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Caro#d'Artery'Sten#ng'(CAS)'

Filter'

Stent'being'

released'

Plaque'

Catheter'

Plaque'

Stent'

Benefits'

• ''MinimallyHinvasive'approach'

• ''Reduced'hospitaliza#on'costs''

Issues'

• ''Predic#on'of'longHterm'performance'

• ''Influence'of'stent'design'



(a) (c) (b) 

Minimize'the'plaque'prolapse'

(Vessel'scaffolding)'

Prolapse'imaging[Tearney''2012']'

The'importance'of'stent'design'

Guarantee'sufficient'flexibility''
for'a'safe'deployment'

(a) (c) (b) Tortuous'vessel'in'elder'pa#ent'

Provide'sufficient'radial'strength'to'
minimize'the'elas#c'recoil'

inHstent'restenosis'[Chakhtoura'2001]''(a) (c) (b) 

:'Closed'cell'stent'

Lower'free'cell'area'

Less'flexible'

High'radial'strength'

:'Open'cell'

Higher'free'cell'area'

More'flexible'

Low'radial'strength' A:'closedHcell;'B:'openHcell'[Eskandari,'2010,'JEVT]'

A'

B'



(a) (c) (b) 
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MüllerHHülsbeck'[2009]' MüllerHHülsbeck'[2009]' Duerig'[2002]'

Modern'computa#onal'methods'(#pically'based'on'FEA)'make'possible'to'test'

different'combina#ons'of'materials,'geometries'and'working'condi#ons'prior'to'

prototype'manufacturing'or'when'the'tradi#onal'experimental'approach'is'too'

expensive'or'difficult'to'implement'

Con#'[2010]' Grogan'[2012]' 'Lally'[2006]'

Experimental'vs.'Numerical'approach'

PREDICTIVE'MEDICINE'

'Con#'[2011]'



Caro#d'artery'stent'FEA'simula#ons'

STENT'MESH'

GENERATION'

BCS'AND'MODEL'NON'

LINEARITIES'MODELING'

FEA'SIMULATION'SHAPE'MEMORY'ALLOY'(SMA)'

CONSTITUTIVE'MODELING'



Caro#d'artery'stent'FEA'simula#ons'

STENT'MESH'

GENERATION'

BCS'AND'MODEL'NON'

LINEARITIES'MODELING'

FEA'SIMULATION'

Is'there'sAll'room'for'improvements?'

• ''Meshing'process'can'be'expensive'

• ''Geometric'representa#on'is'not'exact'

• ''Refinement'needs'new'meshing'process'

• ''LowHorder,'lowHcon#nuity'elements'can'

have'problems'in'dealing'with'model'non'

lineari#es,'e.g.,'contact'or'buckling.'

SHAPE'MEMORY'ALLOY'(SMA)'

CONSTITUTIVE'MODELING'



CostHeffec#ve'alterna#ve'to'standard'FE'analysis'

(based,'e.g.,'on'NURBS),'including(FEA(as(a(special(case,(
but'offering'other'possibili#es:'

 'precise(and(efficient(geometric'modeling;'

 (superior(approxima#on'proper#es;''

 'simplified(mesh'refinement;'

Non'uniform'ra#onal'BHsplines'(NURBS)'basis'func#ons'

Proper#es'

•  NonHnega#vity'

•  Par##on'of'unity'

•  CpHm'con#nuity''

Idea'(Hughes'et'al.'2005)'

Extract'geometry'file'from'commercial'CAD'modeling'sofware'and'use'it'directly'in'
commercial'FEA'sofware'(TO'AVOID'MESHING'PROCESS)''

Isogeometric'Analysis'(IgA)'

Isogeometric'analysis'



Caro#d'artery'stent'IGA'simula#ons'

SHAPE'MEMORY'ALLOY'(SMA)'

CONSTITUTIVE'MODELING'

STENT'MESH'

GENERATION'

BCS'AND'MODEL'NON'

LINEARITIES'MODELING'

IGA'SIMULATION'

• ''No'meshing'process'is'necessary'

• ''Geometric'representa#on'is'exact'

• ''Efficient'refinement'preserving'geometry'

• ''HighHorder,'high'con#nuity'elements'can'

improve'the'reproduc#on'of'non'linear'

phenomena'

YES,'THERE'IS'STILL'ROOM'FOR'IMPROVEMENT!'



