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ABSTRACT
Background:  The medial patellofemoral liga-

ment is the primary soft-tissue restraint to lateral 
patella translation.  Medial patellofemoral ligament 
reconstruction has become a viable surgical op-
tion to provide patellar stability in patients with 
recurrent instability.  The primary goal of this 
study was to determine the effect of medial patel-
lofemoral ligament reconstruction on the lateral 
force-displacement behavior of the patella using 
finite element analyses.

Methods: A finite element model of the knee 
was created using cadaveric image data.  Ex-
perimental testing was performed to validate the 
computational model.  After validation, the model 
was modified to study the effect of various medial 
patellofemoral ligament reconstruction insertion 
sites, allowing comparison of patellofemoral contact 
force and pressure.  

Results:  For the intact anatomic model, the 
lateral restraining force was 80.0 N with a cor-
responding patellar contact area of 54.97 mm2. 
For the anatomic reconstructed medial patel-
lofemoral ligament model, the lateral restraining 
force increased to 148.9 N with a contact area of 
71.78 mm2. This compared favorably to the cor-
responding experimental study. The force required 
to laterally displace the patella increased when the 
femoral insertion site was moved anteriorly or dis-
tally. The lateral restraining force decreased when 

the femoral insertion site moved proximally and 
the patellar insertion site moved either proximal 
or distal by 5 mm.

Conclusion: The line of action was altered with 
insertion site position, which in turn changed the 
amount of force it took to displace the patella later-
ally. Considering the model constraints, an anterior 
femoral attachment may over constrain the patella 
and increase cartilage wear due to increase contact 
area and restraining force.  

Clinical Relevance: A malpositioned femoral 
tunnel in MPFL reconstruction could increase 
restraining forces and PF contact pressure, thus 
it is suggested to use intra-operative fluoroscopy 
to confirm correct tunnel placement. 

INTRODUCTION
Patellar stability is maintained by the bony architec-

ture, soft tissue restraints, and dynamic action of the 
quadriceps throughout knee motion.  The medial patel-
lofemoral ligament (MPFL) is the primary soft tissue 
restraint to lateral translation of the patella1-3, acting as 
a check-rein to lateral translation during the first 30° of 
knee flexion prior to the patella engaging the trochlear 
groove4,5. Following acute lateral patellar dislocation, 
the MPFL is the most consistently injured ligamentous 
structure6-8.  Nonoperative management of acute lateral 
patellar dislocation frequently results in recurrent insta-
bility, potentially requiring future surgical intervention9,10.  
Proximal soft tissue procedures, such as MPFL recon-
struction or repair, are indicated in patients with normal 
bony alignment and a deficient MPFL4,7,11.  Due to poor 
outcomes following MPFL repair12-14, MPFL reconstruc-
tion, which aims to restore the form and function of the 
native MPFL, has become the procedure of choice for 
this patient population.  

Although MPFL reconstruction is a popular tech-
nique, relatively few studies have investigated the behav-
ior of the patellofemoral joint after MPFL reconstruction.  
While MPFL reconstruction aims to restore the native 
properties of the ligament, experimental studies have 
shown that variations in insertion sites may over con-
strain the patella and lead to premature osteoarthritis 
due to increased medial patellofemoral contact pressures 
or result in recurrent instability due to graft failure5,15. 
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Therefore, the primary goal of this study was to 
determine the effect of MPFL reconstruction on the 
lateral force-displacement behavior of the patella using 
finite element analyses. Additionally, our objective was 
to study the affect MPFL reconstruction insertion site 
has on patellofemoral contact force, area and pressure. 

METHODS
A single finite element (FE) model of the knee was 

created to gain a better understanding of MPFL recon-
struction. The model was validated with corresponding 
experimental data. After model validation, the FE model 
was modified to study what effect MPFL reconstruction 
insertion site has on patellofemoral biomechanics. 

Finite Element Model
A magnetic resonance (MR) image of a cadaveric 

knee joint was obtained and used to define the bone 
and soft tissue anatomy.  The bones (tibia, femur, and 
patella) and soft tissues (cartilage, patellar tendon (PT), 
and quadriceps tendon (QT)) were manually segmented 
using BRAINS2 software16,17.  Surfaces were generated 
from the traced regions of interest using Gaussian image 
based smoothing, similar to the techniques described 
by DeVries et al18. 

A finite element model was created using IA-
FEMesh19 (Figure 1).  IA-FEMesh allows meshes to be 
created based on anatomical surfaces generated from 

medical image segmentation.  The bones were modeled 
using three-dimensional rigid elements since bone is 
significantly stiffer than the soft tissues, which were the 
structures of interest, not the bone. The model did not 
include the fibula, similar to previous computational mod-
els of patellofemoral biomechanics20-23.  The cartilage, 
PT, and QT were modeled using 8-noded hexahedral 
elements. The MPFL and the medial patellotibial liga-
ment (MPTL) were also modeled using hexahedral ele-
ments.  Since the ligaments, specifically the attachment 
sites, were difficult to define on MR images due to their 
thin anatomy, they were modeled based on the insertion 
sites and dimensions (i.e. width, thickness) previously 
reported in anatomic studies12,24-26. The meniscus was not 
included since the study focused on the patellofemoral 
interaction at a static flexed knee position. 

