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Biomechanics: Solving biological questions using methods of
mechanical engineering (Technische Mechanik), incl.

experiments.

Mechanobiology: Reaction of biological structures on mechanical
signals. Mechanotransduction: Melekular cell reaction.



Research Fields

Orthopadic Biomechanics: Bone-implant contact,
fracture healing, (artificial) joints,
musculoskeletal systems, ...

Dental Biomechanics: Dental implants, orthodontics,
dental movements, braces, brackets, ...

Cell Biomechanics: Cell experiments (cell gym) and
simulations to study mechenotransduction

Fluid Biomechanics: Respiratory systems, blood
flow, heart, ...

Sport Biomechanics: Optimizing performance,
techniques and equipment of competitive
sports

Tree Biomechanics, Traffic Safety, Accident
Research, ...




Numerical Methods

Boundary Value Problems: Finite Elements, static structural
analyses, displacements, stresses strains,

Initial Value Problems: Dynamics, musculoskeletal systems,
movements, Inverse Problem: Calculating muscle forces
from measured movements

Multiscale Modeling: To handle higly complex systems

Model Reduction: dito

Fuzzy Logic: Fracture healing in Ulm
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Appetizer:

Simulation of Bone Healing



Computermodell fur die Knochenheilung




Introduction: Bone Healing

Mechanical situation Local Blood supply

i SC

Healing process

]

Rhinelander (1968)*

*) From Bone in Clinical Orthopedics
by permission of AO Publishing.




Interfragmentary Movement

Osteonal healing Callus healing Non-union
Intramem-
braneous bone End_qcho_dral Fibrocartilage
formation ossification

Haversian
remodelin




Animal Experiments

» Sheep methatarsus
 Fixateur exteren

 Gap sizes: 1, 2, 6 mm

* Interfrag. Strain: 7%, 31%




Exp. Results: Callus Area
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Introduction: Callus Healing Process

New bone formation only
with low strain state !

Biological Solution:
1.Callus: larger diameter
2.Via cartilage to bone




Wirklichkeit Modell




Methods: Finite Element Model

Geometry:

* |dealized osteotomy (sheep)

» 2D, axi-symmetric

» Predescribed, fixed healing area

Discretization:
« 3.000 el.

Material properties:

Tissue type
Cortical bone
Woven bone
Fibro cartilage

Connective tissue

Modul
10,000 MPa
4,000 MPa
200 MPa
3 MPa

Poisson ratio
0.36
0.36
0.45
0.30

Load / Boundary conditions (ciaes 97):

Case A: Initial movement = 0.25 mm
Case B: Initial movement = 1.30 mm

Long bone axis

7/

7777777

External fixator



Seperation
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Calculation of callus stiffness Interfragmentary movement u in mm

Calculation of F(u)
Using inverse u(F) to find U,
Scale callus strains with U4 /Uynit



Methods: Tissue Mixture

Finite Element

[ConnectivetissueI Cartilage I Woven bone ]

Blood Perfusion

J

Volumetric Tissue Concentrations

Perfusion Index

Constraint

Resultant State Variables
0<c¢c =<1

E Ctiss = 1,

tiss

C(x,1):

tiss = (soft, cart, bone).

Blood perfusion | Cperf(X; T)
Cartilage concentration | = | Ceart(X, )
Bone concentration Chone (X, T)

Rule of Mixture

_ E ‘ 3 V. = E Viice Col ficc -
Ec] = EliHH CL‘].liHH' el tiss Cel tiss

tiss

tiss




Methods: Iterative Algorithm

Start Configuration
Geometry, mesh, load, initial state

FE Analysis

Strain distribution

Fuzzy Logic

Tissue differentