
REPORTING PARAMETERS FOR

FINITE ELEMENT ANALYSIS STUDIES IN BIOMECHANICS

Document: Yao et al., J. Biomech. Eng., 128: 135-141, 2006


· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 1: Model Identification


ITEM
REPORTED
SUMMARY



Yes
No



Model name

X



Model keywords

X



Version

X



Physiological domain
X

Motion and deformation


Mechanical domain

X
Implied as quasi-static nonlinear solid mechanics based on model description


Structure of interest
X

Medial meniscus and relevant compartment of the knee


Demographics
X

Human, female, 65 years old


State of represented organism
X

Cadaver, in situ


Disease state
X

Induced dissection of anterior cruciate ligament; otherwise no significant evidence of OA, meniscal lesions, ligamentaneous abnormalities


Spatial scale
X

Organ/joint


Time scale

X
Implication of a search for static response based on utilized simulation software


Primary utility
X

Prediction of medial meniscal position for given tibiofemoral joint kinematics, which was obtained from MR images of an ACL deficient knee under anterior tibial loads


Secondary utility
X

Prediction of stress state in medial meniscus of an ACL deficient knee under anterior loading


Primary highlight
X

Visualize and clarify the role of the medial meniscus as a stabilizing structure in the ACL deficient knee


Secondary highlight
X

First model to include peripheral attachments of the meniscus to the tibia including the horn attachments of the meniscus


Primary limitation
X

A single specimen study without inclusion of surrounding tissue restraint (MCL, posterior musculature, joint capsule, transverse ligament); results limited to the specified experimental loading states


Secondary limitation
X

Inability to predict meniscal deformations in the anterior and posterior regions with accuracy less than digitizing error








REPORTING PARAMETERS FOR

FINITE ELEMENT ANALYSIS STUDIES IN BIOMECHANICS (cont.)

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 1: Model Identification (cont.)


ITEM
REPORTED
SUMMARY



Yes
No



Reference to publication(s)
X

Reporting is the publication: J. Biomech. Eng., 128: 135-141, 2006


Pointer to publication
X

doi:10.1115/1.2132373


Related models

X








Group 2: Model Structure


ITEM
REPORTED
SUMMARY



Yes
No



Loading and boundary conditions

for each, fill in form Reporting Parameters for Loading and Boundary Conditions
X

See attached details for individual loading and boundary conditions


Primary output variables
X

Position and deformation of the medial meniscus as quantified by volume visualization and deformed surface curvature


Secondary output variables
X

Contact force and forces in meniscal attachments; stress-strain related variables in meniscus: hydrostatic pressure, von Mises stress, total strain energy density 


Source of anatomy
X

1.5 Tesla MR imaging of specimen in sagittal plane



Modality
X

3D gradient recalled echo (GRE) fast sequence (TE: 3.6 ms, TR: 8.7 ms, 1NEX, flip angle: 35, scanning time 2.23 min)



Resolution
X

0.66 mm x 0.66 mm in plane; 1.5 mm slice thickness


Reference configuration
X

Obtained from MRI of unloaded specimen; an anatomical coordinate system was established based on literature


Subcomponents (subsidiary models)

for each, fill in form Reporting Parameters for  Subcomponents
X

See attached details for individual subcomponents


Interactions

for each, fill in form Reporting Parameters for  Interactions
X

See attached details for individual interactions







REPORTING PARAMETERS FOR

FINITE ELEMENT ANALYSIS STUDIES IN BIOMECHANICS (cont.)

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 3: Simulation Structure


ITEM
REPORTED
SUMMARY



Yes
No



Name of simulation software
X

Abaqus Standard


Version of simulation software
X

6.3


Solution strategy

X
Although, implied to be implicit from the use of Abaqus Standard


Numerical algorithms

X



Convergence criteria

X



Post-processing
X

Calculation of meniscal volume using Matlab; deformed surface curvature of meniscus with supporting citation for calculations







Group 4: Verification


ITEM
REPORTED
SUMMARY



Yes
No



Methods of verification

X



Correctness of formulation

X



Comparisons with known solutions

X



Sensitivity to simulation settings

X



Mesh convergence
X

Overall mesh convergence study exploring 7 meshes at various densities with 10% relative change criteria; variables included a subset of primary and secondary outputs


