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fully restored, except for the CR type with PCL sacrificed. 
Sacrificing the PCL produced paradoxical anterior femoral 
translation and tibial external rotation during full flexion.
Conclusion  Either the posterior cruciate ligament or post-
cam mechanism is necessary for medial pivot prostheses to 
regain normal kinematics after total knee arthroplasty. The 
morphology of medial tibial insert was also shown to pro-
duce a small but noticeable effect on knee kinematics.
Level of evidence  V.

Keywords  Total knee arthroplasty · Posterior cruciate 
ligament · Medial pivot · Kinematics

Introduction

The modern concept of total knee arthroplasty (TKA) was 
introduced in the early 1970s and has since then become 

Abstract 
Purpose  Excellent clinical and kinematical performance 
is commonly reported after medial pivot knee arthroplasty. 
However, there is conflicting evidence as to whether the 
posterior cruciate ligament should be retained. This study 
simulated how the posterior cruciate ligament, post-cam 
mechanism and medial tibial insert morphology may affect 
postoperative kinematics.
Methods  After the computational intact knee model was 
validated according to the motion of a normal knee, four 
TKA models were built based on a medial pivot prosthesis; 
PS type, modified PS type, CR type with PCL retained and 
CR type with PCL sacrificed. Anteroposterior translation 
and axial rotation of femoral condyles on the tibia during 
0°–135° knee flexion were analyzed.
Results  There was no significant difference in kinematics 
between the intact knee model and reported data for a nor-
mal knee. In all TKA models, normal motion was almost 
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a well-established procedure for the treatment of end-stage 
osteoarthritis. The ideal outcome of TKA is the retention 
of normal knee kinematics and functionality. However, it 
has been found that current prostheses, including posterior 
cruciate ligament retaining (CR) and posterior stabiliz-
ing (PS) prostheses, are typically unable to recover nor-
mal motion. Fluoroscopic analysis of CR knees has shown 
abnormal anterior translation and axial rotation between 
the tibia and femur during weight bearing activities [29]. 
The PS prosthesis can offer more predictable kinematics by 
using a post-cam system to substitute the posterior cruciate 
ligament (PCL), and it also forces more posterior femoral 
translation when compared with CR prostheses. But the 
kinematics also differ significantly from a normal knee, 
which may result from lack of engagement between the 
post and cam and excessive impingement between the tibial 
post and femoral notch [3]. These various kinematic abnor-
malities may reduce the maximum flexion angle achiev-
able, affect the efficiency of the quadriceps, alter patella 
mechanics, provide inadequate stability, and not give the 
“feeling of a normal knee”, which inevitably impairs the 
prosthesis’ longevity [24, 25].

The concept of “medial-pivot” was proposed in 2002, 
and differs from the classic CR and PS prostheses in that it 
is characterized by a high conformity between the condyles 
and tibial insert. The medial and lateral condyles are spher-
ical, and the insert has a socket with precise conformity on 
the medial side and an accurate trough on the lateral side 
[6]. It has been hypothesized that the constraining shape of 
the insert can substitute the function of the PCL and retain 
normal kinematics. This concept has been applied to sev-
eral prostheses, including the ADVANCE Medial Pivot 
(Wright Medical, Arlington, TN), Medial Rotation Knee 
(Finsbury Orthopaedics, Surrey, UK), and Freeman-Sam-
uelson Modular prosthesis (Zimmer-Centerpulse, Winter-
tur, Switzerland). Follow-up results in all aspects, clinical, 
radiological and kinematical, are promising [1, 14, 17, 22, 
23, 26, 27]. During surgery, whether the PCL is preserved 
or resected depends on its functional level at the time of 
examination. No significant difference in clinical outcomes 
has been found between these two options [2, 6]. When 
compared with a PS prosthesis, such medial pivot designs 
offer a superior prognosis [13]. The postoperational kin-
ematics have also been found to exhibit motion patterns 
similar to a normal knee [5, 23]. However, kinematic dif-
ferences between PCL retaining and sacrificing knees have 
not yet been investigated.

The purpose of this study was to evaluate if PCL pro-
cessing, the post-cam mechanism, and medial insert mor-
phology may influence knee kinematics. Femoral anter-
oposterior translation and tibial axial rotation coupled 
with flexion were investigated in our simulation. It is 
hypothesized that suitable medial insert morphology can 

successfully substitute for the PCL and recover normal 
knee motion, and that both the PCL and post-cam mecha-
nism are not necessary for medial pivot prostheses.

Materials and methods

Knee kinematics were analyzed using validated computer 
models of the knee joint. A healthy right knee of a female 
volunteer (age: 30 years old, weight: 50 kg, height: 160 cm) 
was used for scanning and reconstructing the intact knee 
model. This subject gave informed consent before scan-
ning, and this study had been approved by Beijing Chao-
Yang Hospital (approval number: 12-S-70). Images were 
acquired by sagittal magnetic resonance imaging (SIE-
MENS MAGNETOM Trio A Tim SYSTEM 3T, Siemens, 
Germany) and ImageJ (Slice interval: 1  mm, Resolution: 
480 × 512 pixels). The proximal tibial bone and the distal 
femoral bone were transected approximately 75 mm from 
the natural joint line. The model was smoothed and sub-
stantiated using Geomagic Studio v9.0 (Parametric Tech-
nology Corp., Needham, MA, USA). Dynamic simulation 
was performed in MSC.ADAMS_R3 (MSC Software, 
Santa Ana, CA, USA). The meniscus and cruciate and col-
lateral ligaments were reconstructed. Ligament forces were 
simulated by the following equation, with the parameters as 
in Table 1 [21]:

where ε is the strain in the ligament, K1 and K2 are the stiff-
ness coefficients, L and L0 are the ligament’s current and 
slack lengths. Both the medial and lateral menisci were 
separated into three segments, anterior, posterosuperior and 
posteroinferior portions for simulating the movements of 
menisci during knee flexion. The anterior meniscal portion 
was fixed on the tibial plateau, with the posterosuperior 
and posteroinferior portions being connected to the ante-
rior portion by elastic tensile spring elements. The stiffness 
coefficients of medial and lateral menisci were simulated as 
200 (N/mm) and 5 (N/mm), respectively. A damping coef-
ficient of 0.5 (N  s/mm) was applied to the lateral menis-
cus The only muscle considered in the current model was 
the quadriceps, with a 5° valgus to the mechanical axis of 
the femur. Both the quadriceps tendon and patellar tendon 
were also included, with stiffness coefficients of 2,000 and 
1,142 N/mm respectively [20]. To simulate the wrapping of 
the quadriceps tendon around the trochlear groove during 
knee flexion, two rows of rigid beads were built along the 
medial and lateral bundles of the quadriceps tendon [18] 
(Fig.  1). The femoral flexion and extension axes were in 
compliance with the condylar radii of the medial and lateral 

F =







0 ε ≤ 0

K1(L − L0) 0 ≤ ε ≤ 0.06

K2[L − L0(1+ 0.03)] ε > 0.06
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femoral condyles. From full extension to 15° flexion, the 
femoral extension axis was designated as a connective line 
between the extension facet centers, and from 15° to 120° 
flexion, the femoral flexion axis was defined as a line con-
necting the flexion facet centers [15]. Only a flexion-exten-
sion motion was allowed for the tibial component and an 
average ground reaction force of 1.5 body weight (750 N) 
was applied to the center of mass of the tibial component 
[8]. The friction coefficients of cartilage-to-cartilage and 
metal-to-polyethylene surfaces were designated as friction-
less and 0.04 respectively [11].

To calculate femoral anteroposterior translation (medial/
lateral condyles) and tibial axial rotation, a Cartesian coor-
dinate system was constructed in the models in ADAMS 

[16]. It was composed of a longitudinal axis (z, internal and 
external rotation axis), a mediolateral axis (y, flexion and 
extension axis), and an anteroposterior axis (x, varus and 
valgus rotation axis). Anteroposterior femoral translation 
was measured in the x direction on the coordinates of the 
medial and lateral condyle’s flexion facet centers relative to 
their original positions. Internal and external tibial rotation 
was measured in the z direction on the local coordinate of 
the tibia relative to the local coordinate of the femur. 0°–
135° of knee flexion was simulated and the kinematics data 
was recorded every 10°.

If the performance of the intact model corresponded 
with the reported kinematics of a normal knee, it was 
imported into Pro/Engineer WildFire 5.0 (Parametric Tech-
nology Corp., Needham, MA, USA) for bone preparation. 
The clearance between the femoral condyle and tibial pla-
teau, 3.4 mm in the present model, was occupied by femo-
ral and tibial components equally. The bone was prepared 
according to standard surgical techniques. The distal fem-
oral was cut at an angle perpendicular to the mechanical 
axis (the line between the center of the femoral head and 
the trochlear notch) of the femur with 0° of retroversion. 
The transepicondylar axis was used for rotational align-
ment. The amount of bone removed was the same as that 
replaced by the femoral component. The size of the femoral 
component was determined by anteroposterior dimensions 
of the distal femur; both ‘anterior referencing’ and ‘poste-
rior referencing’ techniques were used to avoid notching of 

Table 1   The stiffness of each ligaments [15]

Ligaments K1 (N/mm) K2 (N/mm)

Anterior cruciate ligament—anterior 22.5 83.2

Anterior cruciate ligament—posterior 26.3 83.2

Posterior cruciate ligament—anterior 31.3 125.0

Posterior cruciate ligament—anterior 19.3 60.0

Medial collateral ligament—anterior 10.0 91.3

Medial collateral ligament—oblique 5.0 27.9

Medial collateral ligament—deep 5.0 21.1

Lateral collateral ligament 10.0 72.2

Fig. 1   Contact knee model: distal femur, proximal tibia, patella, and fibula were included, the ligaments including collateral ligaments and cru-
ciate ligaments and meniscus were reconstructed, and both the quadriceps tendon and patellar tendon were also assigned
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the anterior cortex and to reduce posterior condylar offset. 
The tibia was cut perpendicular to its mechanical axis (the 
line linking the center of the tibial plateau and the center 
of the talus) with 0° of posterior slope. The patella was not 
resurfaced.

The medial pivot knee prosthesis used in this study, 
D-knee, was designed by a senior surgeon (T. B. Qu). 
The D-knee is characterized by posterior stability with 
a medial pivot (Figs.  2, 3). To further understand the 
effect of different insert radii and PCL processing on 
kinematic performance, the D-knee was modified into 
four different models; PS-r25, PS-r40, CR-PCL and CR-
no PCL. A post and cam was included in the PS models, 
and the medial side of the insert used 2 different medial–
lateral radii, 25 mm (r25) and 40 mm (r40) (Fig. 4). The 
CR models used a similar articulating geometry to the 
PS-r25 designs except without a tibial post (Fig. 4). Both 
PCL retaining (CR-PCL) and PCL scarified (CR-no 
PCL) concepts were simulated in the CR models. Kin-
ematic performances, including anteroposterior trans-
lations of medial/lateral femoral condyles and tibial 
internal rotations, were compared against two commer-
cial products, United Posterior-Stabilized Knee System 

(United Orthopaedic Corp., Taiwan) and U2 Total Knee 
System-CR type (United Orthopaedic Corp., Taiwan) 
[20, 21].

Results

During model validation, the intact knee model showed 
similar kinematic behavior to the normal knee joint [16] 
(Fig. 5) by representing the maximum difference of condy-
lar anteroposterior translations within 2 mm. The results of 
anterioposterior translation of the lateral condyle are shown 
in Fig.  6. In the PS models, the commercial knees dis-
played a totally different movement pattern to the normal 
knee. Although the medial pivot designs still had appar-
ent differences with the intact knee, they did show simi-
lar movements and posterior translation. In addition, there 
were slight differences between the PS-r25 and PS-r40 
models. For CR knees, the commercial product and CR-no 
PCL design demonstrated anterior translation after flexion 
beyond 70°, which does not correspond to normal knee 
movement. Of all models, the CR-PCL had the closest kin-
ematic performance to a normal knee.

Fig. 2   Medial pivot characteristics of D-knee: a, b the single radius of femoral curvature in coronal and sagittal views. c Transverse view of 
insert. d Medial ball-and-socket articulation between the medial femoral condyle and insert

Fig. 3   Related parameters of D-knee: a medial and lateral condylar radius of femoral component. b Sagittal view and radii of medial part of 
insert. c Sagittal view and radii of lateral part of insert
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Figure  7 shows the movements of the medial condyle. 
Similar to the results of the lateral condyle, the commercial 
PS design had the greatest difference to a normal knee, and 
there was no obvious difference in performance between 
PS-r25 and PS-r40. The movement of the medial condyle 
in CR types was also similar to lateral condyle, with the 
CR-PCL having the closest resemblance to a normal knee.

For rotation (Fig. 8), all PS types showed similar move-
ments before knee flexion to 70°. Again, the CR-PCL was 
most similar to the intact knee and the PS knees showed 
obvious deviations from this. However, the CR-no PCL 
had the greatest difference to the normal knee in terms of 
rotation.

Discussion

The most important finding of the present study was dem-
onstrating how retention of the PCL affects knee kinemat-
ics after TKA. For validating our model, we compared the 
anterioposterior translation of the medial and lateral con-
dyles to a knee model presented by Johal et al. [16]. Johal 
et al. investigated tibio-femoral movement in a living knee 
using interventional MRI. Anteroposterior translations of 
medial and lateral femoral condyles were measured every 
10° from hyperextension (−5°) to 120°. Similar motion 
patterns have been reproduced in our study’s intact knee 
model. The maximum error in anterioposterior transla-
tion was within 3 mm while the translation of the lateral 
condyle showed nearly identical movements to the previ-
ous study. Both of the PS models and the CR-PCL model 
showed more similar kinematic performance to the intact 
knee than the other two commercial products. The artic-
ulating surface of the D-Knee tibial insert has a medial 
pivot and thus can be expected to mimic the kinematic 
behavior of an intact knee joint. The results demonstrated 
that the concept of using a medial pivot can effectively 
increase tibial internal rotation during knee flexion, except 
for in the CR-no PCL model (Fig. 8). Several studies have 
also revealed improved knee joint kinematics when using 
medial pivot designs in clinical practice [4, 5, 23], which 
may be a key factor to improving the feasibility of high 
flexion performance.

The CR-PCL performed most similar to the intact knee 
in this current study. Cates et  al. [7] also compared the 
performance of CR and PS knees at high flexion angles 
and reported less posterior translation of femoral compo-
nents in CR designs, but had greater tibial internal rota-
tion. A similar phenomenon was also found in kneeling in 
a related study [12]. On the contrary, some studies have 
reported poor kinematic performance in CR knees [9], 

Fig. 4   Prosthesis in sagittal view: a the prosthesis adopted in model 
A. b The prosthesis adopted in model B, with medial–lateral radii 
of the medial insert increased from 25 to 40  mm. c the prosthesis 

adopted in model C and D, where all insert parameters are the same 
but with the post-removed

Fig. 5   The femoral condyle anteroposterior translation and tibial 
axial rotation accompanying knee flexion recorded in vivo and from 
simulation of an intact knee model: a medial condyle anteroposterior 
translation. b Lateral condyle anteroposterior translation
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or claimed no significant differences with PS knees [28]. 
Possible reasons for such contradictory conclusions may 
be due to differences in experimental activities (active or 

passive motion, squatting/kneeling/lunging, etc.) or the 
design of knee prosthesis for specific demands (e.g. high 
flexion).

