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Musculoskeletal conditions

WHO (February 2021);

* Approximately 1.71 billion people have musculoskeletal
conditions worldwide.

 Musculoskeletal conditions are the leading contributor
to disability worldwide

Musculoskeletal conditions include:

e (Osteoarthritis
» Osteoporosis, osteopenia and associated fragility
fractures, traumatic fractures ot soft and hard tissues
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250'000 ACL injuries occur in Mortality rate is 20% within
the USA annually. 1 year.



How can mechanical aspects be considered in medicine?
1) Diagnostic
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1) Diagnostic

How can mechanical aspects be considered in medicine?

The cartilage aging process weakens its mechanical properties
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Relation of Young's Modulus to ICRS Grade
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ICRS Grade
ICRS grading based on the Outerbridge score®
Grade Property
1 Superficial lesions, fissures and cracks, soft
indentation
2 Fraying, lesions extending down to <50%
of cartilage depth
3 Partial loss of cartilage thickness, cartilage
defects extending down >50% of cartilage depth
as well as down to calcified layer
4 Complete loss of cartilage thickness, bone only




How can mechanical aspects be considered in medicine?
2) Therapeutics

e prevention of fracture (car accident, sport traumatology, ...)
 Implant design (orthopedic, cardiac valves, ...)
e tissue differentiation
* physical medicine
e prevention of disease (0steoporosis)
 drug adelivery
 muscle biomechanics
* prain model (damage)
* fISsue engineering
» stiffness of matrice affects cell behavior
* functional tissue engineering + permeabillity
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Biological tissues are stressed and deformed when
a force or moment is applied

Newton equations of moton ~ mad = ), F** lo = ), ngt

Continuum mechanics concepts should be considered



Basic concepts of continuum mechanics

e Conservation laws
* [Inear momentum
e angular momentum
* Mass
* energy
e entropy Inequality



The mathematical “nature” of a stress
and a strain IS a second order tensor
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Conservation of the linear momentum
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Conservation of the angular momentum:
graphical interpretation

The satisfaction of the angular conservation momentum imposes:
=0
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Conservation of the angular momentum
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Conservation of the
angular momentum (math development)
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Conservation of the
angular momentum (math development)
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Conservation of the
angular momentum (math development)
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Biological tissues are stressed and deformed when a
force or moment is applied

l’
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Newtor equations of motion ma = ) F&*t
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One important aspect of biomechanics is then to
characterise tissues through constitutive laws

dv
= div o + pb

Pt

0 =0(&E &, ...)

| Linear |
~

Elasticity -> 0 = o(¢g)

Non-linear

20



Biomechanics at the tissue level

i) Continuum mechanics (conservation laws)

ii) Constitutive laws (linear, )
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Hooke’s Law in | D
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E:Young’s modulus
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Hooke law in 3D (symmetries of the stiffness tensor C)

General linear relationship between the stress and the strain (81 parameters)

Oii = Cijkl €k

Symmetry of the stress and corresponding strain tensors (36 parameters)

Cijkl -> CaB
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Matrix notation of Hooke’s law (Voigt notation)

T11 01 €11 €1

099 09 €99 €9
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23 04 €923 €4

J13 05 2€13 €5

0'12- _0'6 2619_ _66_

Cllll C1122 61133 C1123 61131 61112 Cll C12 Cl3 Cl4 C15 Cl6
C2211 C2222 C2233 C2223 C2231 62212 CZI CZZ C23 C24 CZS C26
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Hooke law in 3D (symmetries of the stiffness tensor C)

Stress derived from a strain energy function U (21 parameters)
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Hooke law in 3D (material symmetry)

Orthotropic Transversely isotropic Isotropic

(3 plans) (1 direction perpendicular to a plan) (no symmetry)
Compact Medial
bone (\Gastrocnemius

Nucleus
pulposus

S/

Lateral :
Gastrocnhemius

Achilles' tendon

Calcaneus

© 1998 Nucleus Communications, Inc. - Atlanta
wWw'w.nucleusinc com

€3
A Axis of Transverse Isotropy
(Principle Direction of

26



Hooke law in 3D (material symmetry)

Isotropic material -> isotropic stiffness tensor (2 parameters):

Ciiki = AQijOki + U(OikOjl + Oiljk) o Kroneckersymbo

A and u are 2 scalars called Lameé constants

01 A+ 2u A A 0 0 O7ré
03 A A+ 2u A 0 0 Of]&
a3l _| A A A+2u 0 0 Of]é&3
04 0 0 0 L o O}]|é&
O 0 0 0 0 u Offes
o 0 0 0 0 0 wullé
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Tensorial formulation for linear elastic
isotropic material

O = A(tr&)l+ 2ue

tr€ = €)1+ €t £33

| : tensor identity

' link with “usual” E (Young’s modulus)
O33 = E€337

28



Hooke law in 3D (material symmetry -> isotropy)

&1 1 —V —U 0 0 0 04
Er —U 1 —U 0 0 0 0,
e -v —v 1 0 0 0 O3
= YE[0 0 0 2004v) o 0 ||a
€x 0 0 0 0 2(1 +v) 0 s
E 0 0 0 0 0 2(1 +v)llog