Assessment of repeatability

X








Group 5: Validation


ITEM
REPORTED
SUMMARY



Yes
No



Overall modeling assumptions
X

Some provided, e.g. rigid body motion of bones


Physiological relevance of loading and boundary conditions
X

While not representative of a daily activity, loads used were similar to those in a clinical setting to examine knee with ACL deficiency


Justification of parameters
X

All utilized material properties are supported by citations, in particular a referral to a factorial design study for the meniscus; selection of meniscal properties also met the requirement of a positive definite stiffness tensor as advised by simulation software manual







REPORTING PARAMETERS FOR

FINITE ELEMENT ANALYSIS STUDIES IN BIOMECHANICS (cont.)

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 5: Validation (cont.)


ITEM
REPORTED
SUMMARY



Yes
No



Data used for model development
X

Specimen-specific geometry from the MRI of unloaded specimen; tibiofemoral kinematics from MRIs of loaded specimen; literature based material properties


Data used for model comparison
X

Meniscal motion and deformation from MRIs of loaded specimen used for model development


Validated output
X

Primary outputs: position and deformation of meniscus


Validation procedure
X

Direct validation between the experiment results and model predictions of the same specimen


Sensitivity analysis
X

Brief mention of the high sensitivity of meniscal position on modulus of peripheral attachment


Predictive capacity
X

For given tibiofemoral kinematics, prediction of meniscal motion, deformation, and stress distribution







Group 6: Availability


ITEM
REPORTED
SUMMARY



Yes
No



Contact
X

Full contact information for corresponding author


Licensing

X



Website for downloads

X



Website for development

X



Website for public commentary, responses and rating

X








REPORTING PARAMETERS FOR LOADING AND BOUNDARY CONDITIONS

· please fill in a new form for each loading and boundary condition

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Loading and Boundary Conditions


ITEM
REPORTED
SUMMARY



Yes
No



Type
X

Rigid body kinematics


Region
X

Tibia centroid


Magnitude and direction
X

Motion of tibia centroid (all six degrees of freedom) relative to femur centroid at different levels of anterior loading were provided


Time history
X

As a function of different anterior loading applied to the specimen







REPORTING PARAMETERS FOR LOADING AND BOUNDARY CONDITIONS

· please fill in a new form for each loading and boundary condition

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Loading and Boundary Conditions


ITEM
REPORTED
SUMMARY



Yes
No



Type
X

Rigid body kinematics


Region
X

Femur centroid


Magnitude and direction

X
Model description implies prescription of movements of both femur and tibia centroids but only relative tibial motion was reported; femur may be assumed as fixed during simulations


Time history
X

As a function of different anterior loading applied to the specimen







REPORTING PARAMETERS FOR SUBCOMPONENTS

· please fill in a new form for each subcomponent

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Subcomponents


ITEM
REPORTED
SUMMARY



Yes
No



Name
X

Femur


Geometric representation
X





Source
X

Defined from the nodes of the back surface of tibia cartilage; centroid location not reported



Resolution

X
Presumably same as femur cartilage



Segmentation procedure

X
Presumably same as femur cartilage



Representative geometry


N/A


Mesh
X





Element name

X




Element shape
X

2D rectangular



Element formulation
X

Rigid elements



Mesh  density

X
Presumably same as the back face of femur cartilage


Constitutive representation
X

Rigid (as prescribed by element formulation)



Formulation


N/A



Coefficients


N/A



Source


N/A


Reference configuration

X



Other properties

X








REPORTING PARAMETERS FOR SUBCOMPONENTS

· please fill in a new form for each subcomponent

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Subcomponents


ITEM
REPORTED
SUMMARY



Yes
No



Name
X

Tibia


Geometric representation
X





Source
X

Defined from the nodes of the back surface of tibia cartilage; centroid location not reported



