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Overview
1- Motivations & Problems
2- Physical modeling & Reality-based modeling

5- Conclusion & Future work

3- 3D interaction (virtual cutting, haptic interaction) /
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/ Motivations & Problems \
Training surgeons for new surgical procedures (MIS)

« Virtual patient » as an alternative to

conventional training (mechanical endotrainer
animals, human patients)

—= => Very useful for training surgeons to new
‘f‘ " surgical procedures, no risk for the patient, and
1 ~ possibility to generate arbitrary anatomies &

—— -

— //

/e pathologies

... Much more difficult than flight simulators !

+ Soft tissues, non linear and heterogeneous
+ Physical consistency (anatomy & bio-mechanical properties)

¢ Basic real-time 3D interactions: palpation, cutting, Suturj
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Physical modeling & Reality-based
modeling

/ Main Approaches to physical modeling \

e Mass— SpI’lIlg Networks (MS-NGt) [Terzopoulos88, Aulignac99]
 Boundary Element Methods (BEM) /James&Pai99]

° LOIlg FElement Methods (LEM) [Costa&Balaniuk00] [Sundaraj&Laugier0l]

* Finite Element Models (FEM) /Bathe9s]
 Condensed FEM /Cotin97]
»  Explicit FEM [Cotin97,0 Brien99]

\\ *  Multiresolution /Debunne00] //
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Physical modeling : MS-Net & FEM principles

/ MS-Network

Node dynamics : [ZRESNBaEs Z F'= Z F*

Point masses . yo_ ' -
INCVEIROCTERN /' = (- A Ad,; — ud )k
Rigidity factor Damping factor

Viscous-elastic connectors

Example of non-linear deformation :

K F=Ad’+ A,d)+ up ;where d =




Physical modeling : MS-Net & FEM principles
MS-Network

Node dynamics: mX + bx + z F'= z F

al forceg - /A , j
\\l Internal forces:  F7 = (=AAd,; - ud,;)k
\ AN Rigidity factor Damping factor
>

Viscous-elastic connectors

Example of non-linear deformation :

\ F :(/110’3 + %a’) +Up ; where d =——2

-

FEM
* Measuring deformations: Strain tensors ¢ (Almansm
Cauchy, Green... ) related to displacements U

Interpolation function : S(P) ' Green-Lagrange Strain Tensor
Tl Deformed configuration « p) - (large deformations, invariant to rotations)

conmfiguration pl
* Dealing with material information:
Stress tensors o related to forces F

. TS

Displacement Forces  Mass matrix Damping matrix ~ Stiffness matrix

Static Formulation DAL i /

(adding inertia & viscosity effects)




Physical modeling : MS-Net & FEM principles (2)
MS-Network

" Node dynamics: mx + bx + z F'= z F

0 Internal forces: F 7 = (-AAd, — u d . ) k
AW/ - v Y

— N
ST\ Rigidity factor Damping factor

Viscous-elastic connectors

Example of non-linear deformation :

3 [ —1
—(Ad +Ad) + Uy where d =
\ F (Ad kd) + L p ; where d 7 /

Explicit FEM

Consider the physics of each tetrahedron independently instead of merging them into a
large matrix system => more appropriate for interactive topological modifications

Mass Lumping: To concentrate the effects of the system on the nodes
[Bathe96] [Cotin97 mass-tensor][O Brien99]

Dynamics of each node j=1 k=l

~

XF




System solving (ODE)  see/Daulignac 01]

* Static Resolution
=> Principle of « Virtual Work » : Internal and External forces perfectly balance
— Linear case (e.g. /[Bro-Nielsen & Cotin 96]) K -x = f

ext
=> No large strain, no Rotation, no material non-linearity

— Non-linear case (e.g. [Daulignac 01]) K()C) ‘X = fext

=> Stiffness matrix K changes with displacement, making K(x) -Ax, = f., — fx)=r
use of an iterative numerical solution, e.g. Newton-Raphson |x. = x. + Ax.
l l

i+1
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System solving (ODE)  see/Daulignac 01]

