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BioDeg Software

Multifunctional 3D simulation code for

modeling biodegradation
Cross-platform user interface
Included pre- and post-processors

FeeFEM/PETSc backend
Qt frontend

Available as an open source software
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Statement of Need
& Basic Concepts
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Biodegradable Metals

* Mg, Zn, and Fe

» Gradually disappear/absorbed and
replaced by new tissue/bone

» Great mechanical/biological properties

* The controlled release profile is an issue
for different types of implants

» The degradation behavior should be
tuned/optimized for various applications

Potential applications
On clinical trial
Commercially approved

(Han et al., Mater. Today, 23, 2019)
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Problem Definition

» Challenge:
» Tuning the biodegradation to the regeneration of the new tissue/bone
» Optimizing the implant design based on the release profile

« Can be solved by:
« Mathematical modeling of biodegradation
» Coupling biodegradation models with tissue growth models
» Considering environmental effects
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Modeling Workflow
4 N N )
Underlying Science Mathematical Models Computational Models
Chemistry of biodegradation Partial differential equations Finite element method
Physics of perfusion Reaction-Diffusion-Convection Finite difference method
Biology of tissue growth Navier-Stokes equations Parallel computing libraries
Level-set / Phase-field Open source solvers
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Chemistry of Biodegradation

The model captures:

1. The chemistry of
dissolution of
metallic implant

2. Formation of a
protective film

3. Effect of ions in
the medium

4. Change of pH
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Mathematical Representation

Chemical reactions State variables
k k
Mg + 2H,0 — Mg?* + H, + 20H~ —> Mg(OH), + H, Cmg = Cmg(X,t)  Critm = Criim (X, t)
Mg(OH), + 2C1- 3 Mg?* + 21~ + 20H" \ Ca=Caxt)  Cou= Con(xt) XEQC ni
\_ ’ J

[ N

Derived Partial Differential Equations

aCMg CFilm 2

— == V.(Df1VCwmg) — V. (VCumg) — k1Cng (1 -p [Film] .. + k3 CriimCa
GCFﬂm _ CFilm 2

- = kiCug|1—B [Film], k2 CriimCal

aCq

a_tc =V. (DSIVCCI) -V. (VCCI)

= V.(DEyVCon) — V. (VCon) + Ky CriimCci?
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Capturing the Moving Biodegradation Interface

 Implicit moving interface tracking M

* Level set method

a(.b . Dl\e)[gVnCMg

PDE to solve:
ot [Mg]so1—[Mg]sat

Vol =0

Medium

=0
Interface

¢ <0
Medium

¢ >0
Block




Computational Model
Implementation
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Constructing Computational Model

* Discretizing PDE equations, numerical computation
* Finite difference method (temporal derivatives)
 Finite element method (spatial derivatives)

« Adaptively refined mesh generation (Euler mesh)
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Implementing Computational Model

Mesh generation (SALOME, Mmg), #Tetrahedra ~ 10M — 20M
Weak form implementation (FreeFEM), #DoF of each PDE ~ 2M — 4M

Parallelization is essential
» High-performance domain decomposition (HPDDM)
» High-performance preconditioners and solvers (PETSc)

Paralleled 10 postprocessing (ParaView)
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Level Set Implementation

* Penalization for interface BCs

* Problem of concentration oscillation
« Computing ;,Cyg correctly

* Problem of re-distancing the distance
function ¢

oo C(x+h.n)—C(x+2h.n)

n )
3 h (Bajger et al., Biomech. Model., 2017)
xeQcR
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Considering Convection

» Adding fluid flow and considering the effect of hydrodynamics condition
» Requires dealing with Navier-Stokes equations

du
pE+p(u-\7u)—u\72u+Vp=O
V-u=20

* Implementing a parallel fluid flow code in FreeFEM (with fieldsplit
preconditioner)

« Comparing the output of the CFD code with OpenFOAM (simpleFOAM)

O https://github.com/mbarzegary/navier-stokes-solver
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Parallelizing Computation

« Distributing the mesh among available resources
» High-performance mesh decomposition
» Overlapping Schwarz method
 Solving the linear system of equations
« HYPRE BoomerAMG preconditioner
* Fieldsplit preconditioner (for fluid flow)
« GMRES iterative solver
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Simulation and Parallelization
Results
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Orthopedics Screw Degradation
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Porous Scaffold Degradation
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Jaw Bone Plate Degradation

Time: 0 days

CEIRSNRaTEs
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Narrow Cuboid

Mg concentration
0.0e+00 le-5 be-5 7e-5 - 0.00011 0.00012
| ] L L I

(Barzegari et al., Corrosion Science, 190, 2021)
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Narrow Cuboid - pH Change