Fig. 6   Lateral femoral condyle anterioposterior translation, a PS types. b CR types

Fig. 7   Medial femoral condyle anterioposterior translation, a PS types. b CR types

Fig. 8   Tibial axial rotation, a PS types. b CR types
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The performance of the PS-r25 and PS-r40 models were 
quite similar in both femoral anteroposterior translation and 
tibial internal rotation. The major difference between the two 
PS knee designs was that greater tibial internal rotation was 
found in the PS-r40 model at full flexion. The medial pivot 
concept is achieved by better geometrical conformity in the 
medial articulating contact pair, and better constraint on the 
medial side shall possibly enhance the tibial rotation dur-
ing knee flexion [10]. However, the greater posterior trans-
lation of the medial condyle in the PS-r25 model indicated 
a disparity between medial and lateral condyles which may 
reduce tibial rotation. The PS-r40 model has a slightly more 
lax constraint on the medial contact pair in the mediolateral 
direction, but greater tibial internal rotation was achieved 
around the terminal range of knee flexion simulated in cur-
rent study. It may imply that, even when using a medial pivot 
design, adequate constraint should be maintained rather than 
perfect conformity of the medial contact pair. The slightly 
released constraint on the medial contact pair would also 
influence the post-cam mechanism, since the mediolateral 
constraint had been altered in the PS-r40 model. However, 
it should also be noted that the magnitude of tibial internal 
rotation around the terminal knee flexion range in this cur-
rent study exceeded that of the intact model. Further inves-
tigation is required to find out the optimal geometry of the 
medial contact pair of the medial pivot knee prosthesis.

The CR-no PCL model, without PCL and post-cam 
mechanism, was created to investigate if medial pivot con-
straints can adequately guide knee motion. However, the 
results revealed that insufficient posterior translations of 
both femoral condyles and tibial internal rotation. The dish-
like geometry of the medial tibial insert can practically pre-
vent the paradoxical posterior movement, but may also be 
an obstacle to knee flexion due to the lack of femoral roll-
back. In addition, loss of the guiding function of the PCL 
or post-cam would lead to the decrease in tibial internal 
rotation observed during knee flexion.

Unfortunately, the results of this study have rejected our 
original hypothesis that suitable medial insert morphology 
can successfully substitute the function of the PCL and 
recover normal knee motion after TKA, and that both the 
PCL and post-cam mechanism are not necessary for medial 
pivot prostheses. The CR-no PCL model demonstrated that 
only medial pivot morphology cannot completely substitute 
the function of PCL or the post-cam mechanism in PS knee 
designs. Considering the results of the CR-PCL model, 
retaining the PCL is important for restoring knee kinemat-
ics in CR knee designs.

Some limitations of this study should be noted.

(1)	 The D-knee prosthesis utilized in the current study was a 
new product designed by our team. More detailed design 
parameters should be further verified in clinical practice.

(2)	 Not all of the functions of surrounding soft tissues 
including the joint capsule, hamstrings, and gastroc-
nemius can be perfectly reconstructed in current study. 
For example, the joint capsule plays an important role 
in passive flexion, whereby it normally acts to push the 
tibia anteriorly, resulting in continual femoral rollback 
at high flexion angles.

(3)	 Individual anatomic variations were not considered 
in the simulations. Nevertheless, the current dynamic 
models do have the capacity to distinguish the effects 
of any modifications to implant design and PCL. More 
studies regarding kinematics after medial pivot knee 
arthroplasty with the PCL sacrificed or retained are 
essential.

(4)	 According to previous studies, TKA alignment, such 
as the tibial slope, will affect the kinematics after TKA 
[19]. For better kinematic performance of the D-Knee, 
these alignment variables should be considered in fur-
ther study.

Conclusion

For regaining normal knee motion, including femoral anter-
oposterior translation and tibial axial rotation, this current 
study demonstrated that a CR knee solely constrained by 
a medial pivot is not stable enough to substitute the PCL. 
Either retention of the PCL or a post-cam mechanism is 
necessary when using this kind of prosthesis. Such designs 
that incorporate a medial pivot and post-cam mechanism 
may offer a superior kinematic performance. Current 
study may provide referable information for surgeons to 
adequately identify when a medial pivot knee prosthesis is 
considered in TKA.
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