Tensorial formulation > & = 1/E (o — vltr(o)l — 0'])
VOigt notation (3) -> 83 — 1/E [0-3 — U(O-l + 0-2)]

Index notation (33) -> &33 = 1/E [033 — U(Gll T 022)]

29



Relation between the different isotropic
elastic linear parameters
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Relation between the different isotropic elastic linear parameters
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Hooke law in 3D (material symmetry)

Transverse isotropy
(1 direction perpendicular to a plan)

Medial
\Gastroc nemius
L };/ Nucleus
Lateral , | l pUIpOSUS
Gastrocnemius |

Achilles' tendon

\3@ Calcaneus

© 1998 Nucleus Communications, Inc. - Atlanta
www.nucleusinc com

€3
A Axis of Transverse Isotropy
(Principle Direction of
Muscle Fibers)

N |

| Muscle Fibers
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Hooke law in 3D (material symmetries ->
transversely isotropic)

Material symmetry (anisotropy e.g transverse isotropy -> 5 parameters)

1 T
£ E, E, E, 0 0 0 o,
e, vp 1 —ve 0 ( 0 7,
. Ep Ep B 0 0 0 5
|l=e e L 1 o Q >
E4 — 04
€ P Ep E¢ th i O .
85 0 0 0 0 G ’ 1+vy, 0.5
6 0 0 O o o0 Ep | ©

0 0 0

Ep, Vp: Young modulus and Poisson ratio in the plane of isotropy
Et, vi: Young modulus and Poisson ratio in the transverse direction (axis of symmetry)
Gip: shear modulus in the plane of isotropy
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Material symmetries of different tissues

i) Isotropic -> cartilage !
ii) Transverse isotropic -> ligament, tendon, bone!

iii) Orthotropic -> bone!
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Material symmetries of different tissues

| Femur
Kneecap | (thigh bone)
(patella)—__ /" _
t
-
| /
\"1 ..l.’

|

Fibula : Tibia

(shin bone)

sagittal view tendon force
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One important aspect of biomechanics is then to
characterize tissues through constitutive laws

dv
= div o + pb

Pt

0 =0(&E &, ...)
Linear
e
B

Elasticity -> 0 = o(¢g)
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The compressive behaviour of the meniscus samples depend on
their location and deformation

" —— 3
7=\ Central Region | ™

» Data
Curve Fit
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source: Helena and Hull, JOR, 2008



As well, the ligaments which work under traction, show a non-
linear tensile behaviour

Elastic
modulus \

Stress (MPa)
-
O
|

20 —
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http://www.biochemj.org/bj/361/0689/

Soft tissues biomechanics represent a challenge as these
tissues have usually a non-linear mechanical behaviour

As a background, ACL rupture is frequent in the young and active population
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The choice of the treatment is not clearly defined

Rupture of the ACL

* Knee 1nstability
e [Loss of sensorial role

If not treated Treated
Arthrosis Stability restored

v

Inconsistant results

(?)

Arthrosis
40




There are several surgical approaches for the treatment

Tech wiqu&s

* Over-the-top, Macintosh
. simpte (a), double (b)
e Standard, artlnrosaopg

lllustration I 12: Visualisation des tunnels et des fixations d'une reconstruction a double faisceau obtenues a
partir de résultats de tomographie 3D. (a) vue postérieure (b) vue sagittale (c) vue dans le plan transversal.
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The type of grafts and the rehabilitation programs are also
diverse

M L
211N
TYype of grafts A
* Auto, allo or artificial grafts Tendon graft

is harvested

e Patellar temdon, semi-tendinous from the —ly

patellar tendon TR

Tendon
graft

*ADAM.

rehabilitation

* RapLa mobititgj, rest
e Partial, complete moloLLLtg
* Use of brace, tape
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A biomechanical description of the ligament is then useful
for divers reasons

® Mechanical role of the ligament

® Kinematics of the knee

® Global model of the knee

® [Improvement of surgical technique

® [nput for a biological description
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We want to perform mechanical tests on a ligament to
obtain a “stress-strain’’ curve
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We first have to evaluate the parameters which may
influence the stress-strain curves

- age

+ Sex

- temperature
hydration

- conservation mode

- orlentation

EM image highlighting
the importance of the specimen
orientation before performing
a biomechanical test
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Stress-strain curves are experimentally obtained

Stress

Strain
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Experimental stress-strain curve of a human ACL
specimen

ACLH2

o)

Stress [MPa]
OV I~

N

0.15

Strain
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ldentification theory-experiment

1) Linear elasticity

2) Non-linear elasticity => 0 = O-(E)

1) Linear elasticity

| Elastic modulus: one figure
— EXxperiment

9]
% P (Young modulus)
5 =« Theory 4
“/2 d
’
'e'\ Humwman PCL:
Q
4 * Butler, 1986: 345 + 107 MPa
o’ * RAacE, 1994: 248 = 119 MPa