High diffusion (Saline solution) Low diffusion (Buffered solution)

(Barzegari et al., Corrosion Science, 190, 2021)
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Quantitative Results for Validation

Evolved hydrogen (ml) pH
12
10
8
6
4
2
e 0
0 5 10 15 20 NaCl SBF

Time (hour) = Experimental = Computational

——NaCl-Experminetal ——NaCl-Computational
——-SBF-Experminetal SBF-Computational

(Barzegari et al., Corrosion Science, 190, 2021)

22 KU LEUVEN




Comparing Fluid Results with OpenFOAM

The chamber with inlet and outlet, Fluid velocity magnitude
used to simulate hydrodynamics condition (top: in-house code, bottom: OpenFOAM)
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Degradation with Flow

9e-5 0.0001 0.00011 0.00012 1.3e-04
|
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Parallel Strong Scaling AnalysiIs (# of tetrahedra ~ 900K)
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« Sequential part: 1%

Solving level set PDE = Solving Mg PDE  ® Solving film PDE

-

Parallel Efficiency
000 o
ON PO -2 N

» Parallel part: 99%
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(Barzegari et al., Int. J. High. Perform. Comp., 35, 2021)
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Preconditioner/Solver Performance
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~ Solving level set PDE = Solving Mg PDE  m Solving film PDE
(Barzegari et al., Int. J. High. Perform. Comp., 35, 2021)
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Software Development
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BioDeg: An Interface on FreeFEM Code

» Cross-platform, customizable, and adaptive
Ul developed using Qt and C++

Deg Ul

KU Leuven & University o

File View Help
Simulation Setup & e > Version: 0.4 <
Geometry &Mesh  Materials &BCs ~ Solver  Qutput Stop smuaton
Fundamental equations Computational problem size Paraliel computing info === "
Solve metal ion transport equation Degrees of Freedom (DOF) for each equation: 110,119 Number of MPI processes: 6 Finite Element DOF: 381205
Number of Elements: 2233524
Solve fim formation and elimination equation Number of elements in the mesh: 640,299 Average DOF in each MPI process: 23,451 R
Partitioning the mesh...
Solve C-fon transport equation Simulation progress The average DOF in each MPI process: 3426
Solve OH-ion transport equation Current step: 12/81 Current time: 0.3/2 Number of MPI processes: 200
Solve interface tracking equation _ 1am,
Fiuid flow equation Volume reduction (mass loss): 276 %
[ solve fluid fiow equation l 2%
Solve fu Current task - "
i . Saving text output...
s R e Computing interface shrinkage velocity...
time steps y’ Solving interface tracking equation 1.81 seconds Solving level set equation...
e ol + Solving metal ion transport equation 13.11 seconds Solved in 0.348147 s
+ Solving Cl-ion transport equation 12.33 seconds Solving Mg concentration equati
Time step (hour) + Solving fim formation and efimination equation 1.43 seconds Solved in 0.252006 s
Final simulation time (hour) 5) PrrmETr T ey Solving Cl ion concentration equati
paralel comput © solving fluid flow equation Solved in 0.19004 s ) )
aralel computing Solving protective film formation equation...
Enable parallel computing Solved in 0.135452 s
Solving pH equation...
Number of parallel processes (CPUMP cores) .
Solved in 0.295665 s
Redstancing control (advanced)
Redistance the level set distance function . P 2: 0.126432
ent size: 0.13025 Change: 3.08642
Time between each redistancing (hour)
g interface shrinkage velocity
Solving level set equation...
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Configuring the Simulation

