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M&S in Healthcare

Utility of computational modeling & simulation

For scientific discovery

structure-function relationships in 
health & disease

mechanistic foundations of data 
associations

For engineering innovation

intervention design & evaluation

For clinical care

diagnosis/prognosis

intervention safety & performance

medical training

individualized medicine

virtual specimen(s) / subject(s)

virtual experiments

virtual
population

in silico trials

virtual patient
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Promise of M&S

Computational models can reduce

Physical prototyping

Animal studies

Human subjects testing

Cadaver experiments

fair use
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M&S Enterprise in Biomechanics

in silico
mechanics

solid
mechanics

fluid
mechanics

rigid body
dynamics

musculoskeletal
movement
simulations

computational fluid dynamics
of cardiovascular systems

finite element analysis
of tissue deformations 
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M&S Enterprise in Biomechanics

simulation
software

computing
hardware

models

fair use
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Simulation software – free and open source

Simulation hardware – cost-effective and/or public   

Models

anatomical and physiological properties
to support subject/specimen-specific authenticity

biomechanical response
to support subject/specimen-specific evaluation

subject-to-subject variety
to support population diversity

accessibility
to promote wide-spread use

Emerging Need
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Goals

To recognize desirable properties of democratization 
in modeling & simulation in biomechanics

To identify challenges to achieve desirable properties

To demonstrate strategies to tackle the challenges

Open Knee(s), modeling & simulation 
for knee mechanics, as a case study
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M&S in Knee Biomechanics

How would this patellar alignment stabilize the 
movement of the patellofemoral joint? Will it cause 
increased cartilage contact pressures? 

Should I change the implant design? Will it reproduce 
natural knee movements? Will it fail? Will the host 
tissue be safe? 

Will this routing of ACL reconstruction benefit my 
patient? Will it work for all patients?

...



  

M&S in Knee Biomechanics
Joint and tissue functionsJoint and tissue functions

Pathological impacts

Injury mechanisms

Surgical interventions

Gardiner and Weiss, J 
Orthop Res, 21: 1098-
106, 2003.

Kalahari et al., Osteoarthritis and 
Cartilage, 18: 73-81, 2010.

MCL 
function

ACL 
impingement

Osteoarthritis

Menisectomy

Park et al., J Biomech, 
43: 2039-42, 2010.

Vaziri et al., Annals of 
Biomed Eng, 36: 1335-
44, 2008.

fair use



  

881 (as of Oct 14, 2017)

1Bendjaballah et al., Clin Biomech, 12: 139-48, 1997.
2Donahue et al., J Biomech Eng, 124: 273-80, 2002. 
3Peña et al., J Biomech, 39: 1686-701, 2006. 
4Dhaher et al., J Biomech, , 43: 3118-25, 2010.
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M&S in Knee Biomechanics 
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Need for Progress

How representative are the models?

Are the models credible?

Are the models accessible?

Are the models usable?
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Open Knee(s) Goals

To provide an open, freely available, and collaborative development, 
testing, simulation and dissemination platform for in silico exploration 
of the biomechanics of healthy and diseased knees.

To develop in silico biomechanical models of healthy and diseased 
knee joints of different genders and ages, supported by specimen-
specific joint and tissue level experimental mechanics. 

NIH/NIGMS
R01GM104139
9/16/2013- 5/31/2018
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Open Knee(s) Brief History

2014

2012

2010

Open Knee: First Generation – Promotion @ ASB 2010

Open Knee(s): Virtual Biomechanical Representations of 
the Knee Joint – NIGMS, NIH (PI: Erdemir)

Predicting Cell Deformation from Body Level Mechanical 
Loads – NIBIB, NIH (PI: Erdemir)

Open Knee: First Generation – Dissemination

Open Knee: First Generation – Publication @ JKS

Open Knee(s): Second Generation – Data Dissemination
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Open Knee(s) Lifecycle

Context of use targeted 
for prediction of joint 
and tissue mechanics 
of the knee in health 
and disease, and after 
intervention

Iterations are 
anticipated to establish 
credibility and to 
customize for reuse



19/65

Building Open Knee(s)

anatomical
properties

material
properties

loading

mechanical
response
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Building Open Knee(s)
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Building Open Knee(s)

Erdemir and Sibole, Open Knee User's Guide, Version 1.0.0, 2010.

