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10:35am	
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  17,	
  1903
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Wilbur and Orville Wright



On	
  Dec	
  14	
  Wilbur	
  won	
  
the	
  coin	
  toss,	
  made	
  the	
  
first	
  aUempt	
  and	
  stalled	
  

Orville	
  made	
  the	
  first	
  
flight	
  on	
  Dec.	
  17	
  

12	
  seconds	
  &	
  120	
  X
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Wilbur and Orville Wright



20,000	
  years
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Aircraft safety



[1959-­‐2001]	
  1,307	
  
commercial	
  jet	
  aircraX	
  
losses
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Worldwide statistics

Today:	
  	
  
1	
  accident	
  per	
  
1,000,000	
  
departures	
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Accident rates and fatalities/year
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Accident rates and fatalities/year
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Learning from intuition & theory 

Franklin Institute Science Museum. Wilbur Wright's handwriting



Increased	
  prac*cal	
  
understanding	
  of	
  
mechanics	
  —	
  in	
  par*cular	
  
fracture	
  and	
  fa*gue
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Learning from experience 

Aloha airlines accident - fatigue cracks at corners

Bird strikes

Novel convertible aircraft



The	
  Liberty	
  Ships
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Learning from experience



At	
  low	
  temperatures,	
  
steel	
  becomes	
  more	
  
briUle	
  

!

!
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Learning from experience

!

!

!

!

!

!

Welds	
  are	
  not	
  good	
  crack	
  arrestors	
  

!
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The	
  liberty	
  bell	
  
(Philadelphia)	
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Learning from experience



The	
  liberty	
  bell	
  
(Philadelphia)	
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Learning from experience
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Learning from experiments

Replica of the 1901 Wright Wind Tunnel!
(constructed with assistance from Orville 
Wright)

World’s largest wind tunnel (2014)!
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teaching…



Introduc*on	
  of	
  
composite	
  materials	
  
have	
  reduced	
  the	
  
weight	
  of	
  structures	
  by	
  
20%	
  

!

Over	
  1,000km	
  saving	
  
of	
  8,660kg	
  of	
  fuel	
    
[A340-­‐300]
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New materials for more payload
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Material complexity

0.125 mm

50 mm

100 plies

courtesy: EADS



• Heterogeneous	
  &	
  mul*-­‐
func*onal	
  

• Experiments	
  required	
  to	
  aUain	
  
sufficient	
  confidence	
  in	
  their	
  
behavior	
  are	
  increasingly	
  costly	
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Material complexity

0.125 mm

100 plies

courtesy: EADS



• Heterogeneous	
  &	
  mul*-­‐
func*onal	
  

• Experiments	
  required	
  to	
  aUain	
  
sufficient	
  confidence	
  in	
  their	
  
behavior	
  are	
  increasingly	
  costly	
  

• 	
  Factor-­‐of-­‐Safety	
  or	
  
probabilis*c	
  based	
  methods	
  
cannot	
  handle	
  unknown	
  
unknowns
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Material complexity

0.125 mm

100 plies

courtesy: EADS

• Lack	
  of	
  similitude	
  
between	
  tes*ng	
  
(experimental)	
  and	
  
opera*ng	
  condi*ons	
  
—	
  also	
  encountered	
  
in	
  geophysics…



• Heterogeneous	
  &	
  mul*-­‐
func*onal	
  

• Experiments	
  required	
  to	
  aUain	
  
sufficient	
  confidence	
  in	
  their	
  
behavior	
  are	
  increasingly	
  costly	
  

• 	
  Factor-­‐of-­‐Safety	
  or	
  
probabilis*c	
  based	
  methods	
  
cannot	
  handle	
  unknown	
  
unknowns	
  -­‐	
  lack	
  of	
  similitude
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Material complexity

0.125 mm

100 plies

courtesy: EADS

• Move	
  away	
  from	
  
heuris.cs	
  and	
  experience-­‐
based	
  engineering	
  

• Develop	
  fundamental	
  
understanding	
  of	
  physical	
  
processes	
  (degrada*on,	
  …)	
  

• Reduce	
  weight
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Increase	
  product	
  durability?

