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Abstract 
 
Biomechanics of post-cam mechanism is essential in determining the longevity of knee implant. Computational knee simulator is an 
efficient method in characterizing TKA performance under various boundary conditions. The existing knee simulators, however, were 
actuated only by quadriceps translation and hip load to perform squatting motion. The present computational knee simulator was 

developed based on lower limb of Japanese female subject having body weight, W = 51 kg and height, H = 148 cm. Two different 
designs of PS-type knee prostheses were tested namely Superflex and NRG. The knee motion was driven by three major muscles; 
quadriceps, hamstrings and gastrocnemius. The biomechanical behavior of tibiofemoral articulation associated with post-cam 
engagement mechanics was observed. Post-cam engagement occurred at 80° and 65° of flexion angles for Superflex and NRG, 
respectively. Maximum von Mises stresses at tibial post were 80 MPa and 50 MPa for Superflex and NRG, respectively. The developed 
computational muscle driven knee simulator has successfully assessed the performance of TKA prostheses. 
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1. Introduction 

Introduced in the last four decades, posterior-stabilized (PS) TKR 
procedure was designed to substitute PCL function in governing 
anterior-posterior (AP) translation and allowing femoral rollback 
[1]. PS-TKR knee implant is commonly designed to have a tibial 

spine and femoral cam that interact at certain flexion angle as the 
knee bends. The biomechanics of the post-cam mechanism are 
important in determining the longevity of knee implant that partly 
involve tibial post failure, and post-operative knee kinematics 
associated with the range of motion (ROM), AP translation and 
tibial rotation [2]–[3]. As the TKA studies for elder patients were 
extensively performed, number of TKA mechanics analysis for 
young and active patients are significantly limited. 

Investigations on post-cam mechanics were carried out by various 
approaches as reported in previous literatures. Most studies as-
sessed the effect of post-cam design on tibiofemoral contact me-
chanics, tibial post internal stress and kinematics of implanted 
knee. Some researchers performed contact analysis on knee im-
plant using in vitro testing devices. They measured contact areas 
and contact stress of various designs at different tibial and flexion 
angles using stress sensor [4]-[5]. In other studies, computational 
simulations were implemented to investigate the influence of post-

cam geometry on contact mechanics and post internal stress [6]-
[7]. Finite element analysis was performed typically by applying 
posterior load, compressive load, flexion/extension moment or any 
combination thereof at various tibiofemoral alignments. Knee 
kinematics, in part, is also an important outcome of TKA. Numer-
ous studies on tibiofemoral kinematics were done commonly in-
volved in vivo fluoroscopic analysis [3], [8]-[9]. Yet, these studies 
used static (or quasi-static) approaches by investigating a limited 

number of static positions of tibiofemoral joint during flexion. 

Wear, in part, is a major problem of TKA as reported in previous 
clinical studies [10]–[12] leads to the TKA implant wear testing 
using simulator machine. Mechanical wear simulator is a machine 
designed in such way to apply a large number of cyclic loadings to 

one or a group of knee implants [13]-[14]. Most wear simulators 
simulate normal walking gait motions and loadings in a controlled 
environment with appropriate lubrication. For multi-station simu-
lator, it capable in performing wear testing on a set of knee im-
plants with different designs and properties. However, there are a 
few limitations such as exclusion of patellofemoral articulations, 
position driven and omission of knee joint ligamentous effect. 
Thus, force controlled and muscle driven knee simulator have 

been developed to address such drawbacks, as reported in previous 
manuscripts [15]-[16]. TKA experimental evaluations, however, 
might be difficult, costly and time consuming. Computational 
simulation has been found to be essential and efficient in charac-
terizing TKA performance under various loadings and boundary 
conditions. FE models that replicate knee simulator were devel-
oped including Kansas knee simulator model [2], [17] and 
Stanmore knee simulator model [18].  

The above mentioned knee simulator models, however, were actu-
ated only by means of quadriceps translation and hip load to per-
form deep bending motion. Escamilla reported that knee stability 
during squat is largely contributed not only by quadriceps, but also 
hamstrings and gastrocnemius muscles [19]. Dahlkvist et al. 
solved inverse dynamics problem of lower limbs during descent 
and obtained peak muscle forces of 1640 N and 1418 N for ham-
strings and gastrocnemius, respectively [20]. Finni et al. measured 
almost 2 times bodyweight of in vivo Achilles tendon force in-

duced during fast squat [21]. These substantial muscle forces may 
induce high joint load at tibiofemoral articulations. Other studies 
reported the significance of hamstrings muscle load on knee kin-
ematics during high flexion [22].   
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In this study, we developed a computational knee simulator that 
reproduced knee squatting motion by the action of three major 
muscles; quadriceps, hamstrings and gastrocnemius, to investigate 
the post-cam mechanics of PS-type knee prostheses. 

2. Methods and Analysis 

The computational knee simulator was developed based on lower 
limb of Japanese female subject having body weight, W = 51kg 
and height, H = 148 cm [23]. Mass and inertial properties of each 
segment including pelvis / upper body segment, femur / thigh 
segment, patellar, knee prosthesis and tibia / lower leg segment 
were computed based on Winter (2009) and Hall (2012) as shown 
in Table 1 [24]-[25]. 
FE model of simulator implanted with knee prosthesis was 

developed for dynamic simulation in LS-DYNA (LSTC, 
Livermore, California, USA). For all components, tetrahedron 
elements were used with edge length ranged between 1.2 and 12 
mm. Polyethylene (PE) insert was represented as non-linear elastic 
plastic material having initial Young`s Modulus, E = 800 MPa and 
Poisson`s ratio, v = 0.40. To reduce computational time, all 
simulator parts including femoral and tibial component were 
considered as rigid body. Due to significant variation of elastic 

bulk modulus between femoral component and tibial insert, soft 
constraint-based formulation was applied to tibiofemoral contact 
with coefficient of friction of 0.04 [26]. 
 

Table 1: Solid Properties of Each Segment in the Knee Simulator 

Segment Mass (kg) 
Moment of inertia  

(kg.mm
2
) 

Pelvis / Upper body 

segment 
16.155 Ixx = Iyy = Izz = 1 

Thigh 6.012 
Ixx = Iyy = 84350 

Izz = 1 

Femoral component 0.161 

Ixx = 70.355  

Ixy = -8.0869 

Ixz = -1.7072 

Iyy = 72.898    

Iyz = -4.9006 

Izz = 111.84 

Patellar 0.025 Ixx = Iyy = Izz = 0.001 

Tibial component  0.061 

Ixx = 9.7111  

Ixy = -0.56547  

Ixz = 0.0045933 

Iyy = 20.502   

Iyz = 0.55501 

Izz = 25.714 

Lower leg 2.738 
Ixx = Iyy = 23247 

Izz = 1 

 
The knee joint model included four major ligaments, lateral 
collateral ligament (LCL), anterior medial collateral ligament 
(aMCL), oblique medial collateral ligament (oMCL) and deep 
medial collateral ligament (dMCL) which were inserted based on 
previous literature [27]. All ligaments were considered as non-

linear springs with the mechanical properties were simulated to 
implement following force-displacement relationship as in (1). 
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Where F is the force exerted, k1 and k2 are the spring stiffness 
coefficients, ɛi  is the engineering strain, and L and L0 are the 
spring current and slack lengths of the ligaments, respectively.  

Stiffness coefficient for each ligament was adopted from previous 
studies [27]. Quadriceps, patellar and gastrocnemius tendons were 
modeled from fully elastic solid elements with elastic modulus of 

200 MPa, 363 MPa and 1200 MPa, respectively [28]-[29] . Figure 
1 shows the degree-of-freedom of the knee simulator. The pelvis 
could displace up and down and the ankle joint was allowed to 
translate in mediolateral axis to simulate adduction-abduction 
motion and to rotate in all axis. Therefore, the knee joint per-
formed six-degree-of-freedom motions.  
The quadriceps were actuated from 0 to peak force of 200 N [22] 
while gastrocnemius muscles were loaded from 0 to 1700 N [21] 

within 0.2 seconds from extension position. High rate of muscle 
loading was intentionally applied to create inertial effects during 
squatting motion without compromising the knee stability. Gradu-
al muscle forces were initially applied to induce compressive load 
at the knee joint which allowed the femoral component to resolve 
into neutral position before knee flexed, as well as to avoid insta-
bility in computational process. Hamstrings muscles were simu-
lated as three active springs consist of biceps femoris, semimem-

branosus and semitendinosus. The spring was modeled based on 
Hill’s muscle model with activation developed within LS-Dyna 
environment. Peak isometric force for each muscle bundle was set 
to adapt previous study [30]. 
 

 
Fig. 1: Degree-of-freedom of the computational knee simulator 

3. Results 

FE model of the knee prosthesis was previously validated in prior 
study [31]. Kinematics verification of the knee simulator model 
was carried out by comparing the axial tibial rotation with in vivo 
analysis on the same design of prosthesis, by Shi et al. [1]. A good 
agreement was shown whereas internal tibial rotation achieved by 
Superflex was 5.3° from knee simulator FE model and 5.1° ± 1.8° 
from in vivo analysis.  Figure 2 illustrates the internal tibial 
rotation of Superflex and NRG during knee bending motion. The 

tibial rotation of NRG increased tremendously, while gradual 
increase was shown by Superflex after post-cam engagement 
occurred. 
Figure 3 shows the maximum von Mises stress as the function of 
flexion angle at PE tibial post. A sudden increase in stress at tibial 
post was observed at 82° for Superflex and 63° for NRG, showing 
that the post-cam engagement occurred at those flexion angles. 
The peak values of maximum von Mises stress at tibial post were 
80 MPa and 50 MPa for Superflex and NRG, respectively.  
 