Resolution

X
Presumably same as tibia cartilage



Segmentation procedure

X
Presumably same as tibia cartilage



Representative geometry


N/A


Mesh
X





Element name

X




Element shape
X

2D rectangular



Element formulation
X

Rigid elements; no other specifics



Mesh  density

X
Presumably same as the back face of tibia cartilage


Constitutive representation
X

Rigid (as prescribed by element formulation)



Formulation


N/A



Coefficients


N/A



Source


N/A


Reference configuration

X



Other properties

X








REPORTING PARAMETERS FOR SUBCOMPONENTS

· please fill in a new form for each subcomponent

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Subcomponents


ITEM
REPORTED
SUMMARY



Yes
No



Name
X

Femur cartilage


Geometric representation
X





Source
X

Same as source of anatomy



Resolution
X

Same as source of anatomy



Segmentation procedure
X

Manual selection of points on individual images; thin-plate smoothing spline fit through scattered points on surfaces, with an error estimate of 0.66 mm



Representative geometry


N/A


Mesh
X





Element name

X




Element shape
X

Pentahedral or hexahedral



Element formulation

X




Mesh  density
X

Characteristic element size of 1.5 mm in A/P and M/L directions with three layers of element in the depth direction


Constitutive representation
X





Formulation
X

Isotropic, linear elastic, homogeneous



Coefficients
X

E=0.5 MPa, ν = 0.35



Source
X

Experimentation literature


Reference configuration

X



Other properties

X








REPORTING PARAMETERS FOR SUBCOMPONENTS

· please fill in a new form for each subcomponent

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Subcomponents


ITEM
REPORTED
SUMMARY



Yes
No



Name
X

Tibia cartilage


Geometric representation
X





Source
X

Same as source of anatomy



Resolution
X

Same as source of anatomy



Segmentation procedure
X

Manual selection of points on individual images; thin-plate smoothing spline fit through scattered points on surfaces, with an error estimate of 0.66 mm



Representative geometry


N/A


Mesh
X





Element name

X




Element shape
X

Pentahedral or hexahedral



Element formulation

X




Mesh  density
X

Characteristic element size of 1.5 mm in A/P and M/L directions with three layers of element in the depth direction


Constitutive representation
X





Formulation
X

Isotropic, linear elastic, homogeneous



Coefficients
X

E=0.5 MPa, ν = 0.35



Source
X

Experimentation literature


Reference configuration

X



Other properties

X








REPORTING PARAMETERS FOR SUBCOMPONENTS

· please fill in a new form for each subcomponent

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Subcomponents


ITEM
REPORTED
SUMMARY



Yes
No



Name
X

Meniscus


Geometric representation
X





Source
X

Same as source of anatomy



Resolution
X

Same as source of anatomy



Segmentation procedure
X

Manual selection of points on individual images; thin-plate smoothing spline fit through scattered points on surfaces, with an error estimate of 0.66 mm



Representative geometry


N/A


Mesh
X





Element name

X




Element shape
X

Hexahedral



Element formulation

X




Mesh  density
X

Characteristic element size of 1 mm in all directions with one layer of elements in the inner edge and eight layers of elements in the outer edge


Constitutive representation
X





Formulation
X

Transversely isotropic, linear elastic, homogeneous



Coefficients
X

Eθ=125 MPa, ER= EZ =27.5 MPa, νθR= νθZ =0.1, νRZ= 0.33, GθR= GθZ =2 MPa,



Source
X

Experimentation and modeling literature supported by a previously conducted factorial design study


Reference configuration

X



Other properties

X








REPORTING PARAMETERS FOR SUBCOMPONENTS

· please fill in a new form for each subcomponent

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Subcomponents


ITEM
REPORTED
SUMMARY



Yes
No



Name
X

Anterior horn attachment


Geometric representation
X





Source
X

Same as source of anatomy



Resolution
X

Same as source of anatomy



Segmentation procedure
X

Manual digitization of insertion sites



Representative geometry
X

59 lines with no specific reporting  of insertion sites


Mesh
X





Element name

X




Element shape
X

Lines



Element formulation
X

Linear spring elements



Mesh  density

X



Constitutive representation
X





Formulation
X

No-compression, linear in tension, incorporating overall modulus (E), cross-sectional-area (A), initial length (L0), and initial strain (ε1) 