Ul#mate'goal:'provide'a'set'of'IgA'based'numerical'tools'to'efficiently'evaluate'

the'principal'features'of'different'SMA'selfHexpanding'caro#d'artery'stents.'

Study'0:''development'and'tes#ng'of'a'set'of'reliable'cons#tute'models'to'predict'

the'non'linear,'inelas#c'shape'memory'alloys'behavior'

Study'1:'FEA'simula#ons'for'the'evalua#on'of'caro#d'stent'scaffolding''

Study'2:''set'up'of'a'novel'framework'based'on'IgA'to'inves#gate'the'caro#d'stent'
flexibility'and'to'compare'the'numerical'performance'with'respect'to'FEA'

Study'3:'extension'of'the'proposed'IgA'framework'to'include'fric#onless'contact'

modeling'

Aim'of'the'doctoral'research'



Study'0'

Shape'memory'alloys'cons#tu#ve'modeling'

Work'derived'from'a'collabora#on'with'FEOPS'(Gent'University,'Belgium)'

Outline'



Shape'memory'alloys:'pseudoelas#c'effect'

Mechanical'recovery'(pseudoelas#city)'

The'majority'of'caro#d'artery'stents'are'made'of'NiTiNOL,'the'most'employed'

shape'memory'alloy'(SMA)'for'engineering'applica#ons.''
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Mo#va#on'

In'the'last'years'SMA'have'been'deeply'inves#gated'from'the'point'of'view'of'modeling,'
analysis,'and'computaAon'

Issues:'

• ''Complex'material'behavior'

• ''Numerical'treatment'of'nonHsmooth'problems'

Objec#ve'

• ''Present'the'structure'of'two'SMA'cons#tu#ve'models'inves#gated'during'the'doctoral'

research'

• ''Calibrate'the'models'star#ng'from'experimental'data'

• ''Inves#gate'the'behavior'of'both'models'with'simple'benchmarks'and'real'life'FEA'test''

Shape'memory'alloys'cons#tu#ve'modeling'



Souza'model'[Souza'et'al.'1998,'Auricchio'and'Petrini,'2004]''STUDY'2'STUDY'3'

Control'variables:'strain'ε,'temperature'T'

Internal'variables:'transforma#on'strain'etr'

Thermodynamic'poten#al:'addi#ve'decomposi#on'+'Helmhotz'free'energy'

Large'deformaAon'–'Small'strain'regime'

ImplementaAon:'ABAQUS'UMAT'–'FEAP'UMAT'

AuricchioHTaylor'model'[Auricchio'and'Taylor'1997,'Lubliner'and'Auricchio,'1996]'STUDY'1'

Developed'within'the'generalized'plas#city'framework'

Control'variables:'strain'ε,'temperature'T'

Internal'variables:'transforma#on'strain'εtr,'single'variant'martensite'volume'frac#on'ξ
S
''

Thermodynamic'poten#al:'mul#plica#ve'decomposi#on'+'quadra#c'elas#c'free'energy'func#on'

Large'deformaAon'–'Large'strain'regime'

ImplementaAon:'ABAQUS'BUILT:IN'MATERIAL'

Shape'memory'alloys'cons#tu#ve'modeling'



Experimental'data'[Sioner'et'al.,'2009]' Calibra#on'approach'[Auricchio'et'al.,'2009]'

Pseudoelas#c'test'

Model'calibra#on'



Pseudoelas#c'spring'

Numerical'examples'

Stent'crush'

Souza'model' Auricchio'model'

S
tr
e
s
s
'[
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a
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Strain'

F
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e
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N
]'

Displacement'[mm]'
:'Both'models'are'efficient'and'robusts'to'

reproduce'real'life'SMA'simulaAons'



