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« GAMMFA CSE - Simulation Technology = Showcase Applications
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International Association of Applied Mathematics
and Mechanics (GAMM)

= Objectives

* Promotes the scientific development in all areas of applied
E=y— mathematics and mechanics
= Constitutes Activity Groups for future-oriented fields in applied

Exemplary mathematics and mechanics
Applications

* Foundation of Activity Groups

* Proposal by GAMM members
= Decision by the Executive and Managing Board of the GAMM

= Duration and Procedure

= Runningtime: 5 + (2 x 3) = 11 years (max.)
= Annual reports (publishedin GAMM-Rundbrief)
= 2 evaluations by the Executive and Managing Board of the GAMM
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GAMM Activity Group:
Computational Science and Engineering (CSE)

= Aims and scopes

GAMM & : N o
EA CSE = Topic caused some controversial discussions in the GAMM boards

E=y— = CSE is a very broad topic and, thus, seems to encompass the
Technology whole GAMM with all its members

ik = CSE (as a part of Simulation Technology) as a third column
Applications (“dritte S&ule”) of science (in addition to theory and experiment)

= CSE as a rapidly emerging field of research seems to be not
adequately represented within the German science community yet

» |ssues under discussion

= Settle the position of the activity group CSE within the GAMM
= Constitution of the activity group CSE itself

(membership, general assembly, elections, activities, etc.)
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Simulation Technology: Motivation & Recognition

= Simulation Technology involves ...

v *... challenges in multi-scale, multi-physics Simulation - Based

. N : . . Engineering Science

modelling, model validation and verification, :

Shendi handling large data, visualisation, and CSE.” T e

FA CSE 3
v “... a further challenge is the education of
Technology the next generation of engineers and scientists T

in the theory and practices of SBES.”

Simulation

Exemplary

Applications

= Recognition by the World Technology Evaluation Center

Simulation-Based Engineering and Science 2009: oLl

< N %

v ... pockets of excellence exist in Europe and Asia “?ﬁ;-*.--ﬁf“
G‘:"F.r.u.ﬂ i

that are more advancedthan US groups, and

Europe is leading in training the next generation NIST i )

of engineering simulation experts.” s
I, .

v "... examples of pockets of excellence in engineering %@q (e

simulation include ... the University of Stuttgart.” Oy
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SimTech and the Integrative Systems Science

* To combine a wide range of scientific disciplines into an
interdisciplinary effort to address new problem classes
which cannot be dealt with otherwise

= To integrate disciplinary methods into a new context
giving rise to entirely new solution strategies
ey » To form a new scientific field by establishing a core of know
how, a pool of technigues, a terminology, ... and a curriculum
| = To reach out from the virtual world (models and simulation)
to the real world (society, economy, environment, ...)

to an

i Integrative Systems Science /
5
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SimTech Visions —in 2007

From Empirical Material
Description towards

GAMM & Computational Material Design
FA CSE B

-' Towards Integrative Virtual
Jechinatogy Prototyping

Exemplary
Applications

Towards Interactive
Environmental Engineering

From Classical Biology to
Systems Biology

From Biomechanics towards
the Overall Human Model
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SimTech Visions — from 2012 on

From Empirical Material
Description towards
Computational Material Design

Sistion
Tec%ﬁlugy

Towards Integrative Virtual
Prototyping

Towards Interactive
Environmental Engineering

Towards an Integrated
Overall Human Model

Beyond a Simulation Cyber
Infrastructure
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Research Areas (RA)

= Qur disciplinary core competences

Molecular and Particle Advanced Mechanics of Multi-
Simulations scale and Multi-field Problems
Analysis, Design and Numerical and Computational
Optimisation of Systems Mathematics

Integrated Data Management Hybrid High-performance Com-
and Interactive Visualisation puting Systems and Simulation

Software Engineering

Integrative Platform of Reflection
and Contextualisation
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Towards an Integrated
Overall Human Model

= Essential Research Areas:

GAMM & Wolfgang Ehlers Oliver Réhrle

FA CSE / B
Sitnuldtion Molecular and Particle Simulations ~ Advanced Mechanics of Multi-scale
Technology and Multi-field Problems

Exemplary
Applications

(C - Analysis, Design and Optimisation of [) Numerical and Computational
Systems Mathematics
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Integrated Overall Human Model

( body ) Discrete Biomechanics:

g’g?@ = Sports and movement science

= Multi-body Systems, Robotics, etc.

GAMM & \9 w ¥ _ _ _
FA CSE (oman ) Continuum Biomechanics:

= Solid Mechanics

Fluid Mechanics
Fluid-Structure Interaction
Theory of Porous Media
Multi-phase Flow

= Multi-component Transport

Simulation
Technology
Exemplary
Applications

Systems Biology:
= Chemical Reaction Kinetics
= Signal Transduction Pathways
= Heterogeneous Cell Populations
= Statistical Methods

S

F %
|' molecules |

Molecular Biology, Biochemistry:
[ " J = Molecular Dynamics

* Phenomics, Genomics
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Integrated Overall Human Model

* From isolated numerical approaches to an integrative systems science

) £

_"\-\.\
molecules |

GAMM & 4 tissue

FA CSE
Simulation
Technology
Exemplary
Applications

cells

. 4

length scales span over 10 orders of magnitude

< >

time scales span over 15 orders of magnitude

Biomechanics Systems Biology
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Integrated Overall Human Model

GAMM &
FA GSE

Simulation
Technology
Exemplary
Applications

Integrative Overall i =
Human Model y

/molecules [ cells ‘

Yy — 0

= The Integrative Overall Human Model is a toolbox of multi-
physical models ranging from the molecular to the full body scale.
It provides bridging information on the coupled driving quantities to
- generate a custom model for a specific application.
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bridge from the continuum

multi-physical muscle

Integrated Overall Human Model

= Multi-scale simulation of the dynamic loads on the lumbar spine

macrosale

hemegenmed medel

concept of valume fractions
"
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Integrated Overall Human Model

= Multi-scale simulation of the dynamic loads on the lumbar spine

? Il\

application of dynamic loading conditions

to recover local stresses and strains
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molecules

= Show Case: human brain

addressing coupled biomechanical problems that span from the organ
over the tissue to the cellular scale.
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blood vessel grey matter
cell bodies  axone synapse s gystem
. g ' 3 white
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[http:/ /brata.com]

grey matter  white matter
[Prometheus: Lernatlas der Anatomie] [£lokovic & Apuzzo 1998] [Lippert: Lehrbuch Anatomie]

= Macroscopic modelling of the multi-component and multi-physical
human brain tissue for clinical studies
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Innovative Treatment Options for Brain Tumours

= Conventional treatment
Complete removal of the tumour, combined with radiotherapy/chemotherapy
» highly invasive and often insufficient (regrow)

= |Intra-vascular medication

= Distribution by the blood circulation
= Large therapeutic macro-molecules
cannot pass the blood-brain barrier (BBB)

small gaps, only
micro-malecules can

pass (e.qg. oxygen)

to the brain
. ‘Etnthe body
= Extra-vascular medication
(a) implantation of release systems — diffusion-driven distribution
(b) intracerebral infusion — distribution by diffusion and convection

" |
= 3 -, _
e EEEE . M as ama

(LN} ) 10kl ] I-Il\. 5 i .l_'_? R
distanca [m]

» intracerebral infusion promises an effective distribution of molecules

» efficient treatment impossible

large molecules
(usually bad) e

concentration [c/cy]
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Convection-Enhanced Drug Delivery (CED)