simulation Setup E  simulation Setup 7 £ Simulation Setup @ Simulation Setup [
Geometry & Mesh | Materials & BCs ~ Solver  Output Geometry & Mesh | Materials & BCs | Solver  Output Geometry & Mesh ~ Materials & BCs | Solver | Qutput Geometry & Mesh ~ Materials & BCs ~ Solver | Output L
‘@ Import external mesh () Create mesh using Tetgen Material properties Fundamental equations Output options
Import mesh Material density (g/mm~3) [0.00173] V| Solve metal ion transport equation Write VTK output
File | | \7| Film density (g/mm~3) [0.00234/ v/ Solve film formation and elimination equation output directory | | |7\
Scaffold label ElE Saturation concentration (g/mmA3) |—D 00013/ | Solve Cl-ion transport equation Output name |output |
Medium label ERE Film porosity ‘:[0 557 v Solve OH- ion transport equation save results every |0.25 2| hour
wall label (for Fluid Flow simulations) ENE Film tortuosity (1.002| ¥ Solve interface tracking equation Save last state of simulation
Inlet label (for fluid Flow simulations) |a |2 Fluid flow equation Text output
Reaction-diffusion properties
Outlet label (For fluid flow simulations) |s |2] Solve fluid flow equation Write the evolved gas output per unit area
Metal ion diffusion coefficient (mm~2/hour) | 0.0500¢|
_— Multiply hydrogen evolution by |1.00 |
cl- ion diffusion coefficient (mm~2/hour) | 0.0500¢| —
‘:I:l OH- ion diffusion coefficient (mma2/hour) | 25.000 | | | Export degrading geometry
‘ | Film Formation rate (1/hour) |7 |2 Export scaffold geometry during degradation
‘:D Time control —
Film disolution rate { mm#6/hour.g2) 10~ (10 2] | |
‘ | Time step (hour) 10.025¢
[ | Final simulation time (hour) 121.00
Mesh refinement 70| Parallel computing save initial mesh (For debugging)
Refine initial mesh \:l v! Enable parallel computing Save initial mesh in a VTK File (after refinement)
‘ | \:| Number of parallel processes (CPU/MPI cores) | 3 B Save initial mesh in PVD format (after partitioning)
‘ | Redistancing control (advanced)
Initial conditions
‘ | ) ¥| Redistance the level set distance Function
Initial Cl- ion concentration (g/mm~*3) | 0.00000! . i —
R Time between each redistancing (hour) 1.00 |

Initial pH |7.00 |3

KU LEUVEN




BioDeg Preprocessor

» Developed using ParMmg and FreeFEM
tO embed a meSh into a Container BioDeg preprocessor/mesh generator

Input / output

* Mesh refinement on the corrosion part mesh | [
Interface Output il | =

Generate VTK output as well For visualization

Container box Mesh refinement

Margin on each side along the X axis (mm) |5.00 2| v Refine mesh on the material-solution interface

Margin on each side along the Y axis (mm) |E| Distance threshold for refinement ‘@@
Margin on each side along the Z axis (mm) |E| Refinement tolerance (error) ‘@@
Number of nodes on the edge of the box |£|§| Minimum element size ‘@Iﬂ

Maximum element size \@@

Parallel computing
Mesh boundary approximation 1.00 |3

Mesh gradation value \ 1.30 :|
Number of nodes on the edge of the box | 3 :|

v Enable parallel mesh generation

Number of parallel processes (CPU/MPI cores) | 3 =

\ Generate mesh |
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BioDeg Postporcessor

File Is  Help
Simulation Setup = Running...
Geometry &Mesh  Materials &BCs  Solver  Output W
- Material properties Computational problem size S computing info

» Developed using Python and Qt Charts | =< e S [ s :

Fiim density (g/mm~3) Number of elements in the mesh: 640,249 Average DOF in each MPI process: 23,451
. . . . Saturation concentration (g/mm3) Simulation progress

» Basic Integration at this moment ey _— R -

Fin torsty  —— i
Volume reduction (mass loss): 2%
. . . . . Reaction-diffusion properties . 3%

* Will consider better integration options e cmeim

Cl-ion diffusion coefficient (mm2/hour) o Firished (ast tine) in
. - - OH-ion diffusion coefficient (mm2/hour) +/  solvinginterface tracking equation 1.92 seconds
like ParaView Glance in the future e ——  srymetm st s
Fim disolution rate (mmAGhour.gA2) /' Solving Ci-ion transport equation 1179 seconds
+/ Solving film formation and elimination equation 1.39 seconds

Convection properties +/ Solving OH-ion transport equation 13.20 seconds
Dynamic viscosity 0.850 € Solving fuid flow equation
Inlet velocity in X direction (mm/s) 0.10
Inlet velocity in Y direction (mm/s) 0.00
Inlet velodity in Z direction (mm/s) 0.00

Initial conditions

Initial Cl-ion concentration (g/mm~3)

Initial pH

Output
5
o, AT —
s i o W 1 Y e g
A 0 O e T
i £ e B s I

Mass loss vs. time

0.075
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Open Source and
Open Science
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Hosted on GitHub

BioDeg core (FreeFEM, PETSc) o https://github.com/mbarzegary/BioDeg

BioDeg Ul (Qt, C++) o https://github.com/mbarzegary/BioDeg-UI

BioDeg pre-processor (FreeFEM) o https://github.com/mbarzegary/BioDeg-preprocess

BioDeg docs O https://github.com/mbarzegary/BioDeg-doc
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Thank you for your attention

https://mbarzegary.github.io
@MojBarz

This research was financially supported by the PROSPEROS project, funded by the
Interreg VA Flanders - The Netherlands program KU LEUVEN



