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OUTLINE

 Clinical Problem
e Valve Disease, Treatments, Challenges

 Fluid-Structure Interaction (FSI) modeling for heart valves
* Immersed FSI method

e Open-source computational FSI framework

e Current Efforts

« Summary and Future Work



VALVE DISEASE AND DYSFUNCTION

Types of Valve Dysfunction
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How does dysfunction arise in CHD?
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Valve Morphology
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HEART VALVE TREATMENTS
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HEART VALVE TREATMENTS: CHALLENGES

 Heterogeneous population -  Initially successful repair can fail a
Highly individualized treatment few months later
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COMPUTATIONAL MODELING TO INFORM
PATIENT-SPECIFIC REPAIR

G SlicerHeart FEBio MFEM I1FSI Solver



FSI MODELING FOR HEART VALVES

Flow Features:

Nearly-transitional flow
regime

Pulsatile flow
o Jet, Recirculation

Sharp gradients in velocity
and pressure

Solid Mechanics Modeling:

Kamensky et al. CMAME. 2015

 Nonlinear solid material
* Incompressible
* Anisotropic

e Thin structure
» Large deformations
e Contact






FSI METHODS: VALVE FSI

Fluid mesh

Bavo et al. PLOS ONE. 2016

ALE-ESI Leaflets model

Immersed-FSI

Bavo et al. PLOS ONE. 2016






FSI METHODS: ALE- VS IMMERSED-FSI

O, =0l U ALE-FSI Momentum:

N [ X ]

Glowinski et al. IIMF. 1999

Fictitious Domain (FD) -FSI Momentum: (Immersed FSI) tesneta.cuawe zoie

Black & Park. CMAME. 2025




Glowinski et al. IIMF. 1999
IMMERSED FSI METHOD g
Black & Park. CMAME. 2025

Immersed nearly-incompressible solids

!

Viscous fluid stress

Solid constitutive modeling:

Holzapfel. Nonlinear Solid Mechanics. 2000




IMMERSED FSI VARIATIONAL PROBLEM izmicuess,

Find (v], 0}, ph, M) € STy x S x S* x St such that V(wi, wi, qn, 6An) € Sk, x Sh ) x Shy x SP

S,

0
/Wh p ( v} +vi - Vv] — f) dQ—/phV wi dQ + /2ufe(w£): e(v{)dﬂ—/f w,J:-hJeclI‘+/Q w! A, dQ =0
Q r ¢

t,N

/th-V{dQ =0
Q

Solid
(o —p)) (5 — ) dQ+ [ VW :o®dQ —f 2ule(w;) : e(vi)dQ — [ wi-A,=0
Qs Qf ¢ Q3
FSI Constraint: Weak enforcement of using a Lagrange multiplier

[saxh (v —it) a2 =0



IMMERSED FSI VARIATIONAL PROBLEM iZziues:

Black & Park. CMAME. 2025

Find (v], 0}, ph, M) € STy x S x S* x St such that V(wi, wi, qn, 6An) € Sk, x Sh ) x Shy x SP
Fluid

0
/Wh p ( v} +vi - V), — f) dQ—/gPhV wi dQ + /2ufe(w£): e(vi)dﬂ—/f wj:-hde‘—l—/Q wi - Ay d
in ¢

1
+ / VWh . (Tmrm @ Vh) dQ) — / VVh . (Wh X Tmrm) dQ)d — / p_fvwh : (Tmrm X Tmrm) ds2 + / Pf (v : Wh) TeTe df
Q Q Q Q

+/Tb( m - VW)« (T - VV) dQ2 =0 |
{2 Variational Multiscale Method (VMS): Bazilevs et al. CMAME. 2007

Bazilevs et al. Comput. Mech.

* Improved accuracy on under-resolved grids 2008

1
Q QP

Solid

 Robustness for advection dominated flows

(o —p)) (5 —F) dQ+ [ Vw0t dQ —f 2ule(w;): e(vi)dQ — [ wi-A,=0

QS Q Q3

FSI Constraint

[S5Ah (vh—uh) dQ) =0




GENERALIZED-a TIME INTEGRATION  =sids=""

Full linearized SyStem Black & Park. CMAME. 2025

Solve the following nonlinear
equationsto go fromt, tot, 4 :

Fluid Momentum

Fluid Mass Eliminate )\, - IFEM

Zhang et al. CMAME. 2004
Solid Momentum -9R™ s T m -
OR | C)\%R (C)\) 8R.

. ov opP A{/ R™ + C)\Rs:|
FSI Constraint .
ORe OR* | T
oV ok | [AP R°
Newton-Raphson ] )
Predictor-Multicorrector R/
( ) Ch=— Cip = Ni(¢(Xp, 1))l

A%



GENERALIZED-a TIME INTEGRATION  srent ame ™
Newton-Raphson method: siack & park. cvame. 2025

Predictor iy :
1) ed CY'FO {V P}T Un+1,(0) = (CA)TVn_H,(()),
- - == y . T
Solve the following nonlinear Unii0 = (C) Vo), 2
- . At . .
equationsto go fromt, tot, 4 : Uni10) = Un+ At Up + =2 (1 - 28) 0, + 280,110

2) Multi-corrector

Fluid Momentum a) Compute intermediate (alpha-level) values
Fluid Mass b) Solve linearized system at intermediate values
Solid Momentum TOR™ | AR (o) aR™ T .
ov T C %5 (€% oP | [AV R™ + C*R?
FSI Constraint oRC ORC = —
oV P | | AP R*

Newton-Raphson

: i c) Update variables
(Predictor-Multicorrector) )Up

AY i1, = {AVi1,0, APy} AUpi1 = (CY)T AVt



FEBio MFEM IFSI Solver

Key Features
 FEBIO

Black R. T. et al. An open-source computational framework for immersed fluid-structure interaction
modeling using FEBio and MFEM. Engineering with Computers. 2026.

