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= Numerical Mechanics:
Dr.-Ing. Stefan Kollmannsberger, Tino Bog, Nils Zander, Quanji
Cai, Martin Schlaffer, Christian Sorger, Hagen Wille,

= Efficient Algorithms:
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Dominik Schillinger, Vasco Varduhn, Matthias Flurl

= Bavarian Graduate School of Science and
Engineering
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Computation in Engineering

Statement:

as stated orally during the talk, all presented work is the result
of a common effort of the research group and may not only be
attributed to the presentor.

Statement included for the online version of the presentation on
Tuesday, 20th of October 2011
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Outline

Motivation

- the ,traditional” approach incl. mesh generation
- modeling with Isogeometric Analysis

- modeling with Finite Cells

what am | doing here?
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Motivation

Design Solid Model Amnalysis Solid Model Geometry
Creation and/or Edit Creation and/or Edit Decomposition

S ng - B

Meshing Mesh Manipulation Asizg Model

Parameters -
—_— ¢ > 6% mesh generation
2 — | A \ takes more time than

Assemble Simulation : : Post-process =
el Run Simulation R e c 0 m p ut atl 0 n
L> o > 9% o~ s |
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Archive
Artifacts
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1%
| |

Michael Hardwick and Robert Clay, Sandia National Laboratories, as published in:

J. Austin Cottrell, Thomas J.R. Hughes, Y. Bazilevs. Isogeometric Analysis. Wiley,

2008, ISBN 978-0-470-74873-2 5/50
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and the major assumption is:

% Schiff_raw.3dm - Rhinoceros (Testversion)

Datei Bearbeiten Ansicht Kurve Flache Volumenkérper Polygonnetz Bemalung Transformieren
Werkzeuge Analysieren Rendern Hilfe

: Befehl: _WireframeViewport -
: Befehl: _WireframeViewport |
{ Befehl: SN

N8I XDh0rMrrS 00 0H= %9

Perspektive

Qe O LBNOHIVO> #
E §% L RJQOIN G U -

:[v] End [ Nachst Punkt [ Mitte [ Zen [ 5ch [ Lat [F

KEbene x 54,370 y 48.548 z0.000 0.000 [llEbene 04 J

we start with a clean! geometry

be ,analysis aware® or fix it
-> healing is an important step
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Motivation

Design Solid Model Amnalysis Solid Model Geometry
Creation and/or Edit Creation and/or Edit Decomposition

S ng - B

Meshing Mesh Manipulation Asizg Model

Parameters -
—_— ¢ > 6% mesh generation
2 — | A \ takes more time than

Assemble Simulation : : Post-process =
el Run Simulation R e c 0 m p ut atl 0 n
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Michael Hardwick and Robert Clay, Sandia National Laboratories, as published in:

J. Austin Cottrell, Thomas J.R. Hughes, Y. Bazilevs. Isogeometric Analysis. Wiley,

2008, ISBN 978-0-470-74873-2 8/50
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a) better mesh generation (i.e. for high order solid shells)

Historic “torch relay” at our chair

Rank, Schweingruber, Halfmann, Scholz,

Kollmannsberger, Sorger....

funded by SOFISTIK
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a) better mesh generation (i.e. for high order solid shells
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a) better mesh generation (i.e. for high order solid shells)

IR

(d) (e)

how do we generate a mesh?

Topology
Geometry

(h)
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topological components of mesh generation

/
xxxxxxxxx | II l I
| | / o
Fixed points Fixed lines
I
[~

Holes

Reference edges  12/50
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Topology: Pre-processing

) T
i h e :
(d] Fix-poinca: Tc.n,. ) mn ?T?_hr \(
1. Raw data 2. Initial geometry
\4 N 1 3
> 1 *
A\ \l/ x
é/f\\l/ - >

\
3. Closed polygons 4. Edge division

13/50



HIFH Computation in Engineering Technische Universitat Minchen

Topology: recursive subdivision

recursive subdivision:

—> Divide

- Chop

xhox o

\

original idea: R. E. Bank, et. al 1983 14/50
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Topology: recursive subdivision

triangle conversion:

49 4900

-> Variant 1: 4 triangles - 4 quadrilaterals -> Variant 2: 2 triangles = 4 quadrilaterals

) )
p \ A
| > 1
L o
P L
4 4

-> Variant 3a: 1 triangles - 3 quadrilaterals = Variant 3b: 1 triangles - 2 quadrilaterals

\ \

LT ]

[/

[/

[
P VRN N 15/50
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Topology: recursive subdivision

relaxation:
BN \ i = i\ o
i
:H P4 :H AR
LUV ARRRRRANEE
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Geometry
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ing

the meshi

+ respect the matrix of the
mapping in

with metric

without metric
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a) better mesh generation... for the industry...
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a) better mesh generation (i.e. for high order solid shells)

IR

v

(a) (d) (e) () (2)

QE
/—-'—_*-h.

XTI
S YIRS
2 1y
)

Q°¢ is a mapping describing the true
geometry i.e. B-splines, NURBS...

(h
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a) better mesh generation: examples

mechanical spring for a chiseling tool
ship body

wing violin
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a) better mesh generation: examples

high order mesh of a wind turbine
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a) better mesh generation: examples

hexahedral mesh of an aorta for “classical” high order FEM

22/50
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b) ?

but what if we don’t want
to take this (painful) step?
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b) Isogeometric Analysis

Take the geometry from CAD but one needs a conforming,
and directly compute on it hexahedral decomposition

the difference to before?

Figure 2.29  The bracket on the top is exactly and concisely represented by five simple NURBS patchy

(patch hqlmda:ies are shown in red. element boundaries in black). The patches match geometrically ar Figure 2.44 The control lattice for the pipf.
parametrically on the internal faces where they meet.

->in order to have to

originally published in/by: generate a mesh

J. Austin Cottrell, Thomas J.R. Hughes, Y. one draws the (coarsest)
Bazilevs. Isogeometric Analysis. Wiley, 2008 mesh and refines it

24/50
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c) FCM: avoid mesh generation, generate grids instead

foam

bone

e

'S

porous media 25/50
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Finite Cell Method
(Parvizian, Duster, Rank 2007, Duster, Parvizian, Yang, Rank 2008)

A fictitious domain method with high order polynomial basis functions

B(u,v) = / (Lv]TC [Lu] dzdy
Q
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Finite Cell Method
(Parvizian, Duster, Rank 2007, Duster, Parvizian, Yang, Rank 2008)

A fictitious domain method with high order polynomial basis functions

B(u,v) = / (Lv]TC [Lu] dedy + / (Lv]T 0 [Lu] dedy
Q —Q

Qe
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Finite Cell Method
(Parvizian, Duster, Rank 2007, Duster, Parvizian, Yang, Rank 2008)

A fictitious domain method with high order polynomial basis functions

B(u,v) = / (Lv]TC [Lu] dody + / (Lv]T 0 [Lu] dady
Q Qe—0
— / [Lv]T o C [Lu]dzdy

Qe
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Finite Cell Method: determination of o

B(u,v) = / [Lv]TC [Lu] dzdy + / [Lv]T 0 [Lu] dedy
Q —-Q

Qe

/ [Lv]T o C [Lu]dzdy

e discontinous ,indicator function®
1. Inside or outside? 2. adaptive integration
—
|
T
even = i
odd= outside I:}:E .
inside > o =0 sa:t

> =1
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FCM: Why does it work?

f 5in ﬂ u
:: ::’ Parameters:

X {2phys 2fict {2phys Young's modulus E=1.0
| e CoCIoITIoITIIIIIITIIII | Poisson’s ratio v = 0.0
Penalization parameter o« = 1079
L 4/3 L 2/3L
I-—; :-I:..' }HI ;I:.' fr ;I Area A=1.0

Length of each part L=1.0
Displacement load Au=0.02

Diiscretization with 2 p-version cells: Sine load fein = 1/20sin (47X)

0 O @)

Discretization with 11 B-spline knot span cells:

C} ot iy i Pt Pt Pt it iy iy Pt O
L o L Tt o e L e ' ot

D. Schillinger, A. Duster, E. Rank: hpd adaptive Finite Cell Method for
Geometrically Nonlinear Problems of solid mechanics, submitted to: IJNME.
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Axial strains ¢

FCM: Why does it work?

fsin Au
X -Qphy -Qﬁct Qphy
|[>d>—> D I
0.00 L0 O
o i - - = =3,
z }-- G0
= W
0.01} & 10'f %
E 1 I"'-n.f..."
= \3
= B
-0.02} 3 1
£ 107} \
!g - o-- pversion FCM, a=10" | i
——- Analytical ® p=1,23,.,15 it
0.03f —--- p-version FCM £ ;1 —= B-splinc version FCM, a=10" R at
— B-spline FCM ® 1 p=1,3,5,..,15 bo
0.0 1.0 2.0 3.0 2 3 4 6 8 10 20 30
Rod length X Degrees of freedom
- Smooth extension of solution fields 1
U= n‘f dV = E o:edV

- Best approximation property to strain energy +
enalization of fictitious domain _
P \/ \Uer UFC‘M| < 100%
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Finite Cell Method: how does it work...