& Strain
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The linear elastic description is restrictive

Stress [MPa]

Strain

CUYVE 1 # cUuyrve 2

Patellar tendon
Young modulus

Dog Human
360 MPa 337 MPa
(Burks, 1990) (Flahiff, 1994)

Young modulus 1 = Young modulus 2
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The non-linear elastic description allows to describe the
entire stress-strain curve

2) Non-linear elasticity

Elastic modulus:
— Experiment mathematical fuwatiow
=~ Theory

Stress

Strain
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The stress-strain curve is described
through an exponential function

Stress [MPa]

oy ~

N

- o=0.33 [MPa]
B =225

ACLH2

: B. Ploletti, Burop ) Mechanics, 2000
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Biomechanical aspects are involved in most
musculoskeletal conaitions

Viscoelasticity
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Mechanical
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Traction tests performed at different strain rates highlight the
viscoelastic behaviour of the ligament

1) Linear elasticity Not enough to explain the
2) Non-linear elasticity observed ligament rupture

3) Non-linear Viscoelasticity

o 12mm/s
O 9mm/s
X  6emm/s
A 0.3mm/s

0 0.05 0.1 0.15
Strain
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The viscous part is determined on the curves
obtained at different strain rates

. ACLH2
4

‘©

= 3

@

3 2

= j’oc 0.33 [MPa]

1 ,9‘#\ p=2025
A N = 46.88 [MPas]

0 0.05 0.1 0.15
Strain
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Soft tissues biomechanics represent a challenge as these
tissues have usually a non-linear mechanical behaviour

As a background, ACL rupture is frequent in the young and active population
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Once the rupture of the ligament is confirmed, it may
be necessary to repair it

-> ligamentoplasty

One-bundle Double-bundle
graft graft
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The surgery can be performed in an
arthroscopic approach
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To evaluate the outcome of a complicated
biomechanical situation, a numerical analysis is often
used

59



How do we evaluate the success of a ligamentoplasty
in general and in particular from a biomechanical point
of view?

tHealthspot, ne
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Finite Element Analysis

> steps are necessary

|. Geometry (obtained by MRI or CT)
2. Constitutive laws (mechanical behaviour)
3. Boundary conditions (force or displacement)

4. Meshing

5. Resolution of conservation laws (numerical solver)

-> evaluation of the outcome chosen parameter (in
our case, the contact pressure)
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Finite Element Analysis
|. Geometry (obtained by MRI and/or CT)
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Finite Element Analysis

2. Constitutive laws (mechanical behavior)
Linear
Bone -> linear elastic isotropic -> 6 = A(tr&)l+ 2U€ -> Abone, Hbone

Cartilage -> linear elastic isotropic -> 0 = A(trg)l+ 2ue -> Acart, Mcart
Meniscus -> linear elastic isotropic -> 0 = A(tr&)l+ 2|u€ -> Amenis, Mmenis

Non-linear

Ligament -> non-linear elastic isotropic ->0 = & (eﬁ © — 1) -> aiig, Big

Graft -> non-linear elastic isotropic -> 0 = a(eP® — 1) -> agrat, Baratt
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Finite Element Analysis

3. Boundary conditions (force or displacement)

Reentgen Stereophotogrammetric Analysis

|

0.01 [mm] precision - B
on reconstructed 3D g
location a

Angle
Velocity

Distance __ Toe-off 1. = :
Heelstrike ~ T80 L
Limp Swing ,_.“_ g " e
Initial double support Stance @ - - o G
Terminal double support = Cadence b & &5 s
Ar— AL

source: Prof.. K. Aminian (LMAM/EPFL)
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Finite Element Analysis
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4. Meshing

Full model

Soft tissues

Hard tissue (bone)
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Finite Element Analysis

5. Resolution of conservation laws (numerical solver)

Contact pressure in the different knee compartment

[Newton] [Newton] [Newton]
500 300 500
450 450
400 i //A\\ 400
350 ' 350
200
300 / ~N 300
250 150 250
200 200
100
150 150
100 i 100
50 50
U‘ T T T T T U I ! L T T U‘ T T T T T
0 15 30 45 60 75 90 0 15 30 45 60 75 50 0 15 30 45 60 75 90
Angle of knee flexion [°] Angle of knee flexion [°] Angle of knee flexion [°]
Medial tibiofemoral Lateral tibiofemoral Femoropatellar

Native ACL — Owne bundle graft
— NoACL — Double bundle graft
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One important aspect of biomechanics is
then to characterise tissues through
constitutive laws

dv
= div o + pb

Pt

0 =0(&E &, ...)

/ Linear
.

Elasticity -> 0 = o(¢g)

Non-linear
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Elasticity represents only a limited part of
the material behavior

ultimate failure point
e i e

yiela p\ast\c reg!

point
inear elasticity 7 s

. . v S
non-linear elasticity ? /& energy stored
viscoelasticity ¥
poroelasticity
. . strain ultimate

poroviscoelasticity aiaic

plasticity Stress-Strain Curve of the Bone
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