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INTRODUCTION
Finite element analysis of the knee joint has been extensively 
used in knee biomechanics to understand healthy and diseased 
function as well as to evaluate procedures for management of 
knee  disorders.  A  recent  PubMed  search  reveals  430 
publications  utilizing  finite  element  representations  of  the 
knee  joint.  Despite  wide spread  utility,  access  to knee  joint 
models is scarce. For that reason, we recently disseminated a 
tibiofemoral joint model, Open Knee, for free and open access 
(https://simtk.org/home/openknee).  While  this  model  has  a 
utility for learning finite  element  analysis and understanding 
basic  knee  mechanics  at  its  current  state,  its  research  value 
needs to be established by validation studies.

Capacity of knee models to reproduce lifelike function of the 
joint  need  to  be  evaluated  at  multiple  scales  and  also  for 
specimen-specific  and  population-specific  response.  For 
example,  a  tibiofemoral  joint  model  not  only  needs  to 
represent  joint  level  kinematics  and kinetics but  also correct 
load sharing  between tissue  structures and accurate  regional 
stresses. The goal of this study is to establish the capacity of 
Open Knee for reproducing passive kinematics behavior of the 
joint  during  flexion.  This  is  a  first  step  along  a  battery  of 
population-  and  specimen-specific  validation  procedures.  It 
will indicate the model's joint level functionality as a result of 
the  combined  effects  of  articulating  geometry,  menisci,  and 
ligaments.

METHODS
In  Open Knee,  the  model  representation  includes  geometric 
representations  of  femur  and  tibia  (rigid  bodies);  ligaments 
(transversely  isotropic  hyperelastic  ligaments),  femoral  and 
tibial  cartilage  (nearly  incompressible  Neo-Hookean),  and 
lateral and medial menisci (Fung orthotropic hyperelastic) [1] 
(Figure  1).  Menisci  were  attached  to  the  tibia  by  linear 
springs;  frictionless  contact  between  cartilage  surfaces, 
cartilage  and  menisci  surfaces,  and  cruciate  ligaments  were 
defined [1]. The model can be solved with FEBio,  using an 
implicit dynamic scheme [2], with tibia fixed and any desired 
kinematics and/or kinetics applicable to femur. 

In this study, 100 degrees of flexion (applied throughout a 2.5 
seconds  duration)  was prescribed  and  all  remaining  femoral 
degrees of freedom were set free.  This loading scenario was 
aimed to reproduce the experimental conditions of Wilson et 
al. [3], which quantified passive knee movement as a function 
of flexion angle. This type of evaluation of joint response has 
rarely been used in finite element  analysis of the knee,  with 

the study by Moglo and Shirazi-Adl [4] being an exception. In 
contrast  to  their  work  which  predominantly  focused  on 
rotations,  the translational  kinematics  during  passive  flexion 
were also compared against experimental data, by tracking the 
movement of the most posterior point on the tibial attachment 
area of the anterior cruciate ligament, from its position in the 
fully extended state [3]. For rotations,  the Grood and Suntay 
convention [5] was utilized, as also done by Wilson et al. [3].

Figure 1:  Components of Open Knee, from Open Knee User's 
Guide [1]. Note that, for this study, contact between collateral 
ligaments and bone/menisci were not modeled.

RESULTS AND DISCUSSION
The  rotational  kinematics  of  Open  Knee  during  passive 
flexion  agreed  reasonably  well  with  the  experimental  data 
from a population of 15 specimens [3] (Figure 2). A coupling 
between  axial  rotation  and  flexion  was  apparent.  Yet,  for 
higher degrees of flexion, internal rotation was overpredicted. 
The translational kinematics, on the other hand, deviated from 
data (Figure 1). Based on the tracked point, the translational 
kinematics should also be function of femoral geometry. The 
posterior and medial movement of the tibia was overpredicted, 
starting at  midrange  of flexion  whereas  proximal  translation 
was always outside of experiment bounds. This behavior also 
indicates  that  the functional  pivot  location for   tibiofemoral 
joint rotations may be different in Open Knee.  

The  pose  and  orientation  of  femur  throughout  flexion  was 
visualized  along  with  effective  (von  Mises)  strain  in  tibial 
cartilage  and  menisci  (Figure  3).  Rotation  of  the  lateral 
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meniscus  in  the  transverse  plane  and  higher  loading  on the 
lateral aspect of the joint are apparent. Larger internal/external 
rotation  of  the  joint  at  higher  degrees  of  flexion  and 
potentially  underestimated  gliding  movement  of  the  femur 
may be related to such a behavior.  Such kinematics may be 
caused  by  an  imbalance  between  ligament  forces,  i.e.  a 
relatively  tighter  lateral  collateral  ligament,  or  a  weak 
meniscal horn attachment. For example, in this model, horns 
of the menisci were simply defined as springs originating from 
the end faces of the structure and inserting to a single point on 
the  tibia.  Such  a  representation  may  not  prevent  rotational 
motion of  the whole  meniscal  end.  These  discrepancies  can 
also be attributed to a variety of other modeling decisions: for 
translations, uncertainties in the selection of the tracked point; 
gravity not being included in the simulations,  neglecting the 
joint capsule in the model, missing implementation of in situ 
strains  in  ligaments,  and  collateral  ligament  wrapping  not 
being  defined.  The  open  nature  of  the  model  development 
process  will  allow  others  to  run  simulations  in  order  to 
reproduce our results as well as explore the individual and/or 
combined effect of modeling decisions.

CONCLUSIONS
This study illustrated the capacity of Open Knee to reproduce 
population-specific  passive  kinematics  of  the  tibiofemoral 
joint during unconstrained flexion. Our immediate future goal 
is to explore the influence of different modeling decisions on 
Open  Knee's  current  predictions  under  passive  flexion.  In 
following,  the  capacity  of  the  model  for  reproducing  the 
population-specific [6] and specimen-specific [7] envelope of 
passive  knee  joint  motion will  be investigated.  It  should  be 
noted  that  finite  element  analysis,  simply  to  obtain  joint 
response, is not necessary. Although, incorporation of menisci 
when compared to rigid body models [8] is easier. Ultimately, 
the capacity of Open Knee to represent  gross tissue loading, 
e.g.  anterior  cruciate  ligament  forces  and  strain  [7],  and 
regional stresses, e.g. contact pressures, need to be explored. 
With  open  development,  crowd-sourcing  to  accomplish  all 
these goals and, therefore, increased confidence in simulation 
results may be possible.
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Figure  2:   Rotational  and  translational  kinematics  of  the 
tibiofemoral  joint  as  a  function  of  flexion.  Red  solid  lines 
represent  model  predictions;  blue  shaded  regions  represent 
mean  ±  standard  deviation  adapted  from Wilson  et  al.  [3]. 
Note  that  the  translations  represent  the  movement  of  the 
posterior  insertion  of  the anterior  cruciate  ligament  on tibia 
relative to its original position, all in femur coordinate system.

Figure 3:  Top view of the model with simulation results shown at various flexion angles. Effective (von Mises) strain increases 
with flexion,  particularly  in the lateral  side of the knee.  Predictions for internal/external  rotation and lateral  meniscus  motion, 
particularly at higher degrees of flexion, appear to be overestimated with the current settings of the Open Knee.