* Static Resolution
=> Principle of « Virtual Work » : Internal and External forces perfectly balance
— Linear case (e.g. /[Bro-Nielsen & Cotin 96]) K- -x = f r
J ex
=> No large strain, no Rotation, no material non-linearity

— Non-linear case (e.g. [Daulignac 01]) K(X) X = fa\,,

=> Stiffness matrix K changes with displacement, making K(x) -Ax, = f. . — f(x)=r

use of an iterative numerical solution, e.g. Newton-Raphson X, = X; + Ax,

* Dynamic integration

.. . Convert to Y = x
M+ Dx+Kx = f,, j} "= (x) md = (x)
tem

2 order non-linear differential equation sys

— Explicit integration
Forward Euler: Y, =Y, +h f(y,) s-order Runge-Kutta: Y, =Y, +> bk, with: k,-zf()ﬂhZa_,-Jaj
i=1

J=1

— Implicit integration

Backward Euler: Y, =Y, +h f(Y) AY[%]—/laa—j;|Y y Y0:| = AY)

Implicit Euler (non-linear system) Semi-implicit Euler

Christian LAUGIER JNRR’03, Clermont-Ferrand




/ Towards « Reality-Based Modeling »

* Medical simulator (Virtual liver) /Bour & Laugier 99]

-

Three anatomic components:
- the Glisson capsule
- the Parenchyma
- the Vascular network

3D reconstructed model Stress-strain curve
(litterature)

F = kAx (linear )
Ax

F = (non — linear )
aAx +b

Stress-strain curves
(measured)

Geometric model

Measured data
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Medical simulators : Some experimental results

Unregistered HyperCam -0 x|

Explicit FEM [Mendoza 02]

Echographic simulator using MS-Net
(deformation, haptic interaction, echographic images)

[Daulignac & Laugier 00]

s

Multi-resolution model & Rendering
[Debunne & Cany 99]
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3D Interaction

Haptic interaction

Collision detection , Virtual cutting

v

Christian LAUGIER
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Processing collisions (Coldetect library)
Download possible from : http://www.inrialpes.fr/sharp/coldetection/

e Collision checking & Interpenetration volume evaluation

=> To be performed at interactive rate (detecting 3D interactions, computing reaction

forces)

 Hierarchies & Pruning techniques

=> Convex decomposition & Object hierarchies (AABB) & Pruning elements within the

convex hulls intersection
— Constant-time for «collision» of convex components (based on GJK)

— Linear-time w.r.t the intersection of the convex hulls for « interpenetration »
[Joukhadar & Laugier 96] [Sundaraj & Laugier 00]

Collision response
=> Non-linear penalty method [Hunt & Crossley 75][Deguet & Haugier 98] <)

—

F

collision

=—-Ax" —uxx" |nz=1

3 o :
M= ECM —e=1l-av e: coeff restitution Poisson

AABB : Axis Aligned bounding Boxes /
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/ Interactive Virtual Cutting : Previous work \

“DeStruCtion” approach [Terzopoulos88] [Norton91] [Cotin97]

* Fine discretization is required
(increases processing time)

» Destroy material (not realistic in
some cases, easy to implement)

“Subdivision” approach /siciser99/morko0y

* Realistic results
C » Large increase # primitives (bad
for real-time computations)

e Realistic results

* Low increase # primitives (good for
processing time & 3D interaction)

5
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/ Interactive Virtual Cutting : Our approach \

e Step 1: Breaking the material

v Geometrical criteria (cutting attempt & neighborhood condition)

v" Physical criteria

e Step 2: Select & Separate tetrahedrons
v" Separation approach

v' Singularities processing (connection with zero area)

* Step 3: Local Remeshing
v' Avoiding degenerated tetrahedra

N\ v
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Stepl:

Breaking the material (Geometric criteria)