Study'1'

Vessel'scaffolding'evalua#on'for'caro#d'artery'

stents:'a'FEAHbased'approach'

Evalua#on'of'caro#d'stent'scaffolding'through'pa#entHspecific'finite'element'

analysis'Interna8onal(journal(for(numerical(methods(in(biomedical(engineering(
28(10),'2012'

Outline'



Stent'scaffolding'evalua#on:'a'FEAHbased'approach'

Mo#va#on'

Scaffolding:'stent'capability'to'support'the'vessel'wall'afer'sten#ng'

Evalua#on'techniques:'

  Largest'fioedHin'circle''
 '''Cell'area'measure''

 '''Prolapse'index'''

Objec#ve'

Pa#entHSpecific'FEA'of'stent'deployment'and'semiHautoma#c'cell'area'measure'

Model'A:'Open'cell'

Model'B:'Closed'cell'

Model'C:'Open'cell'

Model'D:'Hybrid'design''

ISSUES'

Free'expanded'configura#on'only'

Planar'projec#on'

MüllerHHülsbeck'[2009]' Capelli'[2009]'



Computa#onal'framework'

VESSEL'MODEL' STENT'MODEL' PATIENT'SPECIFIC'FEA' CELL'SURFACE'

CELL'AREA'

MEASURE'

Element:'C3D10M'

Material:'Hyperelas#c''



Computa#onal'framework'

VESSEL'MODEL' STENT'MODEL' PATIENT'SPECIFIC'FEA' CELL'SURFACE'

CELL'AREA'

MEASURE'

Element:'C3D8R'

Material:'Auricchio'model'



Computa#onal'framework'

VESSEL'MODEL' STENT'MODEL' PATIENT'SPECIFIC'FEA' CELL'SURFACE'

CELL'AREA'

MEASURE'

 ''QuasiHsta#c'analysis'(Abaqus/
Explicit)'

 ''Large'deforma#ons'and'contact'

Two'steps'simula#on:'

H'crimping'

H'releasing'



Computa#onal'framework'

VESSEL'MODEL' STENT'MODEL' PATIENT'SPECIFIC'FEA' CELL'SURFACE'

CELL'AREA'

MEASURE'

''Cell'area'

iden#fica#on'

Delaunay'

triangula#on'

Target'surface'crea#on'



Stent'

segment'

Model'

[mm2]'

MüllerHHülsbeck'et'al.,'2009'

Proximal
1'

15.8'±'0.1'' 13.5'

Proximal
2'

16.3'±'0.24''

Bifurca#on
1
' 3.4'±'0.12'' 3.3'

Bifurca#on
2'

3.3'±'0.1''

Distal
1'

11.7'±'0.1'' 12.4'

Distal
2'

11.0'±'0.1''

 ''Experimental'data'coming'from'the'work'of'MüllerHHülsbeck'

Valida#on'step'(Model'D)'

Results'

Numerical'and'experimental'

results'are'in'good'agreement'



Results'

H TRADITIONAL'TECHNIQUES'ARE'VALUABLE'TOOL'TO'EVALUATE'SCAFFOLDING'
H 'PATIENT:SPECIFIC'FEA'CAN'HELP'TO'PROVIDE'ADDITIONAL'INFORMATION'TO'

CLINICIANS'AND'MANUFACTURERS''



Study'2'

Stent'bending'modeling:''

a'comparison'between'FEA'and'IgA''

Collabora#on'with'Prof.'Robert'L.'Taylor,'University'of'California'Berkeley'

Innova#ve'and'efficient'stent'flexibility'simula#ons'based'on'isogeometric'analysis,'

Submi>ed(to(Computer(Methods(in(Applied(Mechanics(and(Engineering'

Outline'



Objec#ve'

 ''Establish'a'novel,'fast'and'accurate'computa#onal'framework,'based'on'IgA,'to'

evaluate'the'flexibility'performance'of'endovascular'stents'

 ''Compare'FEA'and'IgA'performance'on'stent'bending'analysis'

Experimental'benchmark:'

Can#lever'beam'test'(MüllerHHülsbeck'et'al.,'2009).'