Datei Bearbeiten Ansicht Kurve Flache Volumenkorper Polygonnetz Bemafiung Transformieren WWerkzeuge Analysieren Rendern Hilfe

:Befehl: _ShadedViewport
§F’0Iyg0nneize erzeugen... Esc driicken um abzubrechen
-

Befehl: |
End [] Nachst [v] Punkt [ Mitte [ Sch [ Projektion (M) STrack [0 Deaktiviersn
KEbene % 1.071 vy 2,621 Fang  Ortho Planar  Ofang Historie aufmehmen

3|
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Finite Cell Method: how does it work...

... Kitware ParaYiew 3.6.2

QN RE D e Ka> DB —
o — IR s di e
O PRDOESELD00

E'ﬁme:|0 |II| |

©G

Pipeling Browser 5 X ? E]
o =

& H—}a stamp. vtk i

& i;‘ ‘\WarpByVectorl

@ ) Threshald1

@ * ‘WarpByVector2

@ |-EsubCells_stamp. vtk
@ —‘ subInt_stamp. vtk
@ CHEIDBC stamp.vitk
@ * Glyph1

@ —a stamp.stl_output_VFLIB_as_VTK.bin.viu ~
Object Inspectar 5 X
Properties ] Displary || Information |
# Apply @ Reset 3 Delete ?
3 4 Start 1 f; panama.inf.bauwes... & stamp B 2011 Pavia ";é Vortrag_2011_Pavi... Kitware ParaView 3.... | Qutput Messages ne Titel -Rhinoce... & | 17:47
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Finite Cell Method: how does it work...

E'I'lme:|0

LI TR
HedbRkddB

Pipeline Browser E] &
H—]—m stamp, vtk

m WarpByvector1
@) Threshold1

t ‘WarpByvector2
—m subCells_stamp.vik
—a subInt_stamp.vik
[—}a DBC_stamp. vk

é Glyph1

M stamn.st outnot VELTR as WVTK.hin.vhl

e

© 08 088688

Object Inspector

Properties | Display | Information |

= Apply @) Resst 3 Delete 7

5o t‘ panama.inf.bauwes... = stamp ® 2011 _Pavia

Ohne Titel - Rhinoce. ..
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Finite Cell Method: how does it work...

Kitware ParaView 3.6.2
File Edit View Sources Filters Animation Tools Help

@ BE ?[QALNRER M KAP PHBmE | ]
| B G =[O L oy ¥ d ki B 2 G

VOVPRBPOSLOE -

o | ¥

EiEéIine Browser & x
~
8 WarpByvector1 W
B Threshold1
ﬁ WarpByvector2

—a subCells_stamp.vik
B subInt_stamp. vtk
I:—}m DBC_stamp.vtk
ﬁ Glyph1
—a stamp.stl_output_VFLIE_as_VTK.bin.viu
‘emzEm

Object Inspectar

T I )

& x|

Properties | Display | Information |

| 3 Delete |

Apply ) Reset

" 5 vortrag_2011_Pavi...

| B 2011 Pavia

Kitware ParaView 3....

| % OhneTitel-Rhinoce... & 17:52
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Finite Cell Method: thick solid shells

Rigid diaphragm

Geometry:

R =200 mm, h =2 mm, L = 400mm
Boundary conditions:

uy = uz =0

vertical shell weight:

p = 7850 kg/m3, g = 10 m/s?
Material:

E =2.069 x 10°MPa, v =0

36/50
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Finite Cell Method: thick solid shells
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Finite Cells in Biomechanics: Computational Steering

Joint project with:

R. Westermann (TUM-IN)

R. Burgkart (TUM Klinikum rechts der Isar)
A.Duster (TUHH)

J. Parvizian (Univ. Isfahan)

Z. Yosibash (Univ. Beer Sheva)

Scientific staff:

Ch. Dick, S. Kollmannsberger, M. Ruess, Z. Yang
Funding:
IGSSE, TUM-IAS, Humboldt-Foundation, SIEMENS
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Finite Cells in Biomechanics

CT scans CT data (Hounsfield Unit)
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Finite Cells in Biomechanics

Resolution of CT scan:

Ax = Ay = 0.78125 mm, Az=0.75 mm

40/50
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Finite Cells in Biomechanics

one cell one voxel

-> A “cell” is a “finite element”
precompute

n, My Ty l l
. : ,,f.
K. = : y::(/\'iijij}c + pijk K

i=1 j=1 k=1

-> A finite element consists of n voxels

41/50
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Finite Cells in Biomechanics

Yosibash et al. 2007

CT data FCM Fz =1500N,
uz = 0.45mm

|DISPLACEMENTS|

0.45
I 0.4

035
-03

- 025

[loz
L 015

0.099997
0.049996
1.6624e-39
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Finite Cells in Biomechanics

Fz =1500N,
uz = 0.45mm

Convergence of F,

1700 ; 1 ' ! ! ! |
+10%
1650 : :
1600 F .................. 5000 -
i ‘ L bt
1550 - | . 4000} il S
Z. % 3000 ‘;""{'
= 1500 7 AN "P{ 2.
R Gui ‘ ) s
1450 F 12 1000 i
| : M j ' A e -
1400 I s 00 01 02 03 04 05 06 07 08
_ 1 O% (a) Apparent Density (g/cm?)
1350 ? 5 f ? ! ‘
| FCM: 12 x 6 x 18, p = 2,4,6,8 ——
1300 ' ' ' ' ' |

0 20000 40000 60000 80000 100000 120000 140000 160000
degrees of freedom N
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Finite Cells in Biomechanics

Displacements von Mises stress

|DISPLACEMENTS) wvon Mises stress

0.45 35
ID.4 I31.111
0.35 27.222
-0.3 - 23.333
-0.25 - 19.444
l 0.2 15.8585

014 11.666
0.0993997 TI7iS
0.049396 3.8886
] i
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Finite Cells in Biomechanics

von Mises stress

wion Ilises streas

10
I 5.8889
FITTe
- 6.6ERE
- 5.5555

. 44444

3.2333
22221
1.111
a

won Iises stress

35
I31.111
27.222
- 23333

L 19444
15555

11.666

I 7774
3.8886
]

45/50



CE

Computation in Engineering Technische Universitat Minchen

Finite Cells in Biomechanics

D10 97.62 [ps Vsync ofT (966x9 16), RBGBBEAS _| RM (MS 1, Q0)
ro FX 5800
54.247025 y=77.410637 z=441.474091
0.196426 y=101.748215 7=436.875702

1}
HELEARVIEW] Position: x=3663838576640.000000 y=0.000000 z=474763439017995480000! .000000

vion Mises Stress h43

» ‘Mome: LY
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back to Isogeometric Analysis

Take the geometry from CAD
and directly compute on it

Figure 2.29  The bracket on the top is exactly and concisely represented by five simple NURBS patchy

(patch boundaries are shown in red. element boundaries in black). The patches match geometrically ar Figure 2.44 The control lattice for the pipe.

parametrically on the internal faces where they meet.

originally published in/by:
J. Austin Cottrell, Thomas J.R. Hughes, Y.
Bazilevs. Isogeometric Analysis. Wiley, 2008
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reconsider: topology in Isogeometric Analysis

what kind of topology are we provided with?

48/50
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Remarks on Isogeometric Analysis

Original idea of IGA: compute with what the CAD modeler provides

A CAD modeler does not think in elements: -
A CAD modeler:

draw volume draw cylinder trim volume at cylinder

the CAD modeler provides trimmed surfaces/volumes

-> We should compute with them!

one possible approach is IGA + FCM

Isotopological Analysis?

49/50
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topology/geometry in Isogeometric Analysis
(Rank, Kollmannsberger, Sorger, Duster, 2011)

NURBS model

a) FEM: generate and compute

b) IGA:

generate new
mesh and
compute:

alternatively:
convert mesh
and compute
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Vigoni project proposal

(Kollmannsberger, Reali, Auricchio, Rank 2011)

- compute on trimmed
surfaces

- enforce conformity across
trimmed patches in a weak
sense

51/50
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To mesh or not to mesh:
that is the question

Stefan Kollmannsberger
Computation in Engineering
Technische Universitat Munchen
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b) remarks to Isogeometric Analysis

-> in order to have to generate a mesh
one draws the (coarsest) mesh and refines it

issue 1: The geometry is the mesh is the discretization
“Analysis aware modeling”

E. Cohen, T. Martin, R.M. Kirby, T. Lyche, R.F. Riesenfeld: Analysis-aware
modeling: Understanding quality considerations in modeling for isogeometric

analysis, Comput. Methods Appl. Mechn. Engrg: 199:2010.
53/50