Virtual	
  model  
of	
  the	
  device

Virtual	
  tes*ng	
  &	
  Simula*on

Analysis  
of	
  the	
  results

product-­‐specific
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Buy	
  or	
  sell?

Mathema*cal	
  model	
  +	
  ini*al	
  condi*ons

t

V(t)

Real-­‐*me	
  future	
  op*on	
  pricing

Iden*fy 
behaviour	
  

market-­‐specific



26

Devise	
  effec.ve	
  deep	
  brain	
  s.mula.on	
  
-­‐ reach	
  the	
  target	
  area	
  
-­‐ maintain	
  contact	
  with	
  the	
  electrode

Model	
  of	
  the	
   
brain	
  material

Predict	
  electrode	
  behaviour

Electrode	
  separates 
from	
  target

pa*ent-­‐specific
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Luxembourg	
  
Research	
  Centres

SnT FSTC

UL	
  Faculty	
  Science	
  
LCSB

Iden.fica.on	
  of	
  Phenomena

Model	
  Genesis	
  &	
  Evolu.on

Model	
  Proper.es

Model	
  Analysis

Data	
  Analysis	
  (inc.	
  Big	
  Data)

Model	
  Evalua.on	
  &	
  
Comprehension

Industry

CRP	
  Lippmann CRP	
  Tudor

Industry
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Luxembourg	
  
Research	
  Centres

SnT FSTC

UL	
  Faculty	
  Science	
  
LCSB

Iden.fica.on	
  of	
  Phenomena

Model	
  Genesis	
  &	
  Evolu.on

Model	
  Proper.es

Model	
  Analysis

Data	
  Analysis	
  (inc.	
  Big	
  Data)

Model	
  Evalua.on	
  &	
  
Comprehension

Industry

CRP	
  Lippmann CRP	
  Tudor
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New kinds of experiments for new kinds of models

[Allix, Kerfriden, Gosselet 2010]
Discretise

0.125 mm

50 mm

100 plies

courtesy: EADS

Kerfriden, Allix, Gosselet, Bordas et al, 2009, 2010, 2011, 2012, 2013, 2014
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A bolted joint



Large	
  structures	
  

Small	
  features	
  

Very	
  large	
  problems
31

A380 giant 79.8m
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Model reduction - physics-based (1)

Open	
  problem:	
  adap*ve	
  error	
  controlled	
  algorithms	
  for	
  model	
  and	
  
discre*za*on	
  error.	
  Use	
  the	
  right	
  model	
  at	
  the	
  right	
  place/*me.
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Model reduction  - algebraic (2)

Open	
  problem:	
  algebraic	
  model	
  reduc*on	
  for	
  non-­‐linear	
  problems	
  with	
  
localisa*on	
  -­‐	
  fracture,	
  moving	
  interfaces



Actual	
  aircraH

34

NASA’s digital twin

Digital	
  aircraH	
  model	
  

Cer*fica*on	
  and	
  
design	
  methods

High	
  fidelity	
  modeling	
  
and	
  simula*on

Situa*on	
  awarenessLife	
  predic*on	
  and	
  
extension
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The	
  average	
  drug	
  
developed	
  by	
  a	
  major	
  
pharmaceu*cal	
  
company	
  costs	
  at	
  least	
  
$4	
  billion,	
  and	
  it	
  can	
  be	
  
as	
  much	
  as	
  $11	
  billion.