The viscoelastic nature of the cartilage was simpli-
fied to linear elastic material properties (E=12 MPa, 
ν=0.45)22,23,27. The tendon and ligaments were modeled as 
hyperelastic with the material properties adapted from 
stress-strain and force-displacement curves reported in 
literature28-30.  The reconstructed MPFL assumed mate-
rial properties characteristic of the tibialis tendon31.  The 
anatomic reconstruction insertion site and dimensions 
were considered to be the same as the intact model, 
which was based on anatomical data reported in litera-
ture12,24-26.

To ensure model accuracy, a convergence study was 
conducted on the MPFL, since this was the primary 
tissue of interest. Meshes were created for the isolated 
MPFL, with varying mesh densities ranging from two 
elements to 4160 elements. A 100 N force was applied 
along the long axis of the MPFL, and stresses were 
monitored at three locations. Based on convergence, a 
mesh density of 520 elements was chosen to model the 
MPFL. A similar mesh element size was used throughout 
the entire knee model.

For both the intact and reconstructed models, the 
knee was positioned at 30° of flexion, with the femur 
fixed in all directions and the tibia free to translate and 
rotate about the z-axis, allowing anterior-posterior trans-
lation and varus-valgus rotation. The patella was free to 
rotate and displace in all directions. The quadriceps was 
physiologically loaded to 178 N, along the three main 
muscle groups32-34. With the quadriceps loaded, the tibia 
and femur were fixed in all directions and the patella 
was displaced laterally 10 mm. The resultant patellar 
restraining force, contact pressure, and contact area 
were compared for the intact and reconstructed MPFL. 
Analyses were completed using Abaqus/Standard (Ver-
sion 6.12-1; Dassault Systèmes Simulia, Providence, RI).

Figure 1. 	(A) The finite element mesh of the knee, including the 
quadrilateral tendon, patellar tendon, cartilage, medial patellofemoral 
ligament and the medial patellotibio ligament. (B) the von Mises 
stress after 10 mm lateral patellar displacement for the intact MPFL 
model



Volume 35    15

A Finite Element Analysis of Medial Patellofemoral Ligament Reconstruction

A

Model Validation/Experimental Study
To validate the computational models, corresponding 

experimental testing was conducted35. Four fresh-frozen 
knees were obtained from two cadavers (95 year old 
male; 57 year old female). Prior to testing, magnetic 
resonance images were obtained to ensure continuity 
of the MPFL in all specimens.  All soft tissues were 
dissected with the exception of the distal quadriceps 
extensor mechanism, MPFL, and capsular tissue sur-
rounding the knee.  The distal quadriceps was separated 
into three muscle groups (vastus medialis (VM), vastus 
lateralis (VL), and rectus femoris and vastus intermedius 
(RF+VI)). Cloth strips were attached to each muscle 
group to allow loading through the extensor mechanism. 
The femur and tibia were fixed in a polymer resin, allow-
ing for attachment to the custom testing fixture.

The knee specimen was fixed at 30° of flexion using 
a custom fixture, with the femur and tibia firmly held in 
all directions. Next, the components of the quadriceps 
were loaded with a total of 178 N, accounting for physi-
ological loading directions and cross-sectional areas32-34. 
The patella was connected to a loading rod using a ball 
joint, allowing for patella rotation about the anterior-
posterior and proximal-distal axes. Figure 3 shows the 
testing setup. Using a biaxial servo-hydraulic materials 
testing machine, the patella was cyclically displaced 10 
mm laterally from its neutral position at 100 mm/min-
ute33,36.  The force to displace the patella 10 mm laterally 
(restraining force) was recorded, with the fourth cycle 
used for analyses.

After intact MPFL testing, the MPFL was sectioned 
and an MPFL reconstruction performed using a split 
anterior tibialis allograft. For additional information on 

the MPFL reconstruction procedure, refer to the study 
by Duchman et al35.

The FE model was validated using the results from 
the experimental study by comparing the patellar re-
straining force for both the intact MPFL and MPFL 
reconstruction at anatomical insertion. The stiffness was 
also compared. The stiffness of the MPFL in response 
to lateral patella displacement for both the intact and 
reconstructed MPFL was calculated for the first 1.5 
mm of displacement (S1) and from 1.5 mm to 10 mm of 
displacement (S2).  Stiffness was defined as the slope of 
the linear regression that was fit to each region of the 
load-displacement curve.

Reconstructed MPFL – Insertion Sites
The validated model was used to study multiple MPFL 

reconstruction insertion sites.  Specifically, the insertion 
sites were repositioned in increments of 5 mm from the 
anatomic position on both the femur and patella37.  For 
the validated model, the femoral and patellar insertions 
assumed the anatomic position.  Thereafter, the femoral 
insertion was modeled at 5 mm and 10 mm anterior, 
proximal, and distal to the anatomic position (Figure 2),  
with the patellar insertion remaining at anatomic posi-
tion. Additionally, the patellar insertion site was posi-
tioned 5 mm proximal and distal to the anatomic site, 
with the femoral insertion site remaining in anatomic 
position, thus creating nine unique insertion scenarios 
(Figure 2). Note, the initial tension (0 N) in the graft 
remained the same for the different insertion sites.

RESULTS
For the intact FE model, the lateral restraining force 

was 80.0 N with a corresponding patellar contact area 
of 54.97 mm2.  For the reconstructed MPFL FE model, 
the lateral restraining force increased to 148.9 N with a 
contact area of 71.78 mm2. The biomechanical data for 

Figure 2. 	The attachement sites for the reconstructed medial patel-
lofemoral ligament. The black squares represent the anatomical 
attachement site. The black dots show locations 5mm and 10mm 
anterior, proximal, and distal to the anatomical attachement sites.

Figure 3. 	Experimental setup with the knee mounted in the Bionix II 
material testing machine with the quadriceps loaded using a custom 
pulley system through the cloth loops.
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the finite element model is summarized in Table 1.  The 
model predicted restraining forces were greater than the 
forces measured during the experimental study, where 
the average lateral restraining force was 69.0 (5.9) N 
for the intact MPFL, increasing to 110.2 (17.5) N for 
the reconstructed MPFL. The ratios between intact and 
reconstructed MPFL restraining forces were similar, 
however.

In the intact FE model, S1 was 17.39 N/mm and S2 
decreased to 6.15 N/mm.  Comparatively, the experimen-
tal average S1 was 24.5 (5.0) N/mm; S2 decreased to 5.0 
(1.6) N/mm. The stiffness for the reconstructed MPFL 
model was higher than the intact model. S1 was 18.97 N/
mm and S2 decreased to 14.12 N/mm. Experimentally, 

the average S1 for the MPFL reconstruction was 23.1 
(4.2) N/mm; S2 average stiffness was 11.2 (1.8) N/mm.

Comparing the different reconstruction insertion 
site models to the anatomic MPFL insertion model, the 
lateral restraining force increased when the femoral 
insertion site was moved anteriorly or distally. The 
force decreased when the femoral insertion site moved 
proximally.  Additionally, the lateral restraining force 
decreased when the patellar insertion site moved either 
proximally or distally by 5 mm relative to the anatomic 
insertion. Table 1 summarizes the biomechanical results 
for patellar lateral displacement of 10 mm, comparing 
the various insertion site models. Figure 4 shows the 
contact pattern and the corresponding contact pressure 
for each model. Similar to the lateral restraining force, 
the contact force increased for femoral insertion sites 
that were anterior, but decreased for femoral insertion 
sites proximal to the anatomical insertion. Additionally, 
the contact force decreased with the patella insertion 
site moving either proximal or distal by 5 mm. 

DISCUSSION
Previous authors5,6,38 have highlighted the importance 

of anatomic graft position during MPFL reconstruction, 
but there have been relatively few studies that describe 
patellofemoral contact force and area after reconstruc-
tion.  This finite element study provides insight into the 
changes in patellofemoral biomechanics due to medial 
patellofemoral ligament reconstruction, including the 
effect of reconstruction insertion site. 

The finite element model was compared to the experi-
mental study by Duchman et al.35  The model predicted 
similar, although slightly larger, forces to displace the 
patella 10 mm laterally for both the intact and recon-
structed MPFL.  The difference between experimental 

Table 1: The biomechanical data for lateral patella 
displacement of 10 mm determined by the finite element model

Force at the Patella
(N)

Contact Force
(N)

Maximum Contact 
Pressure (MPa)

Total Contact  
Pressure (MPa)

Contact Area
(mm2)

