tibial insert, tibial baseplate, 
and bone cement are referred to in previous studies 
(Table I).19,23-29

Loading and boundary conditions. This FE simulation in-
cluded two types of loading conditions, corresponding 
to the loads used in the experiment for model validation 
and predictions for daily activity loading scenarios. Under 
the first loading condition, 1,150 N was applied to the 
model to obtain the contact stresses and compare them 
to those reported in a published FE knee joint study.30 The 
second loading condition, corresponding to the deep 
knee bend loading, was applied to evaluate the knee joint 
mechanics. A computational analysis was performed us-
ing an AP force applied to the femur with respect to the 
compressive load applied to the hip with a constrained 
femoral internal- external (IE) rotation, free medial- lateral 
translation, and knee flexion determined through a com-
bination of the vertical hip and the load of the quadriceps. 
Thus, a six degree- of- freedom tibiofibular joint was creat-
ed.31,32 A proportional- integral- derivative controller was 
incorporated into the computational model to control 
the quadriceps in a manner similar to that used in a previ-
ous experiment.20 A control system was used to evaluate 
the instantaneous displacement of the quadriceps mus-
cle, which was required to match the same target flex-
ion profile as that in the experiment. IE and varus- valgus 
torques were applied to the tibia, while the remaining 
tibial degrees- of- freedom were constrained.31,32 The FE 
model was simulated using ABAQUS software (version 
6.11; Simulia, Providence, Rhode Island, USA). This study 
investigated and compared the kinematics of patient- 
specific UKA designs with three different conformities de-
rived from a normal knee. The kinematics were calculated 
based on Grood and Suntay’s definition of a joint coordi-
nate system.33 This research has been approved by the IRB 
of the authors’ affiliated institutions (Institutional Review 
Board Protocol Number FINITE ELEMENT ANALYSIS 2.0).
Statistical analysis. Single cycles of deep knee bend load-
ing condition were divided into 11 timepoints (0.0 to 1.0 
phases). To assess the three different tibial insert designs 
- flat, anatomy- mimetic, and conforming - each design’s 
condition was compared to the normal knee in pair-
wise manner using non- parametric repeated- measure 
Friedman tests at each phase of the cycle. The post- hoc 

comparisons were performed using a Wilcoxon's rank 
test with Holm correction, to control the familywise er-
ror rate for the tests conducted within each phase of the 
cycle. Statistical analyses were performed using SPSS 
for Windows (version 20.0.0; IBM, Armonk, New York, 
USA). Statistical significance was set at p < 0.05 for all 
comparisons.

Results
normal knee validation. The five- subject- specific FE mod-
el was validated by comparison with the previous study. 
The mean contact stresses of 3.1 MPa (SD 0.4) and 1.53 
MPa (SD 0.6) were evaluated on the medial and lateral 
meniscus, respectively, under an axial load of 1,150 N. 
For both medial and lateral menisci, the result from the 
previous study was within the ranges of mean contact 
stress in our study.30 These differences may be caused by 
geometrical variations between these studies, such as the 
thickness of the cartilage and meniscus. The considerable 
consistency between the validation results and the results 
from the literature showed the validity of the results ob-
tained through the FE model used in this study.
Comparison of kinematics in patient-specific lateral mo-
bile UKA designs for three different conformities and 
normal knee under deep knee bend. Figure 3 shows the 
femoral rollback of the three patient- specific lateral mo-
bile designs and that of a normal knee under deep knee 
bend. Normal knee under deep knee bend showed an 
increase in femoral rollback with flexion. The mobile lat-
eral UKA designs also displayed this characteristic of the 
normal knee on the computational simulation, with val-
ues in the same range. However, the flat mobile UKA de-
sign showed significantly greater femoral rollback than 
the normal knee. In contrast, the conforming mobile UKA 
design showed significantly less femoral rollback than the 
normal knee. Interestingly, the anatomy- mimetic mobile 
bearing UKA showed the femoral rollback closest to that 
of the normal knee.

Figure 4 shows the tibial internal rotation of the three 
patient- specific lateral mobile designs and that of the 
normal knee under deep knee bend. In different activi-
ties, normal knees showed rapid increase in tibial internal 
rotation from 0° to 30° flexion with a range of 6.3° to 
12.8° that is consistent with the ‘screw home’ motion. 
The anatomy- mimetic mobile UKA design showed the 
screw home motion of the knee between 0° and 30° 
flexion with the same range. From mid to high flexion, 
normal knees continued to show a gradually increased 
tibial rotation. In this flexion range, conforming mobile 
lateral UKA design showed significantly decreased tibial 
rotation, although it maintained a net internal rotation of 
the tibial position. In contrast, the flat mobile lateral UKA 
design showed significantly greater tibial rotation than 
the normal knee.

Discussion
The most important finding of this study was that the 
anatomy- mimetic lateral mobile UKA design showed 
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Fig. 3

Comparison of mean (SD) of the femoral rollback for three different unicompartmental knee arthroplasty (UKA) designs under deep knee bend. *p < 0.05. AP, 
anteroposterior.

kinematics closest to that of the normal knee. Our result 
highlighted the importance of the conservation of the 
tibiofemoral conformity by preservation of patient's 
anatomy.

A previous study showed that patient- specific lateral 
UKA designs could provide a successful clinical outcome, 
as observed postoperatively with the American Knee 
Society score,34 range of movement, and coronal leg 
alignment.17 In a previous study, they showed that 
patient- specific UKA designs provided mechanics closer 
to that of the normal knee joint.23 The decreased contact 
stress on the opposite compartment may reduce the 
overall risk of progressive osteoarthritis.23 As previously 
mentioned, the lateral tibial condyle is convex, whereas 
the medial condyle is concave. It means that in deep 
flexion the medial femoral condyle lies over the tibia. In 
contrast, the lateral femoral condyle subluxes posteriorly 
and inferiorly off the back of the tibial plateau as it rotates 
externally relative to the tibia.35 Thus, in activities of 
high flexion such as deep knee bend, the knee shows an 
overall medial pivot motion with greater rollback of the 
lateral femoral condyle.36,37 However, it is also important 
to note that the medial tibia does not fully constrain the 
medial femoral condyle. Consequently, during activities 
of limited flexion, such as stair- ascending, the AP motion 
of the medial condyle can be similar to that of the lateral 
condyle, although the knee shows an overall medial 
pivot over its full range of movement.38,39 To address 
the kinematic limitations of contemporary implants, a 

novel design process was developed to create anatomy- 
mimetic articular surfaces directly based on in vivo 
motion of normal knees.16,40,41 However, as previously 
mentioned, the most serious problem in mobile lateral 
UKA is dislocation.

Recently, a new mobile bearing lateral UKA design has 
been developed by using a convex tibial plateau and a 
biconcave tibial insert (Oxford Domed Lateral Partial 
Knee; Biomet UK, Bridgend, UK). The initial results of this 
lateral UKA design demonstrated a better clinical outcome 
and a reduced dislocation rate of 1.7% versus 11% in the 
original series with the standard mobile insert.12

Moreover, Altuntas et al42 in a recent study observed 
that there were no bearing dislocations. Although these 
are early results, the highest rate of reported dislocations 
was found within the first two years of surgery; therefore, 
primary dislocation may be unlikely after this period.12 
It was concluded that the domed tibia mobile bearing 
lateral UKA design supports the safety and efficacy of the 
procedure as a treatment option in patients with lateral 
compartment osteoarthritis of the knee.42

Therefore, inferior surface was designed to be concave 
in this study, to prevent bearing dislocation. The results 
showed that the femoral rollback and internal rotation 
kinematics of the native knee were not restored in the flat 
and conforming mobile lateral UKA designs; however, 
they were preserved in the anatomy- mimetic mobile 
lateral UKA design. Flat and conforming designs showed 
greater and less kinematics in femoral rollback and 
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Fig. 4

Comparison of mean (SD) of the tibia internal rotation for three different unicompartmental knee arthroplasty (UKA) designs under deep knee bend. *p < 
0.05. IE, internal- external.

internal rotation, respectively, than that of the normal 
knee. This supports the importance of tibiofemoral 
conformity. The classic 'screw- home' mechanism was 
reported as a sharp internal rotation near extension,43 
and another study showed that the screw- home mech-
anism is coupled to internal tibial rotation as the femur 
flexes, and to external tibial rotation as it extends.44 In 
the present study, the internal rotation angles of the tibia 
in early flexion in the flat and conforming mobile lateral 
UKA designs were significantly different from those of the 
normal knee, indicating that the screw- home mechanism 
of the normal knee was not restored in these designs; 
however, it was restored in the anatomy- mimetic mobile 
lateral UKA design. Whether UKA can restore the kine-
matics of the normal knee has been the subject of contro-
versy. A previous study investigated six cadaveric human 
knees using a kinematic rig before and after medial UKA, 
and reported no significant difference in axial tibial rota-
tion between the normal knee and the flat- surfaced, 
fixed- bearing UKA knee.45 However, they found that 
the tibia rotated internally in extension in both normal 
and UKA knees. For the screw- home mechanism, that 
finding indicates that the normal knee kinematics were 
not preserved in UKA. The screw- home mechanism has 

been attributed to the function of the anterior cruciate 
ligament and the asymmetry between the medial and 
lateral femoral condyles.

A previous study suggested that the workings of the 
screw- home mechanism involved the medial femoral 
condyle slipping or sliding against the upslope of 
the tibia as the knee extends, while the lateral femoral 
condyle suffers no interference as a result of the flattening 
of the downward sloping anterior part of the lateral tibial 
condyle.46 In terms of the articular surface, the loss of the 
upslope of the tibia in the flat- surfaced, fixed- bearing type 
of UKA caused the changes in rotational kinematics, espe-
cially in the early flexion phase. Several previous studies 
suggested that tibial surface geometry has a considerable 
impact on the knee joint kinematics.16,40,41 A recent cadav-
eric study showed that the normal kinematics are lost 
from the tibial component in bicruciate- retaining TKA, 
and it suggested that the surface geometry of the tibial 
insert is an important factor in the restoration of normal 
rotational kinematics.47

From biomechanical and clinical points of view, the 
present study confirms the importance of preserving 
normal geometry for restoration of the kinematics 
of the normal knee. This important finding implies 
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consideration of the articular surface in knee arthro-
plasty. In other words, not only is tibial plateau geometry 
different, but so is medial and lateral tibiofemoral confor-
mity. Therefore, different medial and lateral conformity 
should be considered in UKA design. Moreover, there are 
more strong mobile characteristics in lateral tibial plateau 
than in medial tibial plateau. Therefore, preservation of 
such a characteristic is important in UKA design with 
prevention of dislocation.

However, even when knee arthroplasty was performed 
with an anatomy- mimetic design, perfect normal kine-
matics could not be restored. The major cause can be 
considered the difference in material properties between 
the insert and the soft tissue. To preserve perfect normal 
knee kinematics, not only design development but mate-
rial should also be studied further.

Two strengths of the present study should be high-
lighted. First, in contrast to the current biomechanical 
UKA model, this study included the deep knee bend 
loading, as opposed to a simple vertical static loading 
condition. Second, the biomechanical effect was eval-
uated using a single model in the previous FE model; 
however, we developed five subject- specific FE models 
with different patient- specific tibial insert designs for UKA 
to investigate their biomechanical effects.

Nevertheless, the current study has three limitations. 
First, the UKA had fully bonded, and micromotion, which 
may occur between the tibial compartment and tibial 
insert, was not considered in this study. Second, we 
only validated the initial model. However, this method 
has been widely used in biomechanics. Third, the model 
assumes the material properties and attachment points 
of the ligaments based on highly variable values from 
the reference. However, our objective was not to deter-
mine the actual values for muscle and ligament forces, 
but rather to determine the effect of variability in lateral 
patient- specific UKA designs with respect to tibial insert 
conformity for the variables of interest.

In conclusion, the anatomy- mimetic design in lateral 
mobile UKA demonstrated restoration of normal knee 
kinematics. Such designs may allow the achievement 
of the long sought normal knee characteristics post- 
lateral mobile UKA. However, further in vivo and clinical 
studies are required to determine whether such anatomy- 
mimetic design can truly achieve a more normal feeling 
of the knee and improved patient satisfaction.
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