MechanicsMedicine

The	
  development	
  cost	
  
of	
  the	
  A380	
  	
  

11	
  billion	
  euros…	
  

!

of	
  the	
  dreamliner…	
  	
  

32	
  billion	
  US$



Macro	
  (wing)	
  -­‐	
  Micro	
  
(carbon	
  fibres)	
  

Environmental	
  effects	
  
(Temperature,	
  
irradia*on…)
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Mechanics Medicine

Macro	
  (Body,	
  
Physiology)	
  to	
  micro	
  
(microbes,	
  needle/
scalpel…)	
  

Pa*ent’s	
  environment,	
  
living	
  condi*ons,	
  
habits…	
  

Organ	
  proper*es	
  
depend	
  strongly	
  on	
  age,	
  
gender,	
  …



Clean	
  hands	
  before	
  
assis*ng	
  childbirth	
  to	
  
avoid	
  infec*ons	
  

37

Medicine Mechanics

Use	
  rivets	
  to	
  arrest	
  cracks	
  
Avoid	
  sharp	
  angles

In	
  1847	
  in	
  Vienna,	
  Ignaz	
  Semmelweis	
  
(1818–1865)	
  marginalized	
  and	
  
aMacked	
  by	
  professional	
  peers

Liberty	
  ships,	
  Aloha	
  airlines	
  accident…

“Digital	
  Twin”	
  (NASA)“Digital	
  Twin”	
  (Medic)

Personalisation
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Patient/plane-specific simulation
Prac.cal	
  early-­‐stage	
  design	
  simula.ons	
  (interac.ve)

[Allix, Kerfriden, Gosselet 2010]
Discretise

0.125 mm

50 mm

100 plies

courtesy: EADS

‣Reduce the problem size while controlling the error (in QoI) when solving very 
large (multiscale) mechanics problems  

Discretise

Surgical	
  simula.on	
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Surgical simulation

SimLearning AssistancePlanning
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[Courtecuisse	
  et	
  al.,	
  MICCAI,	
  2013	
  
and	
  Medical	
  Image	
  Analysis,	
  2014]	
  

!

First	
  implicit,	
  interac.ve	
  method	
   
for	
  cuMng	
  with	
  contact	
  

Abdominal	
  minimally	
  invasive	
  
surgery	
  simula.on	
  (Inria,	
  

Shacra)	
  

Cataract	
  Surgery	
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Interactive simulations
Interactive*Simulations

Deforma3on

Collision*detec3on

Contact*resolu3on

Rendering

User*ac3on

! Interactive*simulation*:

1. Fast*computation
2. Human*interaction

! Several*steps*:
! Computation*of*the*deformation
! Collision*detection
! Contact*resolution
! Rendering*of*the*simulation

! All*must*be*done*25**times*per*second

! Human*interaction*:
! Use*stable*algorithms
! Unpredictable*motion
! Haptic*device



	
   Difficult	
  to	
  increase	
  
the	
  frequency	
  of	
  
processors	
  

	
   Heat	
  dissipa*on	
  

	
   Electric	
  consump*on	
  

	
   Paralleliza*on	
  of	
  
algorithms

41

Computational issues
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Surgical simulation
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!

First	
  implicit,	
  interac.ve	
  method	
   
for	
  cuMng	
  with	
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surgery	
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Cataract	
  Surgery	
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Surgical simulation
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First	
  implicit,	
  interac.ve	
  method	
   
for	
  cuMng	
  with	
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surgery	
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Abdominal	
  minimally	
  invasive	
  
surgery	
  simula.on	
  (Inria,	
  Shacra)	
  



Deep-­‐brain	
  s*mula*on

46

…not exactly brain surgery

Brain	
  tumor	
  resec*on

[Courtecuisse	
  et	
  al.,	
  MICCAI,	
  2013	
  and	
  Medical	
  Image	
  
Analysis,	
  2014]	
  

!
Co*n	
  et	
  al.,	
  2013,	
  2014	
  

!
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…not exactly brain surgery

Deep-­‐brain	
  s*mula*on



Deep-­‐brain	
  s*mula*on

48

…not exactly brain surgery

Brain	
  tumor	
  resec*on

[Courtecuisse	
  et	
  al.,	
  MICCAI,	
  2013	
  and	
  Medical	
  Image	
  
Analysis,	
  2014]	
  

!
Co*n	
  et	
  al.,	
  2013,	
  2014	
  

!
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Tumour resection



enriched  
zone

offline	
  calcula*ons online	
  calcula.ons

instrument	
  ac*ons

generate	
  par.cular	
  solu.ons sort	
  the	
  
solu.ons	
  
(surgeon)	
  
!
!
!
!
!
pa*ent-­‐specific	
  
mapping

~10^3	
  	
  
snapshots

POD	
  

O(10)	
  fonc.ons

small	
  
reduced	
  
order	
  space	
  !