Coefficients
X

E= 600 MPa, A= 17.8 mm2, L0= 10.5 mm, ε1= -0.05



Source
X

Geometric variables from MRI (as in source of anatomy); material properties from experimentation literature on human meniscofemoral ligament


Reference configuration
X

Assumed initial strain


Other properties

X








REPORTING PARAMETERS FOR SUBCOMPONENTS

· please fill in a new form for each subcomponent

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Subcomponents


ITEM
REPORTED
SUMMARY



Yes
No



Name
X

Posterior horn attachment


Geometric representation
X





Source
X

Same as source of anatomy



Resolution
X

Same as source of anatomy



Segmentation procedure
X

Manual digitization of insertion sites



Representative geometry
X

59 lines with no specific reporting  of insertion sites


Mesh
X





Element name

X




Element shape
X

Lines



Element formulation
X

Linear spring elements



Mesh  density

X



Constitutive representation
X





Formulation
X

No-compression, linear in tension, incorporating overall modulus (E), cross-sectional-area (A), initial length (L0), and initial strain (ε1) 



Coefficients
X

E= 600 MPa, A= 19.1 mm2, L0= 6.7 mm, ε1= -0.05



Source
X

Geometric variables from MRI (as in source of anatomy); material properties from experimentation literature on human meniscofemoral ligament


Reference configuration
X

Assumed initial strain


Other properties

X








REPORTING PARAMETERS FOR SUBCOMPONENTS

· please fill in a new form for each subcomponent

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Subcomponents


ITEM
REPORTED
SUMMARY



Yes
No



Name
X

Peripheral attachment


Geometric representation
X





Source
X

Same as source of anatomy



Resolution
X

Same as source of anatomy



Segmentation procedure
X

Manual digitization of insertion sites



Representative geometry
X

74 lines distributed over the outer edge of the meniscus without further specifics


Mesh
X





Element name

X




Element shape
X

Lines



Element formulation
X

Linear spring elements



Mesh  density

X



Constitutive representation
X





Formulation
X

No-compression, linear in tension, incorporating overall modulus (E), cross-sectional-area (A), initial length (L0), and initial strain (ε1) 



Coefficients
X

E= 5.5 MPa, A= (0.66 mm thickness) x (77.3 mm length), L0= 5.4 mm, ε1= 0.0



Source
X

Geometric variables from MRI (as in source of anatomy); material properties from experimentation literature on human hip capsule


Reference configuration
X

Assumed initial strain


Other properties

X








REPORTING PARAMETERS FOR INTERACTIONS

· please fill in a new form for each interaction

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Interactions


ITEM
REPORTED
SUMMARY



Yes
No



Interacting components
X

Femur cartilage – tibia cartilage


Interaction type
X

Contact


Interaction formulation
X

Finite sliding; no specifics relevant to exact formulation for contact resolution other than no penetration allowed


Interaction properties
X

Frictionless; adjustments to prevent initial penetrations, no specific identification of master and slave surfaces







REPORTING PARAMETERS FOR INTERACTIONS

· please fill in a new form for each interaction

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Interactions


ITEM
REPORTED
SUMMARY



Yes
No



Interacting components
X

Femur cartilage – meniscus


Interaction type
X

Contact


Interaction formulation
X

Finite sliding; no specifics relevant to exact formulation for contact resolution other than no penetration allowed


Interaction properties
X

Frictionless; adjustments to prevent initial penetrations, no specific identification of master and slave surfaces







REPORTING PARAMETERS FOR INTERACTIONS

· please fill in a new form for each interaction

· for description of individual items refer to the manuscript

· provide a summary if checked (Yes) for Reported



Group 2: Model Structure - Interactions


ITEM
REPORTED
SUMMARY



Yes
No



Interacting components
X

Tibia cartilage – meniscus


Interaction type
X

Contact


Interaction formulation
X

Finite sliding; no specifics relevant to exact formulation for contact resolution other than no penetration allowed


Interaction properties
X

Frictionless; adjustments to prevent initial penetrations, no specific identification of master and slave surfaces
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