Bones
rigid body

Cartilage
nearly incompressible Neo-
Hookean
 
Menisci
Fung orthotropic hyperelastic
horn attachments as springs

Ligaments
transversely isotropic 
hyperelastic
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Activities for Democratization

To meet desirable properties of modeling & simulation

Specificity – relating to a particular subject

Efficiency – achieving maximum productivity

Accessibility – easy to obtain

Usability – easy to use 

Comprehensibility – easy to understand

Credibility – being trusted
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Specificity

Goal

Challenges

to increase the quality of 
relating to a particular subject

lack of comprehensive specimen-
specificity

limited availability of sample variations

logistics of data collection
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Specificity: Getting Data

adapted from Chokhandre et al. (2015)

Integration of diverse data collection 
strategies to overcome logistical, 
scientific, and technical challenges

SPECIMEN-SPECIFIC
ANATOMICAL & MECHANICAL

DATA

http://dx.doi.org/10.1371/journal.pone.0138226
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Specificity: Getting Data

oks001

Right knee

Gender: Male
Age: 71 years
Race: White
Height: 1.83 m
Weight: 77.1 kg
BMI: 23.1

oks002

Right knee

Gender: Female
Age: 67 years
Race: White
Height: 1.55 m
Weight: 45.3 kg
BMI: 18.9

oks003

Left knee

Gender: Female
Age: 25 years
Race: White
Height: 1.73 m
Weight: 68 kg
BMI: 22.8

oks004

Right knee

Gender: Female
Age: 46 years
Race: White
Height: 1.58 m
Weight: 54.4 kg
BMI: 21.9

oks006

Right knee

Gender: Female
Age: 71 years
Race: White
Height: 1.52 m
Weight: 49.4 kg
BMI: 21.3

oks007

Right knee

Gender: Male
Age: 71 years
Race: White
Height: 1.7 m
Weight: 65.8 kg
BMI: 22.7

2 more tested; more on the way...
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Specificity: Getting Data

Preparation

dissection bone plugs motion capture
markers

registration
markers anatomical

landmarks

preparation for
imaging

preparation for
joint testing

preparation
for tissue

testing

to anatomical imagingto joint testingto tissue testing
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Specificity: Getting Data

Magnetic Resonance 
Imaging

General Purpose

3D T1-weighted
w/o fat suppression
0.5 x 0.5 x 0.5 mm
TE = 6.01 ms
TR = 20 ms

Cartilage

3D T1-weighted
w/ fat suppression
0.35 x 0.35 x 0.7 mm
TE = 5.34 ms
TR = 29 ms

Ligaments

Proton density
Turbo spin echo
0.35 x 0.35 x 2.8 mm
TE = 9.7 ms
TR = 10,000 ms

same 8 knee
specimens X
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Specificity: Getting Data

same 8 knee
specimens

X
1 tibiofemoral joint

1 patellofemoral joint

Robotics Joint Testing
Kinematics - Kinetics

X
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Specificity: Getting Data

same 8 knee
specimens

X
12 cartilage samples
4 menisci samples

 6 ligament samples

Uniaxial Tissue Testing
Tension / Compression

X
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Efficiency

Goal

Challenges

to increase the quality of achieving 
maximum productivity with minimum 
wasted effort

manual workflows

balancing cost and accuracy

heterogeneous formats

need for high-throughput analysis 
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Efficiency: Building Models

Erdemir and Sibole, Open Knee User's Guide, Version 1.0.0, 2010.

Bones
rigid body

Cartilage
nearly incompressible Neo-
Hookean
 
Menisci
Fung orthotropic hyperelastic
horn attachments as springs

Ligaments
transversely isotropic 
hyperelastic
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Efficiency: Building Models

Swap components 
based on

fidelity of 
representation

intervention

Compartmental 
modeling, e.g.,

cruciate complex

patellofemoral joint

Modularity
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Efficiency: Building Models

SEGMENTATION

GEOMETRY GENERATION

MESH GENERATION specimen-specific
joint anatomy
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Efficiency: Building Models

strain

stress

μ
i 
, α

i

CONSTITUTIVE MODELING

specimen-specific material properties for
cartilage – ligaments - menisci
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Efficiency: Building Models

Scripting for unsupervised mesh assembly, model 
generation, multi-format output with support for 
object replacement
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Accessibility

Goal

Challenges

to increase the quality of being 
easy to obtain

heterogeneous data management

discoverability

completeness of information

tracking origin

licensing
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Accessibility

ACCESSIBILITY
PROBLEM

fair use
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Accessibility: Data & Models