Stent'bending:'a'comparison'between'FEA'and'IgA'



MICROHCT' PLANAR'CAD' 3D'IgA' DETAIL'

Stent'geometric'modeling'

Note:'for'closedHcell'stent'bending,'buckling'is'expected'to'be'an'important'issue'
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 'FEAP:'Finite'Element'Analysis'Program'

 'Primarily'for'research'&'educa#onal'

 'Based'on'the'Finite'Element'Method'

 'FEAP'Isogeometric'package'for'NURBS'blocks'or'THsplines'

• 'Geometric'linear'and'nonHlinear'problems'

• 'Sta#c'and'transient'analysis'
• 'Solid'(displacement'based'and'mixed)'+'shell'(Kiendl'et'al.'2009)''

• 'Linear'and'nonHlinear'cons#tu#ve'models'(Souza'model'UMAT).'

• '8'hHrefined(FEA'meshes'and'4'kBrefined(IgA'meshes'

Souza'et'al.,'1998.'

Analysis'setup'



Design:'open'cell'

Deforma#on'paoern:'smooth'

Material:'SMA'

•  'IgA'presents'an'average'gain'of'over'one'order'of'magnitude'in'DOF'number'with'respect''to'FEA'

•  'The'coarsest'IgA'mesh'(directly'from'CAD,'no'refinement)'has'beoer'behavior'than'finest'FEA'

Results:'Model'A'



Design:'closed'cell'

Deforma#on'paoern:'buckling'

Material:'SMA'

• ''IgA'presents'the'same'deformaAon'paZern'for'all'considered'refinements'

• 'FEA'up'to'FH5'presents'only'one'stage'of'local'buckling,'FH6'recovers'the'Iga'deforma#on'paoern''

Results:'Model'B'



Results:'Model'B'

FEAH8'[10'M'DOFs]'

IGAH1'[325'K'DOFs]'

FEA'does'not'catch'the'correct'physical'behavior'unless'very%fine%
meshes%are%used!'



Results:'Computa#onal'#mes'

4'#mes'slower'despite'8'processors'versus'1!'

9'#mes'slower!'

H IgA'IS'FASTER,'MORE'ACCURATE'AND'MORE'EFFICIENT'THAN'LINEAR'FEA''
H TO'REPRODUCE'COMPLEX'STENT'BENDING'BEHAVIOR'



Study'3'

IgAHbased'contact'mechanics:'

from'basics'to'real'life'applica#ons'

Collabora#on'with'Prof.'Robert'L.'Taylor,'University'of'California'Berkeley'

'and'Prof.'Laura'de'Lorenzis,'Braunschweig'University'

xs

xm

SLAVE

MASTER

g

Outline'



From'NodeHtoHsegment'to'KnotHtoHsegment'(KTS)'

FEA:'NodeHtoHsegment'approach'

• 'NonHexact'surface'descrip#on'

• 'NonHsmooth'basis'func#ons'

• 'Colloca#on'of'the'contact'constraint'at'nodal'points''

IgA:'KnotHtoHsegment'approach'

• 'Exact'surface'descrip#on'

• 'Smooth'basis'func#ons'

• 'Colloca#on'of'the'contact'constraint'not'at'nodal'
points,'i.e.'gauss'points'on'contact'facets'

xs

xm

SLAVE

MASTER

g

xs

xm

SLAVE

MASTER

g



• '3D'KTS'NURBS'driver'

• 'Gauss'Point'(slave)'to'segment'(Master)'contact'

• 'Fric#onless'

• 'Constraint'imposi#on:'Penalty'method' Search'

Projec#on'

Slave'Gauss'point'

Contact'Pair'

Residual'and'

S#ffness''

Assembly'

Compute'

interpolated'Stress'

Slave'facet'

Slave'surface'

Loop'over'facet'number'

Loop'over'gauss'points'