 
Fig. 2: The variations of internal tibial rotation of Superflex and NRG with 

knee flexion angle. 
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Fig. 3: The variations of internal tibial rotation of Superflex and NRG with 

knee flexion angle. 

4. Discussion 

Ligaments surround the knee joint are the key contributor to knee 
stability.  Posterior cruciate ligament (PCL) is one of the major 
knee stabilizer that avoid posterior subluxation of tibial bone. It is 
typically resected during total knee replacement (TKR) especially 
in the case of degenerative PCL. Introduced in the last four dec-
ades, posterior-stabilized (PS) TKR procedure was designed to 
substitute PCL function in governing anterior-posterior (AP) 
translation and allowing femoral rollback [1]. PS-TKR knee im-

plant is commonly designed to have a tibial spine and femoral cam 
that interact at certain flexion angle as the knee bends.  
For Asians especially in Japan, East Asia and Middle East coun-
tries, squatting is one of the most common activities, such as seiza 
on tatami, kneeling and squatting during prayer. Prior studies re-
vealed substantial normal and shear load at knee joint during such 
motion. More than 5 times body weight of normal force at knee 
joint was computed during descending to squat position [16]. 

Nagura et al. implemented inverse dynamics approach to assess 
knee kinetics from kinematics data of double leg squatting and 
obtained compressive and shear forces of 60% and 50% of body-
weight, respectively [46]. In vivo assessment which typically in-
volved fluoroscopic analysis found that tibial rotation varied ac-
cordingly with implant geometry [31], [32], [43]-[44], [47]-[48]. 
Hence, the combination of such kinematics and kinetics of knee 
joint during high flexion angle is anticipated to be the cause of 

tibial post wear and damage.  
In present study, the results have shown that tibial post engaged 
femoral cam at 82° and 63° of flexion angle for Superflex and 
NRG, respectively, in agreement with previous studies by Fitzpat-
rick et al. and Arnout et al. [34]-[35]. Early post-cam engagement 
of NRG was due to larger tibial post and shorter initial post-cam 
distance in comparison to Superflex. Both designs performed in-
ternal tibial rotation. This observation is attributed by larger iso-

metric force of medial hamstrings and greater lateral laxity of knee 
joint in axial rotation. Insertion point of LCL has larger distance to 
axis of rotation compared to MCL, creates an effective moment 
arm during the action of hamstring muscles. Thus, medial com-
partment performs greater posterior translation results in internal 
rotation of the tibia. This conforms prior investigations by Kwak 
et al. and Victor et al. [36]-[37]. Larger internal rotation, however, 
was obtained by NRG even though both implants have curve-on-
curve post-cam geometries. Von Mises stress of Superflex in-

creased tremendously from 82° to maximum flexion angle due to 
the edge loading sustained by significantly small radius at pos-
teromedial surface of tibial post. This is in agreement with ex-
perimental study by Nakayama et al, found that the peak contact 
stress of Superflex tibial post substantially increased with internal 
rotation at 90° of flexion [4]. This post-cam geometry of Superflex 

also has contributed to its limited tibial rotation in comparison to 
NRG. 
Our study demonstrated the practicality of computational model to 
anticipate tibial rotation, post-cam engagement flexion angle, 
engagement velocity and prosthesis internal stress. The knee simu-
lator ligamentous constraints were appropriately implemented 
based on previous experimentally validated soft tissue model [27]. 
Decent kinematic behavior replicated the corresponding prosthesis 

design measured in prior in vivo studies was clearly exhibited. 
However, there are some limitations of this investigation. The 
knee simulator performed purely muscle force driven motion 
where control scheme was not implemented to regulate the muscle 
load in reproducing corresponded flexion angle and joint load 
from experimentally measured data of knee squat. To the best of 
our knowledge, there is no in vivo joint load acquired from TKA 
patients performing rapid squat currently available due to limited 

number of young and active patients. Analysis was only per-
formed for squat activity. This activity, however, was selected as 
it provided adequate post-cam interaction for analysis. The simu-
lation only compared a very limited number of knee prosthesis 
designs. More prosthesis designs provide better correlation analy-
sis between different geometrical features. Both implant models 
were chosen as NRG is the improved design of Superflex, hence 
the impact of geometrical design improvement could be verified. 

5. Conclusion 

In conclusion, the developed computational knee simulator has 
successfully assessed the impact of geometry on the post-cam 
engagement mechanics associated with the knee kinematics and 
the stress distribution at tibial post of TKA prostheses during 

dynamic activity. The knowledge from the present study may 
beneficial for future implant design that facilitate better knee 
kinematics and improve the implant survivorship through post-
cam geometrical features. 
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