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Context: modelling the musculoskeletal
system for orthopaedics applications

[Specific needs include assessing clinical parameters ]

~ Aims of FE simulations:

 Objective assessment
« Biomechanical (clinical) local parameters

Detailed model E= 4

— % E&& i
Y T T e
- Predictive (after validation!)
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Context: modelling the musculoskeletal
system for orthopaedics applications

[Muscles control the dynamic stability ]

N [Active muscle model ]
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Detailed model E

— Personalised
model

Qafon, 2010) /
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Context: modelling the musculoskeletal
system for orthopaedics applications

[Muscles control the dynamic stability ]

[ Active muscle model ]
[

Detailed model §

3D Muscles deformation/stress
effects

(Pospiech et al. 1999; Blemker et al. 2005; Stelletta et al., 2013 )

(Vasavada 1998; Lamouri 2013)

o o\
Complex geometrical interactions between
muscles and skeleton

e.g. transverse stiffening effects? (siever2014)

— Personalised
model




Context: modelling the musculoskeletal

system for orthopaedics applications

[Muscles control the dynamic stability ]

/

Detailed model K

muscle model

\
Active, 3D FE }
%

Context: modelling the musculoskeletal

system for orthopaedics applications

[Muscle interactions influence the required activation level ]

/ Semi-detailed
Rigid Body Model

Kinematics &
muscle activation

Detailed geometry
(medical imaging)

Motion analysis

Active & passive) Muscle forces

EDEsT Bone stress

Eequmodulus

T°-Mech. Coupling
Hill calibration

T 'i




Strategies for modelling FE muscles
(LS-Dyna)

[1D MODEL (Hill activation model) ] & B
(Mendes 2010) . -
Anchor plate 2 Mast
Muscie model
I - 343em iy == O @ = Ocg +0pg + Opg
(Mendes 2010): compared to analytical Hill model v
T g =i it
[ OMuscle = 01 + 0 + 03 Lo H
~J opg=D-r-é
normalized length 1/,
Very si_milar to RB MSK models such as (Karajan et al. 2013)
OpenSim, Anybody, etc...

Pros = FE 1D Hill models (Spring / Truss) seem to work
Link to physiology (EMG)

Cons = Requires stress/stretch ratio curves
Requires knowledge or calculation of activation
Works with a single element...
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Strategies for modelling FE muscles
(LS-Dyna)

[1D MODEL (Hill activation model) ]

Problem of deflecting forces: -
Via points in rigid body modeling > two approaches in FEM:
1. Contact guided cable
» Problem : non-smooth contact, non uniform axial forces
2. Pulleys for truss/beam elements l

e - - »
& ¥ A S

* (Karajan, Fressmann et al., 2013)

)
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Strategies for modelling FE muscles
(LS-Dyna)

[COMBINED 1D-3D APPROACH (Embedded Fibre Mesh) ]

*MAT_MUSCLE

Typical 1D elements (i.e. not LS-Dyna specific)
*MAT_SPRING_MUSCLE

= Need to be embedded in (if one wants to model
: a 3D matrix model volumic effects)

From VHD/

personalising We first need to Incompressible hyperelastic
toolbox create a 3D matrix  law (e.g. Ogden) to model the

(geometry + mesh) passive behaviour (Bosboom 2001))

Idea: Dissociate the modeling of the active (1D)
from the parallel passive (3D matrix) behaviour
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Strategies for modelling FE muscles
(LS-Dyna)

[COMBINED 1D-3D APPROACH (Embedded Fibre Mesh) ]

A single 1D-3D muscle
StyloHyoid

3D EXAMPLE Passive longitudinal traction + isometric contraction
" Target (Hill) v

Force (N)

Tendon .
Bone Muscle Muscle fibers = Time (5)

Hill model had to be scaled down
and tuned to account for n fibres

Active/passive not fully dissociated

G
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Strategies for modelling FE muscles
(LS-Dyna)

[COMBINED 1D-3D APPROACH (Embedded Fibre Mesh) ]

Some consequences: on the 3D geometry/mesh
Truss embedded in solid elements: node-to-node cohesion, i.e. matching mesh
» Need to orient the mesh with the fiber direction

* Hexa quality meshing is a challenge,
+ adding a direction constraint is a provocation ;0)
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Strategies for modelling FE muscles
(LS-Dyna)

[COMBINED 1D-3D APPROACH (Embedded Fibre Mesh) ]

Some consequences: on the 3D geometry/mesh

Truss embedded in solid elements: node-to-node cohesion, i.e. matching mesh

> Need to orient the mesh with the fiber direction
Hexa quality meshing is a challenge, -
adding a direction constraint is a provocation ;0)

