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Introduction

= Real-time simulations

Bilger et al, MICCAI, 2011 Courtecuisse et al, Med. Image Anal., 2014

Talbot et al, SIGGRAPH, 2015 Hamzé et al, Comput. Med. Imag. Grap. 2015
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What makes real-time simulation feasible?®

ropean Research Council
klighed by e Eurepean Commissizn

Coarse meshes

Advanced solvers (GPU-based, parallel
computing, asynchronous solver (Courtecuisse

et a

Sim

), etc.)

nlified models

Numerical techniques to treat condition
numbers, stability, etc.

Model order reduction

——> Introduction of error!
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Modeling and Simulation: Error sources

Physical Validation: are we
[ problem } _ 7 solving the right
( e problem?

I Modeling error } -

[ Mathematical }

model
' Discretization
L - Total error

error .
Discretization C~ .
“o N Verification: are we
" Numerical }_ == #  solving the problem
L error - right?
[ Numerical J Can we solve the
results problem fast
enough?
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Models: Needle Insertion

Needle insertion problem
dive + b+ A = pu in {2
1

€= —

2

J =

(grad u + (grad u)T)

—

(e, v)

o-n=tonlYy;

Af > )\, . (penetrate) u=1aonl,,
MBS < pAlE o (stick); AP = pAP (slip),

n

A< A 4 N, (stick); AP > pA™ N, (cut and slip),

A < pAY? (stick); AT = pAY? (slide).
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FEM discretization

= System equation
Mii + Cu + Ku = ' + H' A,
* |mplicit Euler scheme
Uppr = W+ TUppr; UWpgr = Uy + TU4 1,

" Final discrete system

(M — 7C — 7?K) dv = 7f(x',v!) + 72Kv! +HT A

p- - M
W

A b

= Update velocity and position

Vier =dvV + Vi Xppr =X + TVigr.

> Hexahedral elements for tissue
> Beam elements for needle
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Corotational formulation L.

= Classical FEM
fe(cr):/ Bg’adﬁzf BYEB.u. df
J Q. JQ

[

:KE'uE:KE'(XE_XUe)

= Corotational FEM

fe — REKE(RgXE — xﬂe)

= Polar decomposition
F,=R,.U,
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Corotational vs. linear

Linear Corotational
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ERROR ESTIMATE



A posteriori error estimate

= Residual-based (Babuska et al, 1978)
= Equilibrated fluxes (Ladevéze et al, 1983)

= Smoothing of the stress field (Zienkiewicz and
Zhu, 1992)

(Superconvergent Patch Recovery -- SPR)
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Error estimate

European Research Council

= Energy norm ? P ?
7 Y
Ne = / (eh — )T (oh — o%)dS,
O & O
= Patch recovery . N
78 =Pa; = [leyzayyz zr xyzlar as az ag as ag a7 aglt
j j LY=zTYYzezrryz||a dz2a3 a4 a5 46 A7 A5 5 o
e e . . ir Superconvergent sampling point
Minimize: o Patch assembly point
8 ] @ MNodal value determined from the patch
- 2
II = E o Tk, Y, 2k) — Pray, |
k=1 Zienkiewicz-Zhu smoothing procedure

(Zienkiewicz and Zhu, 1992)
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Adaptive refinement

(0,03

Natural coordinates Physical coordinates

Template-based refinement
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Handling hanging nodes

|8
®
@

Using Lagrange multipliers:
A JT X b
J o/ |x[ o
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NUMERICAL RESULTS



Convergence study

2 L2
Theoretical slope for singular problems in 3D: 2/9 = 0.22 - kb L L
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Needle insertion simulation
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Needle insertion
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Displacement of Point 1C
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Influence of frictional coefficient
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Force-displacement

Force [N]

25 ! ! I I | 120
mesh 10x5x5
mesh 20x10x10 --=-- 100
20 ' adaptive refinement —-—-— ; i
A
A 7 !I | I — 80
15 ,i"’ il - 2
AUy >
10 | - ""f it 7 % v
{ A ‘1 Pt ﬁﬁf“fﬂ‘f =40
;~ i issting
Sk A i 7 20
; e
0 | 1 1 | | 0
o 05 1 15 2 25 3 3.
Displacement [cm]
p= 0.1
H.P. Bui University of Luxembourg

mesh 10x5x5
mesh 20x10x10
adaptive refinement

_____

—_—— -

00 1 15 2

2.9

Displacement [cm]

p=0.5

MEETS MEDICAL REALITY
9 August = 31 August 207 Lille, France

ANICS BIOMECHANICS AND COMPUTER ASSISTED SURGERY
OCIETY

21



Number of DOFs
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Computational time

= Error=5%

Computational time (1073s), TC: topological changes, MS: Matrix solving

DOFs Time Total time

TC MS

Full refinement 44064 X 12140.8 12140.8
Local refinement 7473 319.24 417.17 736.41

—> Speed up by a factor of 16!
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Liver
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uniform mesh 723 dofs

uniform mesh 3894 dofs ———-

adaptive refinement 2x2x2 —-—--
adaptive refinement 3x3x3 - -

HP Bui et al, IEEE Trans. Biomed. Eng., 2016.
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Electrode implantation for DBS
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HP Bui et al, arXiv:1704.07636 [cs.CE]
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Electrode implantation for DBS

HP Bui et al, arXiv:1704.07636 [cs.CE]
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Conclusions L
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= A posteriori error estimate to automatically
drive local mesh refinement

= Saving computational time, make it feasible
for real-time simulations

= Control the error by providing a suitable
refinement criterion

= Perspectives:

= Patient-specific simulations
= Uncertainty quantification
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Thank you!
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