Anatomical Intact 80.0 178.4 7.76 82.72 54.97

Anatomical Reconstructed 148.9 226.9 5.00 89.21 71.78

Femur Anterior 5mm 163.1 232.4 4.76 88.71 86.68

Femur Anterior 10mm 177.0 236.6 4.58 87.84 95.22

Femur Distal 5mm 159.4 230.0 4.96 89.09 83.84

Femur Distal 10mm 154.5 222.1 4.38 83.51 89.06

Femur Proximal 5mm 125.1 215.4 6.40 88.55 67.24

Femur Proximal 10mm 114.1 211.7 6.39 89.61 60.08

Patella Distal 5mm 135.6 220.5 6.81 92.26 68.09

Patella Proximal 5mm 132.6 217.3 4.76 86.08 69.80

Figure 4. 	The contact pressure (MPa) of the patella after 10 mm of 
lateral displacement. The peak contact pressure is provided below 
for each MPFL insertion model.
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forces and the model predicted forces could be due to 
the large variability in patellofemoral anatomy.  Also, the 
models had similar stiffness predictions with a greater 
initial stiffness (0-1.5 mm range) than S2 (1.5-10 mm 
range).  This was true both experimentally and theoreti-
cally.  Since the experimental and finite element model 
results were comparable for both force and stiffness 
and followed a general trend, the anatomical model was 
considered validated.

For additional validation, the model was compared to 
experimental studies focusing on patellofemoral contact 
area.  Although there is no direct comparison due to 
different loading conditions and varying techniques to 
define contact area, the contact pattern for the current 
study was similar to previous studies.  The femoral 
contact pattern at 30° was comparable to the study by 
Yamada et al.39; like the current study, the contact was  
primarily isolated to the proximal portion of the femoral 
trochlear cartilage.  Additionally, the patellar contact 
pattern was similar to that reported in the experimental 
study by Lee et al.40  The contact pattern was centered 
on the patella itself. For the current study, the contact 
occurred on the distal edge of the cartilaginous portion 
of the patella, but central overall on the patella (Figure 5).

Using this validated anatomical model, the effects of 
MPFL reconstruction insertion sites were studied, com-
paring the alternate insertion sites to the anatomically 
reconstructed MPFL.  For this model, the initial graft 
tension did not vary with insertion site; the graft was 
not pre-tensioned and had the same material properties. 
It was determined that the insertion site does have an 
effect on the biomechanics of the patellofemoral joint. 
Anterior placement on the femur resulted in the great-
est increase in patellar restraining force (a difference of 
28.1 N at 10 mm anteriorly) compared to the anatomi-
cal MPFL reconstruction. This also resulted in a 32.7% 
increase in contact area with little decrease in contact 
pressure, both peak pressure (8.4%) and total pressure 
(1.5%). The larger contact area with minimal change in 

pressure may result in increased cartilage wear, suggest-
ing that clinicians should avoid anterior graft positioning 
during reconstruction.

On the other hand, when the femoral insertion site 
was shifted proximally, the patellar force decreased by 
34.8 N. The proximal insertion also had a lower patella 
contact force and contact area, which resulted in forces 
and contact area that are between the anatomically intact 
and reconstructed MPFL. The decrease in contact area 
and lateral restraining force may be due to the line of 
action of the reconstructed MPFL ligament based on the 
insertion site. The different ligament line of action may 
make it easier to laterally displace within the trochlear 
groove. Since the goal of MPFL reconstruction is to pro-
vide additional stability, proximal insertion may provide 
inadequate stability.

There are limitations to this study.  First, the model 
is based on a single specimen; with high variability in 
trochlear groove depth and patella anatomy, it may be 
beneficial to extend this study to several models to ac-
count for anatomical differences. Also, for this model 
the MPFL and medial patellotibial ligament were mod-
eled based on anatomic data reported in literature and 
were not specimen specific.  Although defining these 
ligaments from medical images would be ideal, it is a 
challenge due to the thin anatomy and complex nature 
of the attachment site. With advances in medical imag-
ing, future models may be able to define all soft tissues 
on a specimen-/subject- specific basis, as opposed to 
average anatomical data. Additionally, this model did 
not incorporate the meniscus since static loading options 
were considered. To study various loading conditions 
and angles of flexion, the meniscus should be added to 
the model.  Also, the model boundary conditions do not 
capture in vivo scenarios; however, do mimic in vitro 
loading conditions. The model boundary constraints 
should be considered when applying these predicted 
trends to clinical situations.  This study was restricted 
to one angle of flexion and graft tension. Future work 
should look at different flexion angles and different graft 
tensions. Additionally, the model will be used to look at 
different combinations of MPFL reconstruction insertion 
sites, where both the patellar and femoral insertion are 
not anatomic. 

Although the model has limitations and constraints, 
it affords insight into overall patellar biomechanics, 
comparing intact MPFL to MPFL reconstruction. Ad-
ditionally, the study addresses the effects of MPFL 
reconstruction insertion sites. Corresponding with 
experimental studies, MPFL reconstruction increases 
the patella lateral restraining force. Considering the 
constraint condition and model restrictions, the study 

Figure 5. 	The contact pressure and area for the patellofemoral contact 
at 30° flexion with the quadriceps loaded to 178N.
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predicts that placement anterior to the femoral anatomi-
cal insertion could increase the contact force and area, 
whereas an insertion proximal to the anatomical position 
may reduce the contact force and area. 
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