B

> For automatic meshing, fibers will drive the
volumic mesh process

However subject-specific deformation would keep
this preferred orientation...
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Strategies for modelling FE muscles
(LS-Dyna)

[COMBINED 1D-3D APPROACH (Embedded Fibre Mesh) ]

Some consequences: on the 3D geometry/mesh

Truss embedded in solid elements: node-to-node cohesion, i.e. matching mesh

» Need to orient the mesh with the fiber direction
Hexa quality meshing is a challenge,
adding a direction constraint is a provocation ;0)

For automatic meshing, fibers will drive the
volumic mesh process

However subject-specific deformation would keep
this preferred orientation...
(Heidlauf et Rohrle, 2014)

148 ..

Uni- or multi- pennate muscle modeling remains a
complex issue

BoHNes Colloguium - Lyon, February 3-5 2016 — Bertrand Fréchéde & Yoann Lafon

Strategies for modelling FE muscles
(LS-Dyna)

[COMBINED 1D-3D APPROACH (Embedded Fibre Mesh) ]

Some consequences: on the 3D geometry/mesh

Not 1 but N elements
for a given fiber model

[l )

Each fiber elements ideally needs the same initial element length
(OR each fiber element requires a different Hill model)

Same issue applies if the muscle is deformed (e.g. subject-specific approach)

Important issue (sprenger et al. 2013) that can result in irrealistic
variations in the stress induced by the passive component
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Strategies for modelling FE muscles
(LS-Dyna)

[COMBINED 1D-3D APPROACH (‘Eree Mesh’)

To dissociate the truss/fibers from the solid muscle mesh

> Link the local force/moment information
* Spot Weld model:

* Rigid: needs matching nodes,
promotes hourglassing

» Contact: close to one of solid nodes, CPU &
» Deformable: no strain after rigid body rotation, no torsion

» ALE/Lagrangian coupling (concrete approach):
» *CONSTRAINED_LAGRANGE_IN_SOLID
* *CONSTRAINED_BEAM_IN_SOLID
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Strategies for modelling FE muscles
(LS-Dyna)

[SOLID APPROACH (Active-Solid Superelement) ]

Recent active anisotropic material models, integrating active & passive:

Heart tissue model and Soft tissue model with collagen fibers
¢ Formulation: Guccione et al.1991, Walker et al. 2005

* Hyperelastic and transversely anisotropic

» Passive and active fiber component

* Input: length-dependent Ca sensitivity, activation function

Continuum approach, more physiological
Pennation =local coordinates = coherent mesh
Distinction between passive and active force?
Stress distribution validation?

X XK OX <

Karajan, Fressmann et al., 2013
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Improving the contraction model

[COMBINED 1D-3D APPROACH (Thermo-mechanical approach) ]

+ Hexahedral elements (hyperelastic, incompressible)

» Requires Hill calibration (optimization procedure per activation level)

(Stelletta 2013)
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CA(2.25mm 100%) |
a=75%) .

| “ CA(8, a=50%) ~ \ CP(s)
inFror = £y

Vi

ERE
ACTyeyy 8 (mm)

BoHNesS Colloguium - Lyon, February 3-5 2016 — Bertrand Frécheoe-aoannaror

. : Behr, 2004
* Reinforced by beams on edges (for the fibers) Sold aloment
W//, Spring element
* Thermoelastic approach for the active part { i 1‘7
£= a.T(a) withT(a): T°atactivation level"a" AT, AU

CACR(5,a=100%)

Improving the contraction model

[COMBINED 1D-3D APPROACH (Thermomechanical approach) ]

Traction Contraction

¢ The muscle cross section evolution is coherent o
E 560
* muscle stress field < activation function shape g

Various activation patterns producing 30N, yielding in:  ** ,

0,2 Timel{g? 0,6 08 1

» various stress fields = various surface stiffness,
e various normal loading during muscle/muscle interaction

» various equivalent modulus of elasticity in muscles

Case 1 Case 2 Case 3 Case 4 Case s
100

=» Physiological distribution o Ctivation ?

50

067
. 0335
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(Stelletta 2013)

Activation Level (%)

Axial Stress (MPa)




Modelling a physiologically distributed

contraction of n muscles: forward approach

[Idea = use pre-defined activation patterns ]

Muscles contribution to unloading of the spine in axial tension
(Direct activation pattern)

. . _ 1200 N
With muscle activation the load to injury of the CS 00

is estimated to be more than 2 times (4000 N)

bigger than without activation (1800 N) (chancey 2003;
Mertz 2003)
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Modelling a physiologically distributed
contraction of n muscles: forward approach

[Idea = use pre-defined activation patterns ]

Muscles contribution to unloading of the spine in axial tension
(Direct activation pattern) Without activation

Validation modele global
Tmez 0

Max force within the spine = 410N
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Modelling a physiologically distributed

contraction of n muscles: forward approach

[Idea = use pre-defined activation patterns ]

Muscles contribution to unloading of the spine in axial tension
(Direct activation pattern) With activation (global; 40%) (chancey 2003)

Validation modele global
Tme= 0

Max force within the spine = 170N
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é Shows significant effect of muscleson |\ .
intersegmental loads !
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Modelling a physiologically distributed .
contraction of n muscles: forward approach

[Idea = use physiological, task-related activation patterns ]

Simulation of experimental Boundary Conditions (BC)

50 N
EMG RB model
Ol
BC: Iy
0 180° --
(Siegmund 2007)
270° SCM

Evaluate task-related activation
level for available experimental
data (main muscles)

(Vasavada 1998; Lamouri g
& Fréchéde 2013)
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Modelling a physiologically distributed

BOHMNES

contraction of n muscles: forward approach

[Summary | Take-home messages ]

» Simulations performed in isometric and controlled (e.g. symmetry)
Boundary Conditions

» Does not work (yet!) in e.g. isokinetic conditions (different models =
different dynamic equilibriums) + can’t control dynamic equilibrium
conditions through forward activation (see Yoann)

* Numerous FE numerical issues (soft tissue deformation / 1D-3D
interaction)

+ Contacts extremely cumbersome to handle + > CPU 8-10 hrs MPI

* FE Muscle topic hot! Solutions become available (eg. 1D and 3D meshes
linked through BCs)

* Some interesting qualitative results so far!

)
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Modelling a physiologically distributed
contraction of n muscles: co-simulation

[Influence of muscle interactions in muscle force production ]

1. Multi rigid body model = kinematics & activation level at 2 stages

« Grand Challenge Competition to predict in vivo knee loads » (**)

Loading Response

activation 3

(Dumas et al. 2012)

2. Joint angle kinematics & activation > FEM Model

3. Muscle force evaluation, with vs. without muscle interaction” =\
£ @)

s\
(**) F. Moissenet, L. Chéze et R. Dumas, 2014
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Modelling a physiologically distributed
contraction: co-simulation approach

[Influence of muscle interactions in muscle force production ]

1. Without contact: FEM muscle forces = Multi Rigid Body muscle forces
2. Large interpenetration without contact [with contacts] [without contact]
> Via points in MRB models? g

3. Interactions increase muscle forces
- decrease the required activation level

Muscle Force from FEM
with contact / without contact

3% ageN
20% 125N
Lo l 29N 105N

o ™ m B
-10% G_min Sart S| b RF V_int
-20%
-30%
-40%
-50% 63N
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Modelling a physiologically distributed
contraction: co-simulation approach

[Summary ]

Interactions between muscles modify the activation level CE

» To take into account in the optimization process <

TEC B PEE

Active/passive contribution: stress stiffening
in FEM, the active part influences the passive behavior
» New definition of the Hill model

Skin and fascia contribution?
To maintain the coherence of structures

Muscle interactions:
 Sliding contact = normal loading = and transverse loading? (ct. Siebert et al. 2014)
* Between muscles, fat or collagen arrangement = continuous mesh
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Modelling the interactions with the skeleton®

[Muscle forces and joint loading on bones, example]

F hip : 1160N \ % Loading
Bone surface Muscle surface 100%
’
A}
! K, Kr
F medial :
Muscle forces el
SF
sV
r’ C,Cr g F lateral f T K
. 420N a 0,025s 0,03s

Frnge Levels
25000001
22800001 :'
20000001
17500001 _
15010001 _
12510001
10010001 11

75000000
0116500 Eq. .Stress —
2512000 Von Mises (MPa) ey
1345002 ] ()
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=
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* Such models are significantly influenced by both intrinsic and extrinsic
factors

» Sensitivity analyses required for numerical verification (viceconti 2004)

» Subject-specific modeling strategy
» geometry of muscles, fiber field computation, solid mesh

* In-vivo validation data is needed
» Validation protocols

» Data on active muscles: EMG, Tissue Velocity Imaging
(Doppler Echo, Speckle tracking, MRI T2 relaxation)?

+ Additional structures to model (fascia, aponeurosis, interstitial parts)

* Further progress on co-simulation MRB < FEM

7~
\Q)
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