Adapted from Open Knee(s), refer to https://simtk.org/frs/index.php?group_id=485.

https://simtk.org/frs/index.php?group_id=485
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Accessibility: Impact

January 30, 2012 October 15, 2017

9 download packages

>10,000 total downloads

>35 enabled studies

Visitor demographics sample
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Accessibility: Impact

9 download packages

5,467 total downloads

36 enabled studies

Visitors (last 3 months)

Journal of Biomechanics

June 2015

Biomechanics and Mechanobiology of the Meniscus

adapted from Westerman et al. (2013)

adapted from Zhang et al. (2016)

fair use

http://www.ncbi.nlm.nih.gov/pubmed/24027464
http://www.ncbi.nlm.nih.gov/pubmed/26774734
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Usability

Goal

Challenges

to increase the quality of being 
easy to use

model robustness

lack of tools for utilization 

customization for reuse

translation to clinical practice
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Usability: Cloud Computing

Adapted from Open Knee(s), refer to https://simtk.org/simulations/viewJobs.php?group_id=485.

https://simtk.org/simulations/viewJobs.php?group_id=485
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Usability: Different Formats

Capability to push same mesh with template material properties, contact 
definitions, and constraints to different simulation software

FEBio Abaqus SOFA
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Usability: Simulation Features

In situ strain

Element, node, 
surface sets

Coordinate systems

Kinematic joints

Wrapping springs

Modular file input

Open Knee(s) is a driving project 
for simulation software development

adapted from Maas et al. (2016)

Prescribing ligament in situ strain

http://www.febio.org

fair use

http://www.ncbi.nlm.nih.gov/pubmed/27131609
http://www.febio.org/
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Usability: Insights

Jack Andrish, MD Morgan Jones, MD Paul Saluan, MD Carl Winalski, MD

Trent Guess, PhD Yasin Dhaher, PhD Rami Korhonen, PhD

Physicians

Engineers/Scientists

Open Knee(s)
Advisory Board

fair use
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Usability: Use Cases

adapted from Erdemir (2016)

Demonstration of utility through 
clinically relevant simulations

ADAPTATION IN SCIENTIFIC 
AND CLINICAL DOMAINS

http://www.ncbi.nlm.nih.gov/pubmed/26444849
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Usability: Use Cases

L

Influence of menisectomy on 
cartilage loading

ACL mechanics 
during laxity 
testing

Open Knee(s) – Generation 1 predictions; adapted from Erdemir (2016)

http://www.ncbi.nlm.nih.gov/pubmed/26444849
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Comprehensibility

Goal

Challenges

to increase the quality of being 
easy to understand

consistency of terminology

specificity of information

correspondence of documentation to 
reproduction
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Comprehensibility: Know-How

Adapted from Open Knee(s), refer to https://simtk.org/plugins/moinmoin/openknee/Specifications.

https://simtk.org/plugins/moinmoin/openknee/Specifications
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Comprehensibility: Reporting

Good reporting practice

clarifies uncertainty of reproducibility, 
promotes reusability, and
establishes accountability.

CONFIDENCE 
IN

MODELING & SIMULATION

adapted from Erdemir et al. (2012)

http://www.ncbi.nlm.nih.gov/pubmed/22236526
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Comprehensibility: Reporting

Model identification (20)

Model structure (7 main – 27 subcategorized)

Simulation structure (6)

Verification (6)

Validation (9)

Availability (5)

Documented ~80 reporting parameters classified under: 

adapted from Erdemir et al. (2012)

http://www.ncbi.nlm.nih.gov/pubmed/22236526
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Credibility

Goal

Challenges

to increase the quality of being 
trusted

lack of unified guidance

uncertainty of reproducibility potential

accountability throughout M&S lifecycle 
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Credibility: Data Quality

Anatomical imaging & 
geometry

Registration markers

Segmentation reproducibility

Joint mechanics

Registration markers

Surrounding tissue effects

Repeatability of anterior-
posterior laxity response

Tissue mechanics

Reproducibility of uniaxial 
tissue stress-strain response

vs
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Credibility: Correspondence to Literature

Rotations

Internal rotation 
(up to ~60° flexion)

Abduction

Translations

Posterior
(up to ~50° flexion)

Proximal
Medial

(up to ~50° flexion)