Continuous slow infusion of a dilute drug
solution into the nervous brain tissue (extra-

vascular space) via infusion catheters - catheter
— bypassing the BBB 74 7?\

Drug dispersion within the brain’s extra- {;" tumour _J;[ A
cellular space is due to diffusion and | ‘.\jf
convection, mainly driven by pressure J\ \ peritumoural

gradients and chemical effects '@R"’ edema

Spreading is influenced by anatomical
boundaries, white-matter alignment, L
deformation and the application dose \“‘;ﬁa&
Deep penetration of large compounds is A
possible and a selective targeting can be

realised

Established by researchers from the US National Institutes of Health in the
early 1990s [Bobo et al. 1994]

Despite tumour treatment, new treatment options arise for epilepsy, stroke
and Parkinson’s disease
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Fundamentals of the Theory of Porous Media
[Bowen 1980, Lewis & Schrefler 1998, Ehlers 1989, 1993, 2002, 2009]

= Homogenisation of human brain tissue

macroscale

GAMM & .
FA CSE Representative
. Elementary Volume (REV) Macrozt:ﬁplc muilti- phﬁsm }
Simulation . 2 modelling approac
| A Q) (= 5
Technology 215900 ek 5 .{.f{ - ’

vascular system 1 (f

’ 1
Exemplary A i
Applications interstitial fluid — S O \
. (with therapeutic solutes) E C,r_ﬁ luﬂ:..
[Thaenpson 2003]
of the underlying microscale

concept of volume fractions

= Ternary model for drug infusion studies

= Hyperelastic solid skeleton ;:JH (tissue cells and vascular walls)

= Two mobile pore-liquid constituents (blood " and interstitial fluid ')

= Qverall interstitial fluid ;p" as a real mixture of two components:
Liquid solvent p and dissolved therapeutic solute a,.»”
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Balance Relations for the Drug-Infusion Model

= Concentration balance of the therapeutic agent
I,

m

» MB of the therapeutic agent i expressed in ¢

GAMM & 0 = (nfcPYe + n'c? div (ug)y + div (n'c? wp)
FA CSE

Smutsbon * Volume balance of the overall interstitial fluid ;

. . /
Technology » MB of the liquid solvent ©” with n” ~ n! and x; ~ X;

Exemplary

Applications 0=(n")s +n' div(ug)y + div(n'wy)

= Volume balance of the blood plasma

0= (n")s +n"div(us)y + div(n"wp)

= Momentum balance of the overall aggregate
> summation of all particular MMB of the constituents
T = T°+T°4+T°

O0=divT + pb, where ;
elog { p = nSpSR 4 nBpBR 4 plplR

Primary variables of initial-boundary value problems: ug, p??, p'#.

“n
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Constitutive Settings

= Evaluation of the entropy principle
[Bowen 1980, Ehlers 1993, 2002, 2009]

GAMM & * Helmholtz free energies: ° = ¢°(Fs), ¥® = ¥%(s?), ] =¢j(c)

FA CSE

S—— = Overall Cauchy stress
Simulation

. _ p = sP p”H o s‘rp”? . pore pressure
: T = T?'im‘.(:h — pI ) Wlth B i .
Exemplary S Tr~0,Tp~0 :liquid extra stresses
Applications
= Hyperelastic brain’s solid skeleton MEX ey
[Eipper 1998, Markert et al. 2005, Karajan 2009] %/
S 5 7-1 OW® S s 45 //(
Tf':lllm'.!l, = ""TS Fs 9C q F."}' = TF.-‘. iso T Tf':.nn.rlxﬂ ¢~ ' fibres
S
S s S s2_ L 1
Tﬁ. iso — B (BH g I} 5 }"!} (1 = nﬂ.‘j') ( g e B )I
h Js 1 —ngs Js—ngg
nhere T-‘; _ ﬂ’{: ( (HS ah' )"jsx'f 2 1) (a.‘a' ® a.‘a")
E. aniso — : }H (EIH' ElH)



b SI mTech . = R - Institut fiir Mechanik

. i Universitat Stuttgart . de 75
I ——— - S o Vil T " ~INg. 'IJ'J':;EI‘_II i
o TR Chister of Excellonce T amy CGatmany ST Pr‘?;f%w-wf