Global	
  POD	
  
approxima*on

Local	
  (FE)

Local	
  (FE)

~10^6	
  
snapshots

!
enrichment	
  for	
  *p	
  of	
  the	
  

cut
r

u

compute	
  asympto*c	
  fields	
  

local	
  
representa*on



51

A few other directions for mechanics in medicine

J. R. Soc. Interface 2014 11, 20140301, published 28 May 2014



Organs-on-chip

52

Grand Challenge: Organs-on-a-chip 
A Digital-Human-Twin
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Multi-disciplinary modelling

bio-compatible 
materials

micro-fluidics/cell 
interaction 
modelling software 

controllers

influx

sensing

scale?

organ coupling 
and control

surface functionalisation 

adapted from Wyss institute, Harvard

manufacturing
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Other directions for mechanics in medicine

J. R. Soc. Interface 2014 11, 20140301, published 28 May 2014
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Other directions for mechanics in medicine

J. R. Soc. Interface 2014 11, 20140301, published 28 May 2014

Op#mal	
  anatomy	
  
mathema*cal,	
  mul*-­‐
scale	
  homogeniza*on	
  
theory	
  to	
  predict	
  the	
  
characteris*cs	
  of	
  
body	
  parts,	
  as	
  they	
  
are	
  most	
  likely	
  to	
  
emerge	
  in	
  the	
  course	
  
of	
  evolu*onary	
  
selec*on.
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Other directions for mechanics in medicine

J. R. Soc. Interface 2014 11, 20140301, published 28 May 2014

Op#mal	
  anatomy	
  
mathema*cal,	
  mul*-­‐
scale	
  homogeniza*on	
  
theory	
  to	
  predict	
  the	
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  of	
  
body	
  parts,	
  as	
  they	
  
are	
  most	
  likely	
  to	
  
emerge	
  in	
  the	
  course	
  
of	
  evolu*onary	
  
selec*on.



57

Other directions for mechanics in medicine

J. R. Soc. Interface 2014 11, 20140301, published 28 May 2014

Op#mal	
  anatomy	
  
mathema*cal,	
  mul*-­‐
scale	
  homogeniza*on	
  
theory	
  to	
  predict	
  the	
  
characteris*cs	
  of	
  
body	
  parts,	
  as	
  they	
  
are	
  most	
  likely	
  to	
  
emerge	
  in	
  the	
  course	
  
of	
  evolu*onary	
  
selec*on.



• Medicine	
  will	
  rely	
  increasingly	
  on	
  modeling	
  and	
  simula#on	
  

• understanding	
  of	
  physiological	
  mechanisms	
  and	
  evolu*on	
  

• pa*ent-­‐specific	
  drug	
  design	
  

• pa*ent-­‐specific	
  surgical	
  opera*ons
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not exactly brain surgery…

… medical twinning



• Mechanics	
  will	
  rely	
  increasingly	
  on	
  modeling	
  and	
  simula#on	
  
to	
  design,	
  control,	
  cer#fy	
  increasingly	
  complex	
  systems	
  

• mul*scale	
  and	
  mul*physics	
  phenomena	
  -­‐	
  fracture,	
  …	
  

• self-­‐aware	
  self-­‐healing/monitoring	
  structures	
  

• simula*ons	
  will	
  have	
  to	
  be	
  able	
  to	
  deal	
  with	
  the	
  actual	
  
environment	
  and	
  opera*ng	
  condi*ons	
  

• real-­‐*me	
  simula*ons	
  will	
  help	
  gain	
  insight	
  into	
  non-­‐
intui*ve	
  phenomena	
  (composites,	
  nano-­‐scale…)
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…and perhaps not rocket science