Tibiofemoral joint kinematics during passive flexion
Open Knee(s) – Generation 1 vs data from a sample population

data from Wilson et al. (2000)

adapted from Erdemir (2016)

http://www.ncbi.nlm.nih.gov/pubmed/10768395
http://www.ncbi.nlm.nih.gov/pubmed/26444849
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Credibility: Specimen-Specificity

Specimen-specific joint response can vary largely.
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Credibility: Guidance
Credible Practice

of M&S
in Healthcare

& Multiscale Modeling (MSM) Consortium

To establish credible practice guidelines, consistent terminology and a 
model certification process, as well as to demonstrate workflows and 
identify new areas of research for reliable development and 
application of M&S in healthcare practice and research."

fair use
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Credibility: Guidance

adapted from Erdemir et al. (2015)

Ten “Not So” 
Simple Rules 

for Credible 
Practice of 

Modeling & 
Simulation in 

Healthcare

https://simtk.org/scm/viewvc.php/*checkout*/doc/posters/fmd_2015.pdf?root=cpms
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Open Knee(s) Summary

We are building general purpose, publicly accessible, 
reusable, and credible virtual knees faithful to 
specimen-specific anatomy and mechanics.

Ultimate goal is to enable virtual experimentation 
for cost-effective and prompt explorations in knee 
biomechanics.

VISIT http://wiki.simtk.org/openknee

http://wiki.simtk.org/openknee
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What's Next for Open Knee(s)?

Build specimen-specific virtual knee(s)

Generate geometry and meshes

Characterize tissue properties

Assemble models

Make virtual knee(s) credible

Evaluate predictions against specimen-specific mechanical response

Make virtual knee(s) accessible

Continue public dissemination

Make virtual knee(s) usable

Expand cloud computing framework

Launch clinically relevant use cases
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What's Next for Open Knee(s)?

Emphasis on reproducibility and “art” of modeling

Do the predictions of natural knee biomechanics depend 
on modeling decisions of separate development teams 
when the target simulation scenarios and the source 
data to build models remain the same?

Funding by NIBIB, NIH; refer to https://simtk.org/projects/kneehub.

https://simtk.org/projects/kneehub
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What's Next for Open Knee(s)?

Community perspectives
Ten “Not So” Simple Rules in
Credible Practice of M&S
in Healthcare

US FDA
Medical Device

Development Tools
(MDDT)

Open Knee(s)
as a

MDDT

Open Knee(s)
Open source knee joint M&S

confirmation of Open Knee(s)
suitability for medical 
grade simulations

assessment of Open Knee(s)
credibility guided by broadly
applicable “good practices”

correspondence between community recommendations 
for M&S practice and M&S considerations of regulatory agencies

Emphasis on credibility for translational use
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What's Next for M&S in Biomechanics?

Promote principles of democratization in modeling & 
simulation in biomechanics

specificity – efficiency – accessibility

comprehensibility – usability – credibility

Apply principles of democratization in other areas of 
computational biomechanics

Reference Models for Multi-Layer Tissue Structures
of Musculoskeletal Extremities

https://simtk.org/projects/multis

https://simtk.org/projects/multis
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CONTACT

Laboratory: http://www.lerner.ccf.org/bme/erdemir/lab
Open Knee(s): https://simtk.org/projects/openknee 
Open Knee(s) Wiki: https://simtk.org/plugins/moinmoin/openknee/

Ahmet Erdemir
erdemira@ccf.org
+1 (216) 445 9523

http://www.lerner.ccf.org/bme/erdemir/lab
https://simtk.org/projects/openknee
https://simtk.org/plugins/moinmoin/openknee/
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LICENSING

Copyright (c) 2017 Ahmet Erdemir

Unless noted otherwise or labeled as fair use*, all components 
of this document and the accompanying source code and binary 
files are licensed under a Creative Commons Attribution-
ShareAlike 4.0 International License. To view a copy of this 
license, http://creativecommons.org/licenses/by-sa/4.0/.

*Slides labeled as 'fair use' likely have copyrighted material 
qualifying as 'fair use' as a result of nonprofit educational 
purpose of this document and the limited amount of enclosed 
information when compared to the whole body of external work. 
Any other use of material from these slides here or elsewhere, 
may be copyright infringement.
 

http://creativecommons.org/licenses/by-sa/4.0/
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TRADEMARKS & OWNERSHIPS

The trademarks and copyrights (registered or not) 
listed in this document are the property of their 
respective owners and are protected by national and 
international laws on intellectual property, 
copyrights and trademarks. 
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