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Agenda

e Materials

e Finite Elements Analysis

e Tissues of interest

e Fluid Dynamics

e Musculoskeletal modelling

o Muscle models

o Forward/inverse kinematics
o Forward/inverse dynamics
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Materials
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Strength of materials

Definition
The study of describing the amount of load that can be exerted
on a material until it deforms or fails.
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Strength of materials

Definition

The study of describing the amount of load that can be exerted
on a material until it deforms or fails.

Galileo Galilei was one of the first to develop a theory for the
strength of materials (Two new sciences, 1638)
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Strength of materials

Definition

The study of describing the amount of load that can be exerted
on a material until it deforms or fails.

Galileo Galilei was one of the first to develop a theory for the
strength of materials (Two new sciences, 1638)

What concepts you remember from 'Rezistenta Materialelor'?
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Strength of materials

General overview

Basic hypothesis: every object has resistance to deformation
related to its composing materials and shape.
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Strength of materials

General overview

Basic hypothesis: every object has resistance to deformation
related to its composing materials and shape.

Resistance relates to the amount of load we exert on the object.
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Strength of materials

General overview

Basic hypothesis: every object has resistance to deformation
related to its composing materials and shape.

Resistance relates to the amount of load we exert on the object.

Deformation can be either temporary or permanent.
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Strength of materials
Stress
Stress is a standardized unit for quantifying the load applied on a

specific area. It is a similar notion as pressure, as it is calculated
by the division of Force under the Area.
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Strength of materials

Stress
Stress is a standardized unit for quantifying the load applied on a
specific area. It is a similar notion as pressure, as it is calculated
by the division of Force under the Area.
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Strength of materials
Stress
Stress is a standardized unit for quantifying the load applied on a

specific area. It is a similar notion as pressure, as it is calculated
by the division of Force under the Area.

Why use stress instead of force?
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Strength of materials

Stress

Stress can be either normal or shear stress.
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Strength of materials

Stress

Stress can be either normal or shear stress. Normal stress acts
perpendicular to a surface
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Strength of materials

Stress

Stress can be either normal or shear stress. Normal stress acts
perpendicular to a surface, while shear stress acts parallel to it.
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Strength of materials

Stress

Stress can be either normal or shear stress. Normal stress acts
perpendicular to a surface, while shear stress acts parallel to it.

reference
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Strength of materials

Tensile tests

How do we quantify the properties of a material?
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Strength of materials

Tensile tests

How do we quantify the properties of a material?
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Strength of materials

Isotropic vs Anisotropic

Isotropic material

A material that has the same properties regardless of the axis of
measurement

Anisotropic material
A material that its properties differ along different axes.
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Strength of materials

Isotropic vs Anisotropic

Isotropic material

A material that has the same properties regardless of the axis of
measurement

Anisotropic material

A material that its properties differ along different axes.

What can be the source of anisotropy?

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics




Strength of materials

Isotropic vs Anisotropic

Isotropic material

A material that has the same properties regardless of the axis of
measurement

Anisotropic material

A material that its properties differ along different axes.

What can be the source of anisotropy?
What kind do you think biological materials are?
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Strength of materials

Timoshenko-Ehrenfest beam theory

V4
Euler-Bernoulli
Timoshenko
M
h w Q
X
10 /
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Strength of materials

Timoshenko-Ehrenfest beam theory

V4
Euler-Bernoulli

Timoshenko

i (BI%E) = a()
Why is Euler-Bernouli wrong?
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Strength of materials

Timoshenko-Ehrenfest beam theory

V4
Euler-Bernoulli

Timoshenko

dx2 (E] de) = q<37)
Why is Euler-Bernouli wrong?
&5 (B1E) = a(@)

((1171910) =¥ mﬁllG dz (Eld<p> :
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Strength of materials

Back to biomechanics

Can we apply this to biologi él &
materials? ) '
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Strength of materials

Back to biomechanics

Can we apply this to biologica
materials? )

Why not?
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Finite Elements Analysis
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Finite Element Analysis

Description

A computational scheme to solve field problems. The field can be
stress, heat, pressure, electric, magnetic, etc, etc. The principle
involves dividing the body in finite pieces that can provide
analytical solutions.
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Finite Element Analysis

Description
A computational scheme to solve field problems. The field can be

stress, heat, pressure, electric, magnetic, etc, etc. The principle
involves dividing the body in finite pieces that can provide
analytical solutions.

Key word is discretization
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Finite Element Analysis

Different levels of discretization
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Finite Element Analysis

Different levels of discretization

e Geometry
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Finite Element Analysis

Different levels of discretization

e Geometry

e Materials
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Finite Element Analysis

Different levels of discretization

e Geometry
e Materials

e Time
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Finite Element Analysis

Geometry discretization

To discretize geometry, we have several elements available (Think
of them as lego blocks):
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Finite Element Analysis

Geometry discretization

To discretize geometry, we have several elements available (Think
of them as lego blocks):

¢ 1D (Rods, beams, Trusses,
Frames)
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Finite Element Analysis

Geometry discretization

To discretize geometry, we have several elements available (Think
of them as lego blocks):

¢ 1D (Rods, beams, Trusses, i
Frames)

e 2D (Triangular, Quadrilateral,
Plates, Shells)
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Finite Element Analysis

Geometry discretization

To discretize geometry, we have several elements available (Think
of them as lego blocks):

o ——0

¢ 1D (Rods, beams, Trusses, A m

Frames)
e 2D (Triangular, Quadrilateral, :

Plates, Shells) \ .’
e 3D (Tetrahedral, Hexahedral) A h /\

de
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Finite Element Analysis

Geometry discretization

To discretize geometry, we have several elements available (Think
of them as lego blocks):

o ——0

¢ 1D (Rods, beams, Trusses, A g

Frames)
e 2D (Triangular, Quadrilateral,

Plates, Shells) . .’
e 3D (Tetrahedral, Hexahedral) h J \

de

What does it mean 1D, 2D, 3D?

15/86‘

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Finite Element Analysis

1D element equations

o —O0

A model of a spring.
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Finite Element Analysis

1D element equations

o —O0

A model of a spring.
We need to write a force displacement equation for each 'node’
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Finite Element Analysis

1D element equations

o —O0

A model of a spring.
We need to write a force displacement equation for each 'node’
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Finite Element Analysis

1D element equations

o —O0

A model of a spring.
We need to write a force displacement equation for each 'node’

UT U2
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Finite Element Analysis

1D element equations

o —O0

A model of a spring.
We need to write a force displacement equation for each 'node’

UT U2

—

F

F1 = ku1 — k'UQ
F2 = —k:u1 + k’LLQ
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Finite Element Analysis

1D element equations

o —O0

A model of a spring.
We need to write a force displacement equation for each 'node’

UT U2

—

F

b fml
F2 = —k:u1 + k’LLQ 2 2
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Finite Element Analysis

2D element equations
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Finite Element Analysis

2D element equations

Uz,
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Finite Element Analysis

2D element equations

Uz,

Tassos Natsakis tassos.natsakis@aut.utcluj.ro

We assume linear transit')f of the
stress/strain between the’ node§,of
the element ‘
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Finite Element Analysis

2D element equations

Uzy
Uy
Uy,
U3y
Uz
We assume linear tran5|tl‘ofn of the
. stress/strain between the’” ode§,of
k =tA(B"EB) the element ‘
where:

e t: Thickness of the plate

A: Area of the triangle

E: Young's modulus

B: “shape” matrix
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Finite Element Analysis

2D element equations

Uzy
Uzy
Uy,
U3y
Uz,

We assume linear tran5|tlph of the

stress/strain between the’w ode§,of
k =tA(BTED) the element XY
where:
e t: Thickness of the plate B =
e A: Area of the triangle vz O ys O o

0 32 0 T13 0
T32 Y23 Ti13 Y31 T21 Y13

E: Young's modulus

B: “shape” matrix
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Finite Element Analysis

2D element equations

Uzy
Uzy
Uy,
U3y
Uz,

We assume linear tran5|tlph of the

stress/strain between the’w ode§,of
k =tA(BTED) the element XY
where:
e t: Thickness of the plate B =
e A: Area of the triangle vz O ys O o

0 32 0 T13 0
T32 Y23 Ti13 Y31 T21 Y13
‘rij = T; — ZL’j

Modelling in Biomechanics

E: Young's modulus

B: “shape” matrix
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Finite Element Analysis

Combining elements

How do we combine elements?
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Finite Element Analysis

Problem construction

In any of these cases, we are trying to solve a problem of force
and displacement
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Finite Element Analysis

Applications in biomechanics

Why is this useful for biomechanics?
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Finite Element Analysis

Applications in biomechanics

Why is this useful for biomechanics?

tibia

talus

Tassos Natsakis tassos.natsakis@aut.utcluj.ro

tibial plate
,— mobile bearing
talar component
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Finite Element Analysis

Applications in biomechanics

Why is this useful for biomechanics?

tibia

tibial plate
— mobile bearing
talar component

talus
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Finite Element Analysis

Applications in biomechanics

Why is this useful for biomechanics?

tibia

tibial plate
— mobile bearing
talar component
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Tissues of interest
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Bone morphology
Types of bones

Flat bone (Frontal) Sutural bone
g

1

.
i
A,

Irregular bone (Vertebra)

Sesamoid bone (Patella)
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Bone morphology

Bone is a living tissue
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https://www.youtube.com/watch?v=0dV1Bwe2v6c

Bone morphology

Bone is a living tissue

https://www.youtube.com/watch?v=0dV1Bwe2v6c
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https://www.youtube.com/watch?v=0dV1Bwe2v6c

Composition of long bones
Compact Bone & Spoengy (Cancellous Bone)

Lacunae containing osteocytes

Lamellag

Canaliculi

Dsteon of compact bone

Trabeculae of Spongy
hone

: . : | i
Osteon BN oaal == Haversian

Periosteumn
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Composition of long bones

Compact Bone & Spongy {Cancellous Bone)

Lacunae containing osteocytes Osteon of compact hone

Lamellae Trabeculze of Spongy

Canaliculi bone
Ostean g =0 g@npdl ol s Haversian
5 : g canal

Periosteumn

Basic structure is the osteon
24/
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Bone properties
Modelling

Bone in general is modelled as a Poroelastic material.

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Bone properties
Modelling

Bone in general is modelled as a Poroelastic material.
Think of this as a sponge filled with water
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Bone properties
Modelling
Bone in general is modelled as a Poroelastic material.

