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Abstract: Total knee replacement gives proven good results for isolated patello-femoral 

osteoarthritis, but patello-femoral arthroplasty may be more appropriate because only the joint 

compartment is replaced. Although the femoral component of a patello-femoral prosthesis is 

smaller than in total knee arthroplasty, it is unknown whether strain-adaptive periprosthetic bone 

remodeling occurs following patello-femoral arthroplasty. The aim of the study was to evaluate 

and compare the stress shielding effect of prosthetic replacement with Finite Element (FE) 

modeling. Four FE models were developed to investigate the effects of different patellofemoral 

replacement designs; we compared the stress shielding effect in the distal femur between a 

physiological model of knee, the Richards type II patellofemoral prosthesis, the Journey PFJ 

prosthesis, and the Genesis II total knee prosthesis. The geometry of the knee joint was obtained 

from a MRI of a patient. Von Mises stress was evaluated in the same regions of interest as in the 

experimental analysis, during a loaded squat until 120° of flexion, similar to previous 

experimental tests performed on knee kinematics simulators. During knee flexion the Journey PFJ 

has a similar trend of the physiological knee; the Richards II PFJ has higher stress shielding than 

the other PFJ model and in the Genesis II TKA the stress shielding is higher compared to the PFA 

models. The results agree with experimental DXA literature results; in particular they 

demonstrated that, during knee flexion, the magnitude of the Von Mises stress behind the anterior 

flange was about the same for the physiological model and for the Journey PFJ but smaller for the 

Richards II. This stress shielding effect of the Richards II was most obvious around 90 degrees of 

flexion. This phenomenon can possibly be explained by the particular design features of the 

Richards II. In the proximal region of the bone the values of the Von Mises stress were about the 

same magnitude for the physiological model and for both patello-femoral prostheses and also 

these findings are in agreement with the experimental DXA outcome. 
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1. Introduction 

Total knee arthroplasty gives predictable good results for isolated patellofemoral osteoarthritis 

(Dejour et al. 2004, Dalury 2005, Meding et al. 2007). However, a less aggressive approach using 

patellofemoral arthroplasty may be more appropriate. Using this approach, in contrast with total 

knee arthroplasty, only the involved joint compartment is replaced and the femorotibial joint 

remain intact, thus probably inducing a more physiologic joint motion.  

The long-term outcome of patellofemoral arthroplasty is related to progression of femorotibial 

osteoarthritis and the need for conversion to total knee arthroplasty (van Jonbergen et al. 2010b). 

The results of conversion to total knee arthroplasty may be compromised by loss of bone behind 

the prosthesis. In total knee arthroplasty, loss of bone stock occurs due to the stress shielding 

effect of the femoral component (Tissakht et al. 1996, Van Lenthe et al. 1997). Although the 

femoral component of patellofemoral prosthesis is smaller than in total knee arthroplasty, it is 

unknown whether strain-adaptive periprosthetic bone remodeling occurs following patellofemoral 

arthroplasty. 

Finite element analyses have been used extensively in the evaluation of prosthetic load, stress 

distribution in the bone and bone remodeling after total hip and knee replacement (Qian et al. 

2009, Zelle et al. 2009). Some investigators have also used numerical models to calculate the 

stress distribution within the patellar components after patellofemoral replacement (Najarian et al. 

2005, Morra and Greenwald 2006). However, none of these models analyze a loaded distal femur 

during a squat to investigate the effect of the femoral component on the stress distribution in the 

periprosthetic bone.  

The objective of this study was to evaluate and compare the stress shielding effect of prosthetic 

replacement with Finite Element (FE) modeling. For this purpose, a patellofemoral joint was 

modeled with and without a patellofemoral joint replacement. Moreover, to investigate the effects 

of different patellofemoral replacement designs, we compared two patellofemoral prostheses and 

with one total knee prosthesis.  

2. Methods 

2.1 Physiological Knee joint geometry 

MR imaging data from the right knee of a healthy old volunteer without any known 

musculoskeletal disease were manually segmented to obtain a three-dimensional model of the 

osseous and cartilaginous geometries of distal femur and patella with patellar tendon and insertion 

of the quadriceps tendon (Figure 1). 
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Figure 1.  Physiological model geometries used in this study. 

 

2.2 Knee Joint material properties 

According to previous literature study (Heegaard et al. 2001, Beillas et al. 2004) the trabecular 

bone was modeled as a homogenous isotropic linear elastic material (E=300 MPa, Poisson ratio 

v=0.30, and a density of 1g/cm
3
) while the cortical bone was modeled as an orthotropic 2mm thick 

layer (E1 = 17900MPa, E2 = 18800 MPa, E3 = 22800, G23 = 7110 MPa, G31 = 6580 MPa, G12 = 

5710 MPa). The patella was modeled as a homogenous isotropic linear elastic material (E=15000 

MPa, Poisson ratio v=0.30, density= 2g/cm
3
) with a 2.5mm thick layer of homogenous isotropic 

linear elastic cartilage (E=5 MPa, Poisson ratio v=0.46, and a density of 1g/cm
3
) in contact with 

the femoral trochlea (Beillas et al. 2004, Iranpour et al. 2008,  Pena et al. 2005, Pena et al. 2006). 

The friction coefficient between patella and trochlear groove was set at 0.001 based on 

experimental data (Besier et al. 2005). The patellar tendon was modeled as an isotropic and 

hyperelastic material (Pena et al. 2005, Weiss et al. 2001), with rubber-like mechanical behavior. 

2.3 Knee Joint load and constraints 

The simulated motion consisted of a 10s loaded full squat (one cycle), starting from 0° until a 

maximum flexion angle of 120°. These settings match the experimental kinematics simulations 

performed in a previous in vitro analysis on physiological cadaver legs (Innocenti et al. 2009, 

Victor et al. 2009, Victor et al. 2010). The patella model was constrained by fixing the distal part 

of the patellar ligament and applying a quadriceps force distributed on the quadriceps insertion on 

the proximal surface of the patella. Thus, the patella was allowed to move along the trochlear 

surface of the femur (Sharma et al. 2008). The magnitude and direction of the quadriceps force as 

well as the 3D kinematics were applied using the Grood-Suntay coordinate system (Figure 2) 

(Grood and Suntay 1983), using as origin the midpoint between the condylar center (Innocenti et 

al. 2009, Victor et al. 2009, Victor et al. 2010). 
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Figure 2.  the Grood-Suntay coordinate system used to describe the 3D kinematics. 

 

2.4 Physiological knee joint finite element model 

The three-dimensional models of femur, patella and patellar tendon were imported in 

commercially available finite element analysis software (Abaqus 6.8EF-1, Dassault Systemes 

Simulia, Providence, RI, USA). The models were meshed with 2 mm 6-noded triangle elements 

for the cortical and cartilage layers, and 2 mm 10-noded tetrahedral elements for the trabecular 

bone, patellar bone and patellar ligament. A convergence analysis was used to validate mesh 

adequacy. Two regions of interest (ROI) were defined in the femoral bone: an anterior and a 

proximal ROI (Figure 3). The location of the ROIs was defined to fit the same regions as used in a 

previous bone mineral density analysis following patellofemoral arthroplasty (van Jonbergen et al. 

2010a). The ROIs were 1 cm high in femoral proximo-distal direction and 1 cm long in the 

anteroposterior direction. They spanned the entire medio-lateral width. During the dynamic 

simulation the average Von Mises stress in each ROI was calculated. 
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Figure 3.  Position of the Region of Interest (ROI): 1 anterior ROI, 2 superior ROI 

 

2.5 Patello femoral finite element models  

Two patello femoral prosthesis were considered in this study: Journey PFJ femoral component 

(Smith&Nephew, Memphis, TN) and the Richards II patellofemoral prosthesis (Smith&Nephew, 

Memphis, TN) (Figure 4 and Figure 4). The geometries of the prosthetic components were taken 

from CAD files provided by the manufacturer and both implants were incorporated in the knee 

model following the manufacturers’ instructions. 

The Journey PFJ femoral component, in Oxinium™, was modeled as an isotropic linear elastic 

material (E=97905 MPa, Poisson ratio v=0.3, density=6.62 g/cm
3
) (Zirconium Products: Technical 

Data Sheet 2003) while the Richards II femoral component, in CoCr, was modeled as an isotropic 

linear elastic material (E=240000 MPa, Poisson ratio v=0.3) (Davis 2003). The UHMWPE patellar 

component was modeled as a non-linear elasto-plastic material (E=684.65 MPa, Poisson ratio 

v=0.45) (Godest et al. 2002, Halloran et al. 2005, Innocenti et al. 2009). A 2mm cement layer with 

linear elastic material properties (E=3000 MPa, Poisson ratio v=0.3) was modeled between the 

prosthetic components and the cut bone surfaces (Janssen et al. 2008, Vaninbroukx et al. 2009).  

The frictional coefficient between the patellar component and the femoral component was set at 

0.04 based on experimental data (Poggie et al. 1992). 

The models were meshed with 2 mm 6-noded triangle elements for the cortical bone and cement 

layers, and 2 mm 10-noded tetrahedral elements for the cancellous bone, patellar bone, femoral 

component, patellar component and patellar ligament. A convergence analysis was used to 

validate mesh adequacy. 

We defined an anterior and a posterior ROI in the same positions and with the same dimensions as 

in the physiological model. During the dynamic simulation the average Von Mises stress in each 

ROI was recorded as a function of time and flexion angle. 
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Figure 4.  Journey PFJ Prosthesis: A) Real Component, B) CAD file, C) Finite 
Element Model 
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C) 

Figure 5.  Richards II Prosthesis: A) Real Component, B) CAD file, C) Finite 
Element Model 
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2.6 Genesis II total knee prosthesis finite element model 

The geometries of the prosthetic components were taken from CAD files provided by the 

manufacturer (Figure 6). The implants were incorporated in the knee model following the 

manufacturers’ instructions. 

The models were meshed with 2 mm 6-noded triangle elements for the cortical bone and cement 

layers, and 2 mm 10-noded tetrahedral elements for the cancellous bone, patellar bone, femoral 

component, patellar component and patellar ligament. A convergence analysis was used to 

validate mesh adequacy. 

We defined an anterior and a posterior ROI in the same positions and with the same dimensions as 

in the physiological model. During the dynamic simulation the average Von Mises stress in each 

ROI was recorded as a function of time and flexion angle. 
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B) 

 

C) 

Figure 6.  Genesis II Prosthesis: A) Real Component, B) CAD file, C) Finite Element 
Model 

3. Results 

Figures 7 and 8 show the average Von Mises stress in the anterior and proximal ROIs, induced by 

the patellofemoral load, in the 4 models estimated by the dynamic finite element simulation as a 

function of flexion angle. Overall, the average Von Mises stress in both ROIs increased with the 

flexion angle. Maximum values of 2.8-3.8 MPa were reached at 90° flexion angle for the anterior 

ROI, and 1.4-1.6 MPa for the proximal ROI. 



8                                                                                          2011 SIMULIA Customer Conference 

Average Von Mises Stress Anterior ROI

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 2 4 6 8 10 12

Time (s)

V
o

n
 M

is
e

s
 S

tr
e

s
s

 (
M

P
a

)

Physiological Journey PFJ Richards II PFA Genesis II TKA

 

Figure 7.  Average Von Mises stress in the anterior ROI in the four models as a 
function of time. 

Average Von Mises Stress Proximal ROI
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Figure 8.  Average Von Mises stress in the superior ROI in the four models as a 
function of time. 

 

During knee flexion from 80° till 120°, the average Von Mises stresses in the anterior ROI with 

the Journey PFJ design were comparable to the physiological knee. The Richards II design 

demonstrated lower average Von Mises stress in the anterior ROI compared to the physiological 

knee, and the Genesis II total knee design demonstrated the lowest average Von Mises stress. The 
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lower average Von Mises stress in the Richards II design was most pronounced at 90 degrees of 

flexion.  

The average Von Mises stress in the proximal ROI was similar for both patellofemoral designs 

and the physiological model, with slightly lower average Von Mises stress for the Genesis II total 

knee prosthesis. 