Large material library
Advanced modeling capabilities

» Contact, Three-field formulation
E.g. Growth & Remodeling

« Formation of calcifications

o Leaflet damage after repair

o Tissue remodeling

 MFEM

Built for modern computing
architectures

Scalable (MPI), state-of-the-art
performance

GPU-ready infrastructure

Wide range of FEM technologies



COMPUTING PARALLEL MESH COUPLING TERM

ORS*
C = IV Ci\lB = Ny (6(XB, 1))l
® Column partition
— ! ! —
XX X1 X | X X
PO X X X : X : X
6 processors '\  TTTmA - x txxx b T
Solid Row partition m 'xxx ! xx
__________ I____I_)_(_X_X____
) p2 : : X X X
Fluid X : : X X X
b | | —

HyprelJ Interface -
Allows to set parallel matrix
values as if setting (i,j)




COMPUTING PARALLEL MESH COUPLING TERM

B 8Rfsz
oV

Algorithm 1 Cf Parallel Matrix Assembly
1: Given: Set of solid nodes {z4}ac., on processor ¢

c? Chp = N4 (X5, )

2: Start point search from processor i

Found point on processor j
for each point found on processor j do

Store POINT data = {parametric position £ 4, element number, and processor number j}
end for

6 processo rs 7. Transfer POINT data on processor i to target processor j

SOI |d 8: On target processor j:
9: for each received point do

10: Evaluate fluid shape functions for the containing element at the point
1L if Fluid DOF is owned by this processor then
12: Store value in the parallel matrix
. 13: else
FIL”d 14: Store DOF data = {value, global row, global column, owning processor}
15: end if
16: end for

17: Transfer DOF data to owning processors

18: On owning processor:

19: for each received DOF do

20: Store value in the parallel matrix
21: end for

mfem::FindPointsGSLIB



FREE FALLING CYLINDER s

Velocity Magnitude
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3D VALVE FSI

Rigid No-Slip Walls

Fluid: ~

Newtonian Fluid
pf =1.19/cm?3
u/ = 0.036 dyn s/cm?

200
150 1
E 100 -
3 Valve:
g Compressible Neo Hookean
0_
00 02 04 . 06 08 10 1.2
Time (s) pg =1 glcm3
Black R. T. et al. An open-source computational framework for immersed fluid- E =2 X% 106 dynlcmz

structure interaction modeling using FEBio and MFEM. Engineering with
Computers. 2026. vV = 0 4



3D VALVE FSI

Fluid:
» 8.5M tetrahedral elements
e 5.6M DOFs

Valve:

63k hexahedral and
pentahedral elements

o 215k DOFs

Simulation:
* 1 heartbeat
e 32.5hrson 256 CPU cores

Black R. T. et al. An open-source computational framework for immersed fluid-
structure interaction modeling using FEBio and MFEM. Engineering with
Computers. 2026.






CURRENT EFFORTS

CPU GPU
/—

Roadmap:

* Discretization:
* Full assembly - Partial assembly
« GPU Kernels
e Fluid (VMS) residual + tangent
 Immersed solid residual + tangent

* FSI coupling term

e Linear Solve:
« Matrix-free velocity-pressure block
system
e Suitable block preconditioners

Simulation:
1 heartbeat
e 32.5hrson 256 CPU cores







BELTRAMI FLOW: BENCHMARK  #=snarsanma e oo

» Exact 3D solution for incompressible
Navier-Stokes

 Benchmark fluid VMS operators
across problem size and order

e Measure operator throughput (DoF/s):
e Residual Evaluation
 Tangent Application

Africa et al. Comput Phys Comm. 2024



BELTRAMI FLOW: RESIDUAL EVALUATION

SM DoF Speedup
CPUFA/ CPUPA/ CPUFA/

CPU PA GPU PA GPU PA

p=1 8.6x 7.5% 64.6X
p=2 11.9%x 15.2x 180.9x%
p=3 16.8X% 17.6X 295.5x%
INY)
S &QJ N
& & &
0'0 cé& OAQJ
>° <

AMD EPYC 7763

Nvidia H100 54-Core

PCle



BELTRAMI FLOW: TANGENT APPLICATION

CPUPA GPUPA  GPUPA

5M DoF Speedup
CPUFA/ CPUPA/ CPUFA/

p=1 0.5x 5 5% 2 8x
(=2 2.4x 9.8x 23.9x
p=3 6.7x 10.0x 67.5%
o
§‘§ @*@ @‘*\
%Qg Q{z” QO
Nvidia H100 AMD EPYC 7763
64-Core

PCle



SUMMARY

e Challenges with heart valve
treatments

« Computational modeling can
Inform patient-specific valve ref

e Open-source immersed FSI sol
e Method
 Implementation
e Examples

e GPU acceleration (ongoing)






FUTURE WORK

* Integration with 0FEM
e Differentiable FSI code
e Provide gradients of simulation outputs wrt simulation inputs
e Support: training neural surrogates, UQ, optimization

* Recent developments with simplices and partial assembly
e Tetrahedral meshing for complex cardiovascular structures

Vascular Model Repository



g SlicerHeart

https://slicerheart.org/

FEBIO

https://febio.org/ FEBio MFEM 1FSI Solver
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