Think of this as a sponge filled with water
Only that the sponge is closed so that no water escapes!
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Bone properties
Modelling

Bone in general is modelled as a Poroelastic material.
Think of this as a sponge filled with water
Only that the sponge is closed so that no water escapes!

We've seen that o = E¢ for elastic materials
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Bone properties
Modelling

Bone in general is modelled as a Poroelastic material.
Think of this as a sponge filled with water
Only that the sponge is closed so that no water escapes!

We've seen that o = E¢ for elastic materials

For poroelastic materials, we include a term that is prdp’ortiohal
to the pressure of the fluid 6 ‘
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Bone properties
Modelling

Bone in general is modelled as a Poroelastic material.
Think of this as a sponge filled with water
Only that the sponge is closed so that no water escapes!

We've seen that o = E¢ for elastic materials

For poroelastic materials, we include a term that is prdp’ortiohal
to the pressure of the fluid o

o+ Ap = Fe
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Bone properties
Modelling

Bone in general is modelled as a Poroelastic material.
Think of this as a sponge filled with water
Only that the sponge is closed so that no water escapes!

We've seen that o = E¢ for elastic materials

For poroelastic materials, we include a term that is prdp’ortiohal
to the pressure of the fluid 6 A

o+ Ap = Fe

Where p is the fluid pressure, and A is called the Biot coefficient
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Cartilage
Chemical Composition
Hyaline cartilage consists by 40% of Type Il collagen. The rest is

mainly water and Proteoglycean.
For synovial joints, it is a thin layer (0.5 - 5 mm)
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Cartilage

Chemical Composition

Hyaline cartilage consists by 40% of Type Il collagen. The rest is
mainly water and Proteoglycean.
For synovial joints, it is a thin layer (0.5 - 5 mm)

Superficial Zone

Giging surface

Transitional Zone

Deep Zone

TIDEMARK
Subchondral Bone
¢ Cancellous Bone

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Cartilage

Permeability

A very important aspect of cartilage modelling is permeability
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Cartilage

Permeability

A very important aspect of cartilage modelling is permeability

Permeability

The property of a porous material that describes the ability of a
fluid to flow through the material.

Contrary to bone modelling, cartilage modelling takes into
consideration not just fluid compression, but also flow
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Cartilage

Permeability

A very important aspect of cartilage modelling is permeability

Permeability

The property of a porous material that describes the ability of a
fluid to flow through the material.

Contrary to bone modelling, cartilage modelling takes into
consideration not just fluid compression, but also flow
This is a non-linear model
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Cartilage
Modelling

Cartilage is often modelled as a hyperelastic material.
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Cartilage
Modelling

Cartilage is often modelled as a hyperelastic material.

Axial engineering stress (o) (MPa)

Tassos Natsakis

Uniaxial stretch with K=2180 GPa

>

o

|
&

L
=

iy

= Neo-Hookean: G = 3. 100 MPa

~—Neo-Hookean:
- - - Mooney-Riviin: C, = 1 030 MPa C,=0.114 MPa

=1.202 MPa, CZ =-0.057 MPa, (.73 =0.004 MPa|

Gent: G =2.290 MPa, J, =30

* Uniaxial Tension Expt.

250 300 350

400

=

tassos.natsakis@aut.utcluj.ro

!
&
3
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Axial engineering strain (%)
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Cartilage

Modelling
Cartilage is often modelled as a hyperelastic material.

GPa

Uniaxial stretch with K=2180

= Neo-Hookean: G = 3.100 MPa

~—Neo-Hookean: .480 MPa
- - - Mooney-Rivlin: C, = 1.030 MPa, C, = 0.114 MPa

Yeoh: C‘ =1.202 MPa, CZ =-0.057 MPa, (.73 =0.004 MPa|

Axial engineering stress (o) (MPa)

iy

Gent: G =2.290 MPa, J, =30

* Uniaxial Tension Expt.

“Zfoo  -50 0 50 100 150 200 250 300 350 400
Axial engineering strain (%)

More specifically a Mooney-Rivlin material
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Tendons and ligaments

Functionality
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Tendons and ligaments

Functionality

Tendons

Fibrous connective tissue connecting muscles to bones. They
help translate muscle force production into bone movement.
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Tendons and ligaments

Functionality

Tendons

Fibrous connective tissue connecting muscles to bones. They
help translate muscle force production into bone movement.

Ligaments

Fibrous connective tissue connecting bones to bones. They help
keep bones together, restricting some degrees of freedom in
articulations.

A \ R &
29 /
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Tendons and ligaments

Functionality

Achilles
tendon

Tibia

Anterior inferior
tibiofobular ligament

Posterior
inferior
tibial
ligament

Anterior
talofibular
ligament

Posterior
talofibular
ligament

Calcaneofibular ligament
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Tendons and ligaments
Modelling

Tendons and ligaments are modelled as viscohyperelastic
materials.
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Tendons and ligaments

Modelling
Tendons and ligaments are modelled as viscohyperelastic
materials.
)
)
()]
| -
=
0
strain
31 /
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Tendons and ligaments
Modelling

Viscous effects
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Tendons and ligaments
Modelling

Viscous effects

load

creep

strain

time
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Tendons and ligaments
Modelling

Viscous effects

A A

° °

[q] o

o o

cree .
P Relaxation

c 2

Ju g K—;
7 £ o 4

time
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Tendons and ligaments

Modelling

Viscous effects

Relaxation

A A
° °
[q] o
o o
creep
£ 7
] (]
S S
+— =)
wn wn
time
A

[}

wn

9]

S

)

9]
strain
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Cardiovascular system

Description

from heart Basal lamina toheart
Erythrocyte ; Lumen
,_,I.“-"'men (red blocd cell) 'Perlcyte e

Valve

Endothelium.___
o

Internal Endothelium

Smooth elastic lamina Basement
muscle | membrane Smoaoth
Basement Endothelium iy muscle
External membrane M
elastic lamina Capll!anes 3 B Adventitia
Adventitia

cre

055-5€

arteriole
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Blood vessels

Mechanical properties

Visco
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Blood vessels

Mechanical properties

Viscohyperelastic
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Blood vessels

Mechanical properties

Viscohyperelastic, anisotropic
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Blood vessels

Mechanical properties

Viscohyperelastic, anisotropic, composite.

H2

Ex

Eg M3
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Blood vessels

Mechanical properties
Viscohyperelastic, anisotropic, composite.

K2 Ha

Ex

Eg M3

And it exhibits residual stresses!
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Fluid Dynamics
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Fluid systems

Cardiovascular system

Lungs
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E3 artery
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Upper body

A Liver
Hepatic vein Hepatic artery

L Hepatic portal vein

Systemic
circulation
A

Stomach,
intestines I Vessels transporting
Renal vein oxygenated blood
—— Renal artery [ Vessels transporting
deoxygenated blood
b s
Jodneys [ Vessels involved in
gas excange
C Lower body

From Anatomy & Physiology, Connexions Web site
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Fluid systems

Cardiovascular system

e Pressure in vessels

Lungs
=c
g
5% Pulmonary y vein
EZ
£3 artery
oo
Vena cava Aorta
Upper body
| Liver

Hepatic vein

Renal vein

From Anatomy & Physiology, Connexions Web site

Hepatic artery

L Hepatic portal vein

Stomach,
intestines I Vessels transporting
oxygenated blood
—— Renal artery [ Vessels transporting
deoxygenated blood
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Jodneys [ Vessels involved in
gas excange
Lower body
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Fluid systems

Cardiovascular system

e Pressure in vessels

————— Lungs ° B|00d ﬂOW rate

Pulmonary
artery

Puimonary
circulation

Vena cava

Upper body

y vein

Aorta

Hepatic vein

Renal vein

From Anatomy & Physiology, Connexions Web site

A Liver

Hepatic artery

L Hepatic portal vein

Stomach,
intestines I Vessels transporting
oxygenated blood
—— Renal artery [ Vessels transporting
deoxygenated blood
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Jodneys [ Vessels involved in
gas excange
Lower body
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Fluid systems

Cardiovascular system
e Pressure in vessels
. N e Blood flow rate
) p—
E3Z artery
ot e Turbulence
Vena cava Aorta
Upper body
A Liver
Hepatic vein Hepatic artery
05
£% | Hepatic portal vein
2
@5 Stomach,
intestines I Vessels transporting
Renal vein oxygenated blood
—— Renal artery [ Vessels transporting
deoxygenated blood
T Kidneys [ Vessels involved in
gas excange
Lower body

From Anatomy & Physiology, Connexions Web site
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Fluid mechanics

Basic principles

Daniel Bernoulli 1700-1782
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Fluid mechanics

Basic principles

Incomplressible flow equation

u? P
— 4+ gz + — = constant
2 P
Daniel Bernoulli 1700-1782
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Fluid mechanics
Basic principles

Incomplressible flow equation

u? P

— 4+ gz + — = constant
2 P

w: fluid flow speed

g: gravitational acceleration
z: elevation

p: pressure

p: fluid density

Daniel Bernoulli 1700-1782
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Fluid mechanics

Navier-Stokes equations
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Fluid mechanics

Navier-Stokes equations

Vi=0

Sir George Stokes

38/86‘
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Fluid mechanics
Navier-Stokes equations
Vi=0

ou

P T piNVu = —Vp+ uV?*i + pF

Sir George Stokes

38/86‘
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Fluid mechanics

Navier-Stokes equations

Vi = 0 (conservation of mass)

Ju
— — 2 —
Por + puViu = —Vp+ uV=ui + pF
Claude-Lois Navier
Sir George Stokes
38/
Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics 86‘



Fluid mechanics

Navier-Stokes equations
Vi = 0 (conservation of mass)

Ju e S
P T piNu = —Vp+ uV?*i + pF

(Newton's second law F=ma)

Sir George Stokes

38/86‘
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Fluid mechanics

Navier-Stokes equations
Vi = 0 (conservation of mass)

Ju e S
P T piNu = —Vp+ uV?*i + pF

(Newton's second law F=ma)

We don't understand these fully!