σy'distribu#on'on'hertzian'contact''''''''''''''''''''

[De'Lorenzis'2011]'

Contact'element'06'(De'Lorenzis'et'al.'2011)'



Slave'Gauss'point'

Assembly'

Compute'

interpolated'Stress'

Slave'facet'

Slave'surface'

Loop'over'facet'number'

Loop'over'gauss'points'

AddHons'

Search'

Projec#on'

Residual'and'

S#ffness''

Contact'Pair'

MASTER
MASTER

SLAVE SLAVE

xs

xs

xm1

xm2

xm2
xm1

(a) (b)

KnotHtoHedge'excep#on'(Pimienta'et'al.,'2009)'

x

s

SLAVE

MASTER

xm2
xm1



Search'

Projec#on'

Slave'Gauss'point'

Assembly'

Compute'

interpolated'Stress'

Slave'facet'

Slave'surface'

Loop'over'facet'number'

Loop'over'gauss'points'

AddHons'

Residual'and'

S#ffness''

Contact'Pair'

€ 

Cc
P = k⋅ g⋅

Γc

∫ δgdA

€ 

Cc
P =

(λ + k⋅ g)δgdA
Γc

∫
λ NEW = λ OLD + k⋅ gNEW

' 
( 
) 

* ) 

From'penalty'

To'Uszawa'algorithm'

K=(Penalty(parameter(

g=(gap(

λ=(Lagrange(mul8plier(

Uszawa'algorithm'



• 'CubeHCube'NURBS'contact'test'

• 'Displacement'controlled'

• 'Benchmark'test'proposed'by'the'developers'

Model IgA FEA

Avg iteration number/step 2 2

Gap magnitude [mm] 10

�5
10

�5

CPU time [s] 0.56 0.34

Numerical'examples'

• 'CylinderHCylinder'NURBS'contact'test'

• 'Displacement'controlled'

Model Penalty Uszawa

Avg iteration number/step 3 7

Gap magnitude [mm] 10

�5
10

�9

CPU time [s] 33.16 73.64



Stent'crimping'

Toward'real'life'applica#ons'

CPU'TIME'<'2'min'!'

Stent'ring'implant'(simplified'vessel)'

Details'

• 'Stenosis'degree:'20'%'

• 'Vessel'model:'Neohookean'

• 'Stent'model:'Souza'model'



Stent'ring'implant'(simplified'vessel)'

Toward'real'life'applica#ons'

The'obtained'results'confirm'the'

results'obtained'by''

Auricchio'et'al.'CMES,'2010'



• ''Stent'ring'implant'(pa#ent'specific'model)'

On'going'developments'



 ''The'present'doctoral'research'demostrated'the'capability'of'inBsilico(models'

to'predict'different''complex'behaviors'of'endovascular'stents,'that'can'have'

clinical'relevance'into'determining'the'outcomes'of'the'CAS'procedure(

 'Study'1:''the'results'confirmed'the'capability'of'dedicated'FEA'simula#ons'to'

provide'useful'informa#on'about'complex'stent'features.''

 'Study'2:'this'work'demonstrated'that'novel'IgA'allows'to'get''
beoer'approxima#on'of'the'solu#on'with'a'widely'reduced'number'of'DOF'

with'respect'to'tradi#onal'FEA''

 ''Study'3:'the'results'coming'from'the'IgAHbased'contact'simula#ons'

represent'a'promising'basis'for'further'inves#ga#ons'and'clinicalHrelevant'

simula#ons.'

Final'remarks'



Final'remarks'

Future'developments'

H ''IgA'computa#onal'efficiency:'

H 'IgA'FEAP'parallel'implementa#on;''

H 'AdHhoc'numerical'quadrature,'solvers'etc.'

H ''Advanced'NURBS'mesh'genera#on:''

H ''Trimmed'NURBS'management;'

H ''THsplines,'LR'BHsplines,'Hierarchical'BHsplines'

H''From'research'to'industrial'design/'clinical'reality'

(a) (b) (c) 

(a) 
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