* Pore-liquid seepage velocities

K™ I} IR
- ) i
n'wy = —— [gradp'” — p'"g]
Pf-
| KSB pBR _ IR
GAMM & nPwp = ——— [grad pBF — pPlg + = grad s” ]
L S

FA CSE

——— Separated pore spaces — different (anisotropic) initial permeabilities K*¢
SlmMuEton

Technology

= Pore-diffusion velocity of the therapeutic agent
Exemplary

Applications n! gfj dp; = — D" grad r:f;: . where D" is the diffusivity tensor

» Determination of volume fractions

L= n"+nf+n=1 where

» additional constitutive equation

B B

= Constant blood volume fraction: n” = ﬂ[’f_;; =005 »nf=1-n"— Nog

= Pressure-saturation relation — partitioning via pressure difference
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Inclusion of Anisotropic Tissue Properties

= Diffusion Tensor Imaging (DTI)

= In vivo diffusion-weighted images
= Measurement of the restricted motion of

GAMM &

EA CSE water molecules in biological tissue
: ! = Extended scans are sufficient to compute
Simulation th F-diffusi
chmlony e self-diffusion tensor
: [http:/ /tonp.wayne sdus/ressarch/faclitiea phyl
Exemplary = Medical imaging techniques
Applications : 5 i g . :

; = Microstructural characteristics = |dentification of white-matter fibres
= Diffusion tensor as ellipsoid = Corresponding eigenvector of the
= White matter, grey matter or largest eigenvalue provides the fibre

cerebrospinal fluid direction

axon terminal

i % ' \ ﬂ? %i cell body %
T T 'i_ .\-,«\/-\____,«-" r«’;,

W&W preferred flow
.l/" L

&m direction
& nucleus  myelinated axon

L1k}

[bttp:/ fwrwrw. biomed ee ethe ch/regearch/ hicimaging /brain]
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* Apparent water-diffusion tensor at each evaluated voxel

11 I 11 1 |
11 12 13 1 awid 0 0
1 — 1] Il 1 s a0l 1 Il
avd = | Dby Dy Dy e @ e = U Yoawd U m; @ m;
1 Il 11 ” {} a J1
31 32 33 13 awd

GAMM &
FA CSE

Simulation
Technology

; ol _ DU Tiawd o s Thawd
Exemplary 1";. DL‘I.u — 0 o ' f',-‘K-'g'{-li = Ng =n !
Applications - fawd 05 lawd

' DY, K& :reference values
where < |

= Estimation of corresponding permeability characteristics
[Basseret al. 1994, Tuch et al. 2001, Linninger 2008]

Basic assumption: same set of eigenvectors

1 o

Vi : mean of eigenvalues

= Specific tissue characteristics

= Effective diffusion tensor DE'“

of the therapeutic agent

= |ntrinsic permeability tensor K
of the interstitial fluid

= Fibre direction af;" " (eigenvector

STa
s

Df the |EFQESt Efgen\fﬂme) OTldata by courtesy of G. Kindimann and A. Alexander [www sci.utah edu/~gk/DTl-data
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Numerical Implementation
[Sandhu & Wilson 1969, Ellsiepen 1999]

= Weak formulations of governing balance equations

GAMM &

Gueldug, ug, Iﬂ””, ‘ri’l By = .[T -orad dugde — 1 pb-dugde — [:_[;_]'l dugda =0
FA CSE " v 8

0

gw-”[dp“‘. ug, ptft) = /J;f:” [(n®)stn® div (ug)] de — [H‘EW‘{-:_‘,I'H[l{ﬂJthl?‘ + /-f"fpi“rf‘iwf -ndu=10
. F . \_ﬂ