Sir George Stokes

38/86‘
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Fluid mechanics

Reynolds number
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Fluid mechanics

Reynolds number

_ pulL
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Fluid mechanics

Reynolds number

L -Fine’r i
Re — pul t
M Fviscous

SN\
N
P o——
N —
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Fluid mechanics

Reynolds number
ou Di

- 7 =-V V3 + pF
paterth p+uVutp
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Fluid mechanics

Reynolds number

ou

pa—i—pu

Tassos Natsakis tassos.natsakis@aut.utcluj.ro
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—_— = — V2@ + pF

Dy Vp+ puVau+p
For Re «1:
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Fluid mechanics

Reynolds number

ou Di
- i— = —V \%& F
paterth p+uVutp
For Re «1:
0
p—u + Vp = +uV3u

Tassos Natsakis tassos.natsakis@aut.utcluj.ro
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Fluid mechanics

Reynolds number

ou Di
— Ui— = —V \V& 3
Por TP Dy P pVIuEp
For Re «1:
ou
— = Vu
pat+Vp +uVeu
For Re >1:
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Fluid mechanics

Reynolds number

ou Du 9
- _ _ = F
p t—i—pu : Vp+ uVau+p

For Re «1:

a 22
rn +Vp =+uVau

For Re >1:

ou Du

gu v
Par TPIDy = VP
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Fluid mechanics

Reynolds number

ou Du
- I— = -V Vg F
P t—i—pu / p+uvu+p

For Re «1:

ou

— + Vp = +uV3u
p8t+ p=-+uVou

For Re >1:

du  _Di
P ot -
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Fluid mechanics

Reynolds number in cardiovascular system

Lungs
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g
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EZ
£3 artery
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Vena cava Aorta
Upper body
| Liver

Hepatic vein

Renal vein

From Anatomy & Physiology, Connexions Web site

Hepatic artery

L Hepatic portal vein
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intestines I Vessels transporting
oxygenated blood
—— Renal artery [ Vessels transporting
deoxygenated blood
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Jodneys [ Vessels involved in
gas excange
Lower body
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Fluid mechanics

Reynolds number in cardiovascular system

e Ascending Aorta:
S 4500
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From Anatomy & Physiology, Connexions Web site
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Fluid mechanics

Reynolds number in cardiovascular system

e Ascending Aorta:
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Fluid mechanics

Reynolds number in cardiovascular system

e Ascending Aorta:
S 4500
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Fluid mechanics

Reynolds number in cardiovascular system

e Ascending Aorta:
S 4500
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Fluid mechanics

Reynolds number in cardiovascular system

B Vessels transporting
oxygenated blood
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Fluid mechanics

Reynolds number in cardiovascular system

e Ascending Aorta:
S 4500
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Fluid mechanics

Hagen-Poiseuille flow
Considering steady flow:

~ 8mulQ)

AP = =55
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Fluid mechanics

Hagen-Poiseuille flow

Considering steady flow:

STl
AP=—5"

AP: Pressure drop
w: Viscocity

L: Length

Q@: Flow rate

A: Crossectional area

Tassos Natsakis tassos.natsakis@aut.utcluj.ro
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Fluid mechanics
Pressure drop
8TulQ)
AP=—

Systemic circulation

Veins

T

Small
Arteries /
Avrterioles

Capillari

Pulr y circulation

Veins

Left Large | Small
ventricle| Arteries | Arteries /
Arterioles
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3 60 \
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S
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s}
°
o
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—— Oxygenated blood

—— Deoxygenated blood
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Fluid mechanics
Pressure drop

8TulQ)

AP =0

cardiovascular system

, A way to calculate pressure along the

Systemic circulation Pulmonary circulation
Left Large [ Small |Capillaries Veins Right | Large | Small  |Capilaries| Veins
ventricle| Arteries | Arteries / ventricle| Arteries | Arteries /
Arterioles Arterioles
120
100 |
:E’ N
E s f
" A
g
2 60 \
173
D
o
o 40 - ‘\ﬂ.\\
o
o
o
20 F \ VVWVV\/W
BN
M"\_\
ol
—— Oxygenated blood —— Deoxygenated blood
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Blood characteristics
Fahraeus-Lindqvist effect

Blood viscosity drops at very small diameters (capilaries)

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Blood characteristics
Fahraeus-Lindqvist effect

Blood viscosity drops at very small diameters (capilaries)
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Fluid mechanics

Flow in elastic walls

ANIMA RES

Studio for 30 medical animation

Anima RES youtube channel

45 /
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https://www.youtube.com/watch?v=S2vZtPXV7A0

Fluid biomechanics

How do we combine everything together?

A lot of complex phenomena, bring the models to its limits.
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Fluid biomechanics

How do we combine everything together?

A lot of complex phenomena, bring the models to its limits.
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Musculoskeletal modelling

o
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Muskuloskeletal modeling

Human anatomy

What does the word 'musculoskeletal’ mean to you?
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Muskuloskeletal modeling

Human anatomy

What does the word "'musculoskeletal’ mean to you?
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Muskuloskeletal modeling

Human anatomy

What does the word "'musculoskeletal’ mean to you?
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Muskuloskeletal modeling

Human anatomy

What does the word "'musculoskeletal’ mean to you?
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Articulated joints

Types of joints

Characterization based on degrees of freedom
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Articulated joints

Types of joints

Characterization based on degrees of freedom
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http://www.pflegewiki.de/index.php/Bild:Gelenke_Zeichnung01.jpg, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=337438

Articulated joints

Types of joints

Characterization based on degrees of freedom

Pivot

By Produnis
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Articulated joints

Types of joints

Characterization based on degrees of freedom

By Produnis
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Articulated joints

Types of joints

Characterization based on degrees of freedom

Saddle

By Produnis
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Articulated joints

