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FEBio Project (febio.org)

* Co-developers * Pillars of Project
 Jeffrey A. Weiss, Ph.D. * Target the biomechanics
* Professor of Biomedical Engineering, community by focusing on
University of Utah features and simulation
» Steve Maas, Ph.D. capabilities that are relevant to
« Software Developer, University of the field
Utah * Freely available, easy to extend
e Gerard A. Ateshian, Ph.D. « Thorough documentation;
* Professor of Mechanical support and outreach to the

Engineering, Columbia University community




Overview of Key Features
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, residual strain, active contraction,

interstitial fluid transport, fluid-solid interaction,
frictional contact and sliding, interfacial mass

transport and electrical conduction.

* Dynamic effects
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Brief History of FEBio

FEBio Statistics
>60,000 downloads of FEBIio package
>12,000 registered users on febio.org
>2,000 forum users

Gerard Ateshian

joins FEBio project
Start of FEBio project
Steve Maas joins
Weiss Lab NIH Grant

FEBio 1.0
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(plugins)
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Governing Equations

* Equations are based on mixture theory. A mixture consists of any number of
constituents a occupying the same elemental region. The apparent density
of constituent «a is denoted by p“.

* Mass balance % + div(p%v?%) = p“

* Linear momentum balance  p%a® = diva® + p*b* + p§

* Entropy inequality Ya—Ta:L* +pg - u® + p* (,u“ + %u“ -u“) <0
* Coulomb’s law b% = —Z;ZC grad i

* Electroneutrality YaZ% P

Ma



Solid-Fluid Mixtures: Biphasic Theory

* First implementation of mixture theory in FEBio (2006)
* Biphasic contact implemented in 2010

3 Principal stress
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Ateshian, Maas, Weiss, J. Biomech. Eng., 2010 Jones, Hung, Ateshian, J. Knee Surg., 2016



Mixture of Solid, Solvent and Neutral Solute

* Mauck, Hung, Ateshian (2003) * FEBio implementations

Solute has negligible volume * Ateshian, Albro, Maas, Weiss (J.
fraction Biomech. Eng. 2011)

Friction between solute and e Contact interface: Ateshian, Maas,
solvent models classical Fick’s law Weiss (J. Biomech. 2013)

Friction between solute and solid e Solute mass balance
matrix models hindrance

dc% :
Solute may be partially excluded + —— +div(c®v®) = 0
from tissue pore space (steric 1 DS(1SofRéE®
] KC ..
effect) " ( ;ft )+ divj% =0
Account for osmotic pressure .« jO = ¢fca(va — v%) =solute

molar flux relative to solid



Biphasic-Solute Theory

* Solute osmotic pressure * Solute pumping
 Due to friction between solute and
solid matrix
:solute 1 concentration

1.05 iTime =0.01

1.04 = !

1.03 —

1.02 —




Multiphasic Theory with Reactions

* Mixture of charged solid matrix, * Mixture momentum balance
neutral solvent, and neutral or
charged solutes (ions) ,

. Eriphasiﬁ tEeorylléls_)z:ali), Hou, Mow, J. * Mixture mass balanc&

iomechn. ENng. . . S . c

* Multiphasic theory (Gu, Lai, Mow, J. (’Z};V(‘U W) = da va
S e ¢% =solute molar supply

e dive =0

Biomech. Eng. 1998
e Reactive mixtures (Ateshian, BMMB * V% =solute molar volume

FEB%OOI7) | _ * Solute mass balance
¢ 10 IMP ementations 1 DS(]sgof%éa) o X
. AteshzigiléMaas, Weiss, J. Biomech. * IE Dt + div j* = CPfCa
Eng. . _
* Ateshian, Nims, Maas, Weiss, BMMB Reactions
2014 * YaVRE® = Y, vp E”

» 0% = (vp —VvR){



Growth

 Cartilage tissue engineering (Nims et
al. 2014, 2015)

* PG synthesis, swelling and growth

* Mixture
* Solid
e agarose (neo-Hookean)
» chondroitin sulfate (CS% as SBM)
* Fluid
* solvent (water)
* Glc, Na*, CI, Mg?*, SO,*
* Reactions

e Glucose consumption by cells for
homeostasis

e CS synthesis by cells consuming Glc and
SO,

-240

referential fixed charge density (mEq/L)O



Fluid Mechanics

 Solid mechanics approach (not * Fluid volume ratio J/ = det F/
mixture theory) « F/ =fluid deformation gradient
* Momentum balance * F/ = L-F/ where L = grad v/
o pfof _ _gradp + dive 4 ob e Solve for J/ using J/ = J/ divv/
bt , _ e Constitutive relations
« v/ =fluid velocity, p =fluid pressure, f f
T =viscous stress, b =body force * letp =p(J/),eg,p=K(J - 1)
o . where K =fluid bulk modulus
* Fluid is isothermal compressible ¢ Lett =7(J7, L)
 Mass balance * Model Newtonian and non-Newtonian
fluids
=0 * FEBio implementation

* Ateshian, Shim, Maas, Weiss, J.
Biomech. Eng. 2017



FEBIo CFD
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Fluid-Structure Interactions