• Predic#ve	
  models	
  	
  

• mul*scale	
  and	
  mul*physics	
  	
  

• adap*ve	
  -­‐	
  focusing	
  effort	
  only	
  where	
  required	
  

• model	
  reduc*on	
  -­‐	
  algebraic	
  and	
  physics-­‐based	
  

• able	
  to	
  learn	
  from	
  real-­‐*me	
  data

60

… but will require

… mechanical twinning



Gracias por su atención 
Merci de votre attention 

Thank you for your attention 
Danke für Ihre Aufmerksamkeit  
Gracie per la vostra attenzione
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  +352	
  621	
  131	
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Summary of our lab’s work (1)
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Summary of our lab’s work (2)



65

Summary of our lab’s work (3)
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Summary of our lab’s work (4)
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Summary of our lab’s work (5)



Micro-­‐fluidics

68

Luxembourg 
Centre for 

Computational 
Modelling and 

Simulation

New	
  
Markets

New	
  
Research  
Direc*ons

Organs-­‐on-­‐chips

Delphi

IEE

Exis*ng	
  
Luxembourg	
  
Industry

Disease	
  and	
  
treatment	
  
modelling

Micro-­‐fabrica#on

Decrease	
  amount	
  
of	
  animal	
  

experiments

Op*mal	
  design	
  
of	
  experiments

Advanced	
  
func#onal	
  
materials Increase	
  reliability	
  

of	
  experiments

3D	
  prin*ng

Rapid	
  
prototyping

Sensing

Biochips

Dupont

HPC

Organ	
  model	
  
and	
  

simula#on
Reliability	
  of	
  
simula*ons

Sensi*vity	
  and	
  
stochas#c	
  
analysis

Pharma Research	
  groups

Mul*-­‐scale/
physics	
  modelling

Model	
  order	
  
reduc*on	
  and	
  

machine	
  learning	
  

Immunology

Toxicology

Control

Self-­‐diagnos*cs

Training	
  
and	
  

Educa*on

Pilot	
  Unit
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Modelling 
& 

Simulation 

Materials

Health

Complex 
 systems 

Model reduction

Multi-scale

Life Sciences

Engineering

Computer 
Science

Mathematics Physics

Geometry

Statistical  
Physics 

Solid State Physics
Geophysics

Genetics

Multi-Physics

Interactive 
Simulation

Computer 
Graphics

Uncertainty
Imaging

Machine  
Learning

Data 
Mining

Financial 
Mathematics

Stochastic PDEs

Soft-matter 
Physics

Other approach to ERA 
Chairs based on reinforcing 
Core Competencies

Quantum Physics

Quantum  
Computing

Mechanics

Civil Engineering
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Model reduction Life Sciences

Engineering

Computer 
Science

Mathematics Physics

Geometry

Statistical  
Physics 

Solid State Physics
Geophysics

Genetics

Computer 
Graphics

Uncertainty
Imaging

Machine  
Learning

Data 
Mining

Financial 
Mathematics

Multi-scale

Multi-Physics

Interactive 
Simulation

Stochastic PDEs
Soft-matter 
Physics

Modelling & 
Simulation

Other approach to ERA 
Chairs based on reinforcing 
Core Competencies

ERA

ERA

ERA

ERA

ERA



Scientific challenges
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micro-fluidics

software  
controllers

sensing

real-time (big) data 
analysis 

functional 
surfaces

optimal design 
of experiments 

machine 
learning 

durability 

manufacturing

Engineering

Physics

Mathematics Computer 
Science

Materials 
Science

interfaces

multi-scale/
physics simulation

active bio- 
compatible 

materials CRP	
  Lippmann

uncertainty

Biomedicine

3D cell 
culture

cell 
differentiation

disease