4. Discussion 

Our dynamic finite element modeling demonstrated comparable Von Mises stress in the anterior 

region of interest for the Journey PFJ design and the physiological knee. The Richards II design 

demonstrated lower average Von Mises stress in the anterior region of interest compared to the 

physiological knee, and the Genesis II total knee design demonstrated the lowest average Von 

Mises stress. The average Von Mises stress in the proximal region of interest were similar for both 

patellofemoral designs and the physiological model, with slightly lower average Von Mises stress 

for the Genesis II total knee prosthesis. 

Stress shielding behind the anterior flange of a patellofemoral prosthesis may result in strain-

adaptive bone remodeling with resulting decrease in bone mineral density. Our Journey PFJ model 

predicted no significant stress shielding, implying that the physiological strains are maintained. 

However, the Richards II model predicted a reduction in average Von Mises stress compared to 

the physiological model. This is in agreement with the recently reported results of clinical dual-

energy X-ray absorptiometry (DXA) measurements obtained in 14 patients (van Jonbergen et al. 

2010a). In this prospective 1-year DXA study a 15% decrease in bone mineral density was found 

behind the anterior flange of the Richards type II patellofemoral prosthesis.  

The observed differences in the stress shielding effect between the Richards II and Journey PFJ 

prosthesis may result from differences in both material and geometrical properties.  

The curve of the average Von Mises stress in the anterior ROI for the Journey PFJ prosthesis 

features a gradual transition from the Richards II prosthesis curve (from extension to early flexion) 

to the physiological curve (between early flexion and deep flexion) (Figure 7). This transition can 

be explained most probably by the fact that the Journey PFJ femoral component is shorter in the 

sagital plane than the Richards II component. As a result, in deep flexion the patellar button 

contacts the native femoral surface beyond 90 degrees of flexion while in the Richards II design 

there is still contact between the femoral component and the patellar button. Moreover the 

Richards II patellar and femoral components are highly congruent, forcing the patellar component 

to remain within the femoral component medio-laterally within the entire flexion range. 

The present study is the first to specifically evaluate for the stress-shielding effect of a 

patellofemoral prosthesis. However, correct interpretation of results obtained from numerical 

models requires careful consideration of several important issues (Viceconti et al. 2005). We 

employed a numerical model that has been both verified and validated. Moreover, the biological 

findings based on clinical DXA measurements behind the anterior flange of the Richards II 

patellofemoral prosthesis (van Jonbergen et al. 2010a) match the findings of this finite element 

analysis. Of course, validation will only be complete by adding clinical DXA measurements in the 

same ROIs for the other types of implant that were considered in this simulation. This information 

is not available yet but it is the subject of an ongoing study.   
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Finite element modeling is, however, subject to limitations due to inherent uncertainties 

concerning geometry, load situation, and material properties. We performed our modeling using a 

dynamic loaded squat instead of a gait cycle which is a more frequent activity. However, we prefer 

squatting because it has an increased range of motion and high patello-femoral loads and thus, in 

our opinion, gives a better view on differences in stress distributions between different implants 

types. Nevertheless, analysis of other activities will probably lead to similar relative results but in 

a smaller range of knee flexion and with smaller differences in periprosthetic Von Mises stress 

values.  

In this study we didn’t check the stress in the interface bone-implant. Although less stress 

shielding means better load transfer to the bone, which is desirable, it may also imply higher loads 

in the interface region and an increased risk for failure of the fixation that was not considered in 

the present analysis. 

The use of a validated finite element knee model with patellofemoral prosthesis may lead to an 

increased understanding of the effect of design characteristics on outcomes. Furthermore, 

employing a numerical model may resolve some potentially important issues pertaining to the 

alignment of the prosthesis such as external rotation of the trochlear component and trochlear 

groove orientation.  

5. Conclusions 

Dynamic finite element analyses of knee models with a patellofemoral joint replacement predict a 

decrease in strain energy density behind the anterior flange of the femoral component. This 

reduction was more pronounced in the Richards II design than in the Journey PFJ design, and may 

be related to specific design properties. 
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