* Mixture approach * Nodal variables
e Fluid domain is a mixture of viscous e w=v/ —v5 ]/ u® where v’ =0’

fluid and specialized solid e U terial i derivati
* Mesh is defined on solid. Solid has no St Material time cerivative

mass and negligible stiffness fO”O\;Vifng solid mesh
* Fluid momentum balance . DD': =w+ v+ (Lf +L5)-w
fof
-prv = —gradp +divt + pb -w——+Lf
* Fluid kinematic constraint . PS = al + LS -
fif
.D] :]fdivvf .Df]f

Dt
e Solid momentum balance

e dive®’ =0

i f f.
Y =J) +grad]/ -w

: f
]f=%+grad]f-v5

Shim, Maas, Weiss, Ateshian, J. Biomech. Eng. 2019



Fluid-Structure Interactions
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fluid pressure
Time =0




Additional FEBio Mixture Models

* Reactive viscoelasticity
e Ateshian J. Biomech. 2015

* Reactive Damage
* Nims et al. Interface Focus 2016

* Reactive Fatigue Failure
 Zimmerman et al. WCB 2018, CMBBE
2019
* Reactive Plasticity
e Zimmerman et al. SB3C 2019

 CFD with solutes and reactions
e Shim et al. CMBBE 2019

60 80 100 120 140 160 180

Effective stress
Time =0

Vascular stent deployment



Pulse Wave Propagation in Stenotic Arteries

* Atherosclerosis is a chronic disease
of the arterial wall characterized by
formation of lesions and plaques

* Rupture of vulnerable (unstable)
plaques can cause ischemic events
and strokes = leading cause of
death worldwide

* Plaque characterization is critical
for diagnosis and treatment of
atherosclerotic disease

Marrowed  Plagus
artery

Elisa E. Konofagou, Department of Biomedical Engineering, Columbia University




Pulse Wave Imaging for Plague Vulnerability

* Pulse Wave Imaging (PWIl)isa ¢ E
ultrasound imaging-based
technique to measure local
pulse wave velocity (PWV) and ., =S B L

Imaging width (mm)

mechanical properties of
arterial walls

« PWV =44 mis; r* = 0.32

E i 53’10'((1) | « PWV = 8.11 mVs; r* = 0.065

* PWI + strain imaging can help to i) R i
differentiate plaques of varying ¢ L e
stiffness, location and o — o e 00

CompOSition (Stable VS Imaging width (mm)
vu I nera ble plaq UES) Fujikura et al, Ultrasonics (2007); Li et al., Ultrasound Med. Biol (2019)

Elisa E. Konofagou, Department of Biomedical Engineering, Columbia University



Validation of Phantom with FE-FSI
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Elisa E. Konofagou, Department of Biomedical Engineering, Columbia University
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Modeling Traumatic Brain Injury Prevention

e Mechanical Event mm) Biological Response
* Initiator mP Primary Injury m® Secondary Injury
e Current FE models do not simulate secondary injury

-l

Fringe Levels

min=-7.80219%¢-08, at elem= 20238

oooooooooo

Barclay M. Morrison, Department of Biomedical Engineering, Columbia University + Honda Motor Co.



Modeling Traumatic Brain Injury Prevention

Crash Injury Research (CIREN)

D 1 database
- - fatal pedestrian lateral
impact
B - Impact speed: 62 km/hr
0.7 &=
0.6 —
05—
- Osmotic swelling due
| to cell death
A
0.3
0.2
0.1
Cell death at impact 0 Volumetric strain

Barclay M. Morrison, Department of Biomedical Engineering, Columbia University + Honda Motor Co.
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Biomechanical Simulation of Pre-Term Birth

Placenta

Umbilical
cord

Uterus

Amniotic
sac

Amniotic
fluid

Cervix

Vagina

MYERS<<=LAB

Fetal load shared by Fundus

uterus, cervix, and
fetal membranes

Patient-specific finite
element modeling
from ultrasound
imaging

10cm

Kristin M. Myers, Department of Mechanical Engineering

Sagittal MRI

COLUMBIA | ENGINEERING

TN\ The Fu Foundation School of Engineering and Applied Science



Biomechanical Simulation of Pre-Term Birth

Effective A ; Cervical funnel shape
Time =0 :

Finite element
simulation of
human pregnancy
mid-gestation,
illustrating the
mechanics of
clinically-observed
funneling.

MYERSS2ET| AB Kristin M. Myers, Department of Mechanical Engineering @S?EUNBJI{*]’ETGIFEAEj‘E\IG
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Clark T. Hung, Department of Biomedical Engineering, Columbia University



Modeling Glucose Transport & Consumption

Vol. media/construct
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Clark T. Hung, Department of Biomedical Engineering, Columbia University



FEBio Resources u Twitter: @FEBioSoftware

* The place to be for
e Executables (Windows, Mac, Linux)
* Documentation
* Source code

* Software forums: National Institute of
General Medical Sciences

. NIH #R01GMO083925
* Plugins:

o a
‘ ’ Github: https://github.com/febiosoftware N FEBI“ Software Suite


https://github.com/febiosoftware