Simulation
Technology

iy
ik

e
it

e S
| + o .
g.il:_-r '-'ﬂ”:'rrr‘ r"rr| H L] “fdh i

e,
I
d

Exemplary
Applications

0

0 £
e E'l
ug, p'f) = [ﬁc” [(n!cl), +u’r“rh-'m.wJ?c]*""/”If'ian-mmlﬁcif dr-—/ar-fj-”f,_,-f;w”,n da=10
0 i-.I.'J

= Mixed finite element formulation

= Simultaneously approximation of all primary unknowns

= Quadratic approximation of the solid displacement and linear
approximations for the pore-liquid pressures and the
therapeutic agent concentration (uppc-formulation),
LBB condition is fulfilled

= Type of mixed finite elements (MFEM) is known as extended
Taylor-Hood elements, fully integrated with 27 Gauss points :

= Temporal discretisation with an implicit Euler time-integration ug, o, o
scheme
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Simulation of CED: human brain slice

catheter position Inhomogeneous and anisotropic material parameters

8101

I D . 1

v, {Hm -s]' 'r

spatially fixed e “ Gy :ﬁ

Gani = (us=0) & ilke 0 g
FA CSE o s D
Py W 3 [ .

| T =

Simulation NYm o IR ;‘:.L 7 B
i i L W S o A oo

Technﬂmq region of interest \ D| | . | | R, B
Y {RDI} ﬂll‘:l __a }& i 5] rﬂ;ﬂ T el

Exemplary
volume fraction interstitial fluid

Applications
application rate solution “ﬁ“ﬁ
r v =3.33-1077 [m*/m?s] -
; —- 9 A ) 1 H'-H:
interstitial (=@ =25 [r”I{/”“"])
fluid excess cf), = 3.7-107* [mol/1] "
pressure 3
100 I
C 0
therapeutic N :;
agent 25
distribution 0 l
26 2= 2 hours ~ 12 hours =~ 1 day == 2 days ~ 3days  (osarniimbnitetint

www.gat —pandas.com
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Simulation of CED: human brain hemisphere

= Mesh & boundary conditions = Inhomogeneous parameters

GAMM &
FA CSE
Simulation
Technology
Exemplary A - .
Pl Ny = Distribution of therapeutlo agents
= 7462 elements, 37224 dof / ‘
= Brain cortex fixed, efflux permitted - =
/_ ] . ] . \\ www.get—pandas. com
Solution influx (application dose) hﬁh

o' =8.33-107% [m®/m?]
(= @ = 0.3 [ml/h])

Concentration at the catheter tip

concentration ¢

kr[,m 3.7 - 1073 [mol/]] )

27 coronal section sagittal seotton
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= Show Case: bone remodelling process addressing coupled
biomechanical and systems-biological problems that span from the
organ over the tissue to the cellular scale.
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Simulation of a Bone Remodelling Process

= Systems-biological model:

model input; nutrient supply, mechanical stimulus
model output: bone matrix turnover, nutrient evolution

GAMM &
FA CSE

= Continuum-biomechanical model:
model input: bone density, nutrient consumption
model output: nutrient diffusion, mechanical stimulus

Simulation
Technology

Exemplary
Applications

Systems- biological cell interaction madel
T,

|nmrfe %_l_

pre-Osteoblasts
H

F_r'_'_"'_ﬁ,-—-ﬁ

" Ostecblasts  ~

Osteaclasts B

—

Osteocytes

29 volume fraction of the bone matrix
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Simulation Technology with Application to
Biomechanical Problems

Wolfgang Ehlers
Institute of Applied Mechanics (CE) Stuttgart Research Centre for
Seibils University of Stuttgart Simulation Technology
Sanlation www.mechbau. uni-stuttgart.de/1s2 www.simtech.uni-stuttgart.de
Technology

T = Summary
Applications CSE within GAMM

Simulation Technology
* Generating an unique research and education infrastructure

= Link to simulation-relevant areas by selected researchers

= Establishing a transdisciplinary working research community
Showcase Applications

= Lumbar spine, Human brain tissue, Bone remodelling process

= Future Aspects
= Vision of an integrative systems science