=> [nterpretate the movements of the
virtual tool on the surface of the object

Potential cutting attempt Neic%hbozlhOOd Condciltion
ve(t) #ve(to) (avoiding degenerated cuts)
Cp(t)e Neighbor (vc(t))

Christian LAUGIER
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/Stepl: Breaking the material (Physical criteria)

Material fracture toughness

Breaking condition :
o.>K; O, = Cutting stress

Do o Virtual scalpel & Object interaction => Internal stresses

2D case ‘ RIDERE

Contact Surface => Sharpness factor (&)
Normal stress (o), Shear stress (7) =

I TPy Fy 7
= (om+7n2) @o= !}Hlom 7—1]1}3d4

Cutting traction vector
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/ Step2: Select & Separate the tetrahedra \

(1) Selecting the next involved node V,

] (cutting direction)

Va=Vi such that min: (ViCp, [)

(2) Selecting & Separating the involved tetrahedra
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Step3: Local remeshing

=> Creating new facets & Modifying the tetrahedra shapes
(for reflecting the profile of the cut)

)
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Interactive Virtual Cutting : Experimental results

= -
-

ey {/INRIA

F

Tearing a 2D skin (MS-net) - Cutting a flag using an haptic ~ Separating the Gall-bladder

[Boux & Laugier 00] nterface (M5-nct) from the liver (FEM + MS-net)
[Boux & Laugier 00] [Boux & Laugier & Mendoza 01]

Unregistered HyperCam
|1:r' "?

Cutting a deformable volume
using an haptic interface

[Mendoza & Laugier 03]
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Surgery Simulator : Deformations & 3D-Interactions
(collisions, topology changes) at

7 Touch Sense : Need forces at
Virtual

. Haptic device
environment

operator

/ Penalty method \ / Extrapolation method \

[Zilles&Salisbury94][Ruspini&Khatib97] [Balaniuk&Laugier99] [Ellis et al. 97] [Piccibonno01]

/4

'. = Haptic position — Bdc{/

4
Extrapolate C from A and B

> Only t 1 ace & di e : Time or Position
- nly based on surface & distance informatior : .. .
K 1Ly based on su facc distance 17]‘( zafl(y E Numerical errors, Sensitive to dISCOlzflnuzfy

Low order models
Norton equivalent [Astley&Hayward97], Model reduction [Cavasoglu& Tendick00], Multiresolution [Debunne00]

=> Precomputations not suitable for topological changes
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Haptic rendering : Volumetric Buffer Model

Graphical
Rendering

H

[Mendoza & La

ugier 03]

Simulation Loop

Physical model

Collision detection
Deformations

Topological modifications Haptic force computation

Haptic Loop

Butiermodel

Tool-Object collisions
&

Volumetric Buffer Model (VBM)

« A more simple explicit FEM model constructed from the original model

» Allows the computation of realistic contact forces at haptic frequencies
(the haptic device interacts with the VBM instead of the complete physical model)

Deformation

[Mahvash & Hayward 01]

ﬂ/lﬁzAO'/l
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Haptic rendering of cutting operations
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/ Haptic rendering : Experimental results

Force without a
buffer model

Force with a buffer
model

Christian LAUGIER
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/ Conclusion \

 Reality-Based Modeling of soft tissues

v’ Several types of physical models can be used depending of the mechanical
characteristics of the application (MS-Net, FEM ...)

v" Explicit FEM more appropriate when interactive topological modifications are required

=> Realistic, Large deformations (Green-Lagrange tensor), Real-time

* 3D interaction & Virtual cutting
v’ Efficient & Robust Collision processing for rigid objects and soft tissues (Colderect)

v Interactive Cutting procedures

=> Geometric & Physical criteria, Controling the complexity growth using the
separation approach (real-time performances), Local remeshing (realism)

* Realistic haptic interaction

v" Volumetric Buffer-Model based on explicit FEM
=> Local model constructed from the original model, Contact & Force feedback
generated at the haptic frequency, Smooth & Realistic Force feedback
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