Types of joints

Characterization based on degrees of freedom

Condyloid

Saddle

By Produnis
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Articulated joints

Types of joints

Characterization based on degrees of freedom

Condyloid

Ball and Saddle

Socket

Hinge

By Produnis
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Musculoskeletal modelling

Movement production

Neural
Command
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Musculoskeletal modelling

Movement production

Neural »| Musculotendon
Command Dynamics

Relaxed muscle cell Contracted muscle cell

Intermediate filaments Dense bodies
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Musculoskeletal modelling

Movement production

Neural

Musculotendon |  |Musculoskeletal
Command

Dynamics Geometry

Condyloid

Ball and I Saddle

Socket

Pivot

Hinge
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Musculoskeletal modelling

Movement production

Neural
Command

>

Musculotendon
Dynamics

Musculoskeletal Multi-Joint
Geometry Dynamics
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Musculoskeletal modelling

Movement production

Neural »| Musculotendon | |Musculoskeletal| .| Multi-Joint | | .
Command Dynamics Geometry Dynamics J’J.—> Motion
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Musculoskeletal modelling

Movement production

Inverse
Muscul

Geometry

> Motion

Neural »| Musculotendon | |Musculoskeletal| .| Multi-Joint | |
Command Dynamics Geometry Dynamics

Condyloid

Ball and
Socket

Hinge
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Musculoskeletal modelling

Movement production

Inverse
Sensory Muscul

Organs Geometry

Neural »| Musculotendon | [Musculoskeletal[ _f Multi-Joint | .
Command Dynamics Geometry Dynamics J’J.» Motion
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Muscle modelling
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Musculoskeletal modelling

Muscles
There are three types of muscles:
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Musculoskeletal modelling

Muscles
There are three types of muscles:

e Skeletal
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Musculoskeletal modelling

Muscles
There are three types of muscles:

e Skeletal
e Smooth
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Musculoskeletal modelling

Muscles
There are three types of muscles:
o Skeletal
* Smooth

e Cardiac
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Musculoskeletal modelling

Muscles

Skeletal muscle Epimysium Muscle fascicles

Perimysium

Endomysium
Muscle fibers

Muscle fiber

Sarcolemma

There are three types of muscles:
o Skeletal
* Smooth
e Cardiac

Very complex structure of fibers bundled
together

Tassos Natsakis tassos.natsakis@aut.utcluj.ro
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Musculoskeletal modelling

Muscles

Skeletal muscle Epimysium

o There are three types of muscles:
e Skeletal
* Smooth

Perimysium
Endomysium
Muscle fibers

e Cardiac
&< Very complex structure of fibers bundled
N together

Sarcolemma

relaxing.

Modelling in Biomechanics
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Musculoskeletal modelling

Muscles

Skeletal muscle Epimysium

o There are three types of muscles:
e Skeletal
* Smooth

Perimysium
Endomysium
Muscle fibers

e Cardiac
&< Very complex structure of fibers bundled
N together

Sarcolemma

relaxing.

Modelling in Biomechanics
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Musculoskeletal modelling

Motor units

Motor units

Motor neuron -+ skeletal muscle.

Axon terminals at
neuromuscular
junctions

Spinal cord

Motor Motor
unit] unit2

Motor neuron
cell body
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Muscle contraction

Action potential

Extracellular Fluid

\f +
Plasma
Membrane,

By CThompson02, CC BY-SA 4.0 N
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Muscle contraction

Muscle fibers

Mitochondria

Myofibrils

T tubule
Terminal cisterna
Triad

Sarcoplasmic Reticulum

Blausen.com staff (2014)
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Muscle contraction

Sarcomere
| H |
Band Zone Band
< CapZ

Titin

Z-disk

Myosin
head

Relaxed

Contracted

*
Richfield, David (2014)
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Muscluloskeltal modelling

Muscle models

e Maximum isometric force

LM cosa™ | 17|
‘LMT’l
muscle tendon
a) Muscle F-L b) Muscle F-V c) Tendon

Normalized Force

a=1.0

s B
1 1+ -
e hemng. )
Normalized Length Normaiized Velocity Tendon Strain

shoriening

From Thelen (2003)

Tassos Natsakis tassos.natsakis@aut.utcluj.ro

: T
0 £l

Modelling in Biomechanics




Muscluloskeltal modelling

Muscle models

e Maximum isometric force
e Optimal muscle fiber length

LY cosa® | I

LMT’I -
muscle tendon
& a) Muscle F-L b) Muscle F-V c) Tendon
o
uo_ . a=1.0
bl
B
©
; N
20 T 1+ A ; 0 a
shorning ' lengthening .
Normalized Length Normalized Velocity Tendon Strain
From Thelen (2003)
57 /
86 )
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Muscluloskeltal modelling

Muscle models

e Maximum isometric force

e Optimal muscle fiber length
e Tendon slack length

LY cosa® | I

LMT’I -
muscle tendon
& a) Muscle F-L b) Muscle F-V c) Tendon
o
uo_ . a=1.0
bl
B
©
; N
20 T 1+ A ; 0 a
shorning ' lengthening .
Normalized Length Normalized Velocity Tendon Strain
From Thelen (2003)
>’ /86
y
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Muscluloskeltal modelling

Muscle models

e Maximum isometric force
Optimal muscle fiber length
Tendon slack length

7} ® Maximum contraction

L
-

M M
L" cosa i

s
T |

- ol velocity
muscle tendon
& a) Muscle F-L b) Muscle F-V c) Tendon
o
] =1.0
£, C
-]
8
E]
; N,
=0 1 1+& | ; 0 gnf
shorlening * lengthening .
Normalized Length Normalized Velocity Tendon Strain
From Thelen (2003
(2003) &)
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Muscluloskeltal modelling

Muscle models

e Maximum isometric force
Optimal muscle fiber length

Tendon slack length
¥ cosa® | 7 _}*® Maximum contraction
- P! velocity
muscle endn  ® Pennation angle

a) Muscle F-L b) Muscle F-V c) Tendon
a=1.0

Normalized Force

0 s B *
1 1+ - ; 0 &
shorkning * lengthening .
Normalized Length Normaiized Velocity Tendon Strain
From Thelen (2003
(2003) &)
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Forward kinematics
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Human motion

Pose

Description of position and orientation of segments, with respect
to a reference frame
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Human motion

Pose

Description of position and orientation of segments, with respect
to a reference frame

We use coordinate frames
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Forward kinematics

Definition

The Forward kinematics (FK) is a mathematical tool that allows
us to calculate the position and orientation (pose) of a body's
point of interest if we know the state of the joints and the
lengths of the links.

60 /
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Forward kinematics

Definition

The Forward kinematics (FK) is a mathematical tool that allows
us to calculate the position and orientation (pose) of a body's
point of interest if we know the state of the joints and the
lengths of the links.

In simple words

How do | calculate the pose of the human arm if | know the joint
angles?
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Forward kinematics

Definition

We describe the pose of the end-effector using a 4x4
transformation matrix (contains information about position and
orientation).

3 x 3]3x1 rotation
T = =
1 x 3[1x1 0 0
61 /
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Forward kinematics

Calculation

To define the FK we perform the following steps:
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Forward kinematics

Calculation

To define the FK we perform the following steps:
e We identify the links and joints of the arm.
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Forward kinematics

Calculation

To define the FK we perform the following steps:
e We identify the links and joints of the arm.
e \We attach a fixed coordinate frame in a convenient location.
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Forward kinematics

Calculation

To define the FK we perform the following steps:
e We identify the links and joints of the arm.
e \We attach a fixed coordinate frame in a convenient location.

e We attach a coordinate frame on each link at their joints.

62 /
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Forward kinematics

Calculation

To define the FK we perform the following steps:

We identify the links and joints of the arm.

e \We attach a fixed coordinate frame in a convenient location.
e We attach a coordinate frame on each link at their joints.
[ ]

We calculate the transformation between each subséque‘nt\ )
coordinate frame. '
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Forward kinematics

Calculation

To define the FK we perform the following steps:

We identify the links and joints of the arm.

We attach a fixed coordinate frame in a convenient location.

We attach a coordinate frame on each link at their joints.

We calculate the transformation between each subséque‘nt\
coordinate frame.

We combine the transformations to calculate the overaII
transformation from base to end-effector. ‘

62 /
Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics 86‘



Forward kinematics

Calculation
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Forward kinematics

Dynamic calculation

1 0 0 0
Ri — 0 ci23 —S123 l3ci23+lcio+ e
3 0 s123 ci23 38123+ 1ls12+1is1+1
0 0 0 1
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Inverse kinematics
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Inverse and Forward kinematics
What is the difference?

Forward kinematics

| want to know where will my end-effector be, if | give specific
coordinates (values) to each joint
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Inverse and Forward kinematics
What is the difference?

Forward kinematics
| want to know where will my end-effector be, if | give specific
coordinates (values) to each joint

Inverse geometric model

| want to know what should the joint coordinates (values) be in
order for my end-effector to reach a specific pose
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Inverse and Forward kinematics
What is the difference?

The inverse model is usually more useful.
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Inverse and Forward kinematics
What is the difference?

The inverse model is usually more useful.

Can you imagine why?
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Inverse and Forward kinematics

What is the difference?
The inverse model is usually more useful.
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Inverse and Forward kinematics

What is the difference?
The inverse model is usually more useful.

B\ ( N
o+ ¢
\ 1
1\ )\
-\ 22&>
ﬁ() Q\ %“’
o -
~1oM 9°
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Inverse and Forward kinematics
What is the difference?

The inverse model is usually more useful.

But it is also most difficult to derive and we need the forward
kinematics to derive it.
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Inverse and Forward kinematics
What is the difference?

The inverse model is usually more useful.

But it is also most difficult to derive and we need the forward
kinematics to derive it.

Can you imagine why?
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Inverse kinematics model

Derivation
ci2 —s12 0 bLeg+he Xx Yx Zx P,
s12 ci2 0 bsio+hs| | Xy Yy Zy P,
0 0 1 0 Xy, Y, Zy; P,
0 0 0 1 0O 0 0 1
68/
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Inverse kinematics model

Derivation
ci2 —S12 0 lcro+hc Xx Yx Zx P,
s12 ¢z 0 lasio+ 115y _ Xy Yy Zy Py
0 0 1 0 Xz Yz Zz P,
0 0 O 1 0 0 0 1

cos(qi + q2) = Xo =Y
sin(qr + @) = Xy = =Y
lacos(q1 + q2) + licosqy = P,
lasin(q1 + g2) + lising: = P, 5
0=P W

68 /
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Inverse kinematics model

Derivation
ci2 —S12 0 lcro+hc Xx Yx Zx P,
s12 ¢z 0 lasio+ 115y _ Xy Yy Zy Py
0 0 1 0 Xz Yz Zz P,
0 0 O 1 0 0 0 1

cos(q1 + ¢2) = Xo = Y))

sin(qr + @) = Xy = =Y I

.

lrcos(qi + qa) + licosqy = P, How do we solve this? [
losin(qy + g2) + lising, = P, ;
0= P,

68 /
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Inverse kinematics model

Examples

1261’2 + l101
1281’2 j— 1181

']
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Inverse kinematics model

Analytical solution

e e

20115

G2 = CO0S

¢ = atan2(z,y) — B = atan2(y, x) — atan2(ky, k1)

Where:
k1 =11 + lacos(qa)
]{32 = lQS’I:’fL(QQ)
°/
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Forward dynamics
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Dynamic modeling
What is it all about?

Kinematics:

Dynamics (Kinetics):
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Dynamic modeling
What is it all about?

Kinematics: description of motion of bodies or system of bodies

Dynamics (Kinetics):
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Dynamic modeling
What is it all about?

Kinematics: description of motion of bodies or system of bodies

Dynamics (Kinetics): description of the causes resultlng ing
those motions (i.e. forces and torques) A V
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Dynamic modeling
What is it all about?

Dynamic model

A set of equations that gives us the relationship between input
joint forces/torques and resulting joint accelerations.
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Dynamic modeling
What is it all about?

Dynamic model

A set of equations that gives us the relationship between input
joint forces/torques and resulting joint accelerations.

Why is this useful?
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Lagrangian mechanics

A more sophisticated formulation of mechanics

Lagrange defined a basic quantity for any system of bodies as the
difference between its kinetic and potential energy.

L=K-P

We call this quantity the Lagrangian of the system.
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Definitions

Potential energy

Total potential energy

The total potential energy of a mechanism is the sum of the
potential energy of its parts
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Definitions

Kinetic energy

Total kinetic energy

The total kinetic energy of an object is the sum of its linear and
angular kinetic energy.

1
Ktotal = Klinear + Kangular = §(mu2 + IWZ%‘
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Lagrangian of a mechanism

Potential energy

The total potential energy is:

l ly
P(q,q) = mig sing +mag | lising + 53“1((]1 + q2)
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Lagrangian of a mechanism

Kinetic energy

The total Kinetic energy of the mechanism is:

) 1.
K(q,q) = =4¢"

n

1 ‘
[JEmadu + JERIRY o] g = 54" D(a)i

N |

=1

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Lagrangian of a mechanism
Let's plug it all together

The equation of motion is:

doL 0L
dt ¢  Oq
°/
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Lagrangian of a mechanism
Let's plug it all together

The equation of motion is:

doL OL _
dt 0q 8q_T
doL OL _
ditog,  og, "

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics




Lagrangian of a mechanism

Condensed form

We can write this equation in a more general form:

D(q)qi+C(q,q)qi+g(q) =7

80/86‘
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Lagrangian of a mechanism

Condensed form

We can write this equation in a more general form:

D(q)qi+C(q,q)qi+g(q) =7

The matrix D, contains information about the inertia of the
system, therefore contains all the masses and moments of inertia.
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Lagrangian of a mechanism

Condensed form

We can write this equation in a more general form:

D(q)qi+C(q,q)qi+g(q) =7

The matrix D, contains information about the inertia of the
system, therefore contains all the masses and moments of inertia.

The matrix C' has elements related to the centrifugal
Coriolis terms

and
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Lagrangian of a mechanism

Condensed form

We can write this equation in a more general form:

D(q)q+C(q,4)q +g(q) =

The matrix D, contains information about the inertia of the
system, therefore contains all the masses and moments of inertia.

The matrix C' has elements related to the centrifugal afnd’
Coriolis terms

LS
Finally, the term g contains the dependence of the potentlal
energy from the position of the mechanism.

f*?
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Dynamic model

Torques

How do we calculate torques?
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Dynamic model

Torques

How do we calculate torques?

Sensory Mucinverse

Organs Geometry
Neural »| Musculotendon [ [Musculoskeletal| | Multi-Joint .
Command Dynamics Geometry Dynamics | | J-J‘_> Motion
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Dynamic model

Torques

How do we calculate torques?

Inverse

Sensory Muscul
( Organs Geometry
Neural »| Musculotendon [ |Musculoskeletal Multi-Joint
Command Dynamics Geometry Dynamics

> Motion

muscle

fiso(a(t) far (M) fuo (™) + fpr(M))cosa — fisofse(IT) =0
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Dynamic model

Forward dynamics

D(q)g+C(q,q)qi+g(q) =7
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Dynamic model

Forward dynamics

D(q)g+C(q,q)qi+g(q) =7

G =D(q)" [t —Clq,9)q — 9(q)]
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Dynamic model

Forward dynamics

D(q)g+C(q,q)qi+g(q) =7
G =D(q)" [t —Clq,9)q — 9(q)]

i =D(q) (e, 1,1) — C(q,4)d — 9(q)]
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Inverse dynamics
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Dynamic model

Inverse dynamics

D(q)i+C(q,4)q+9(q) =7
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Coming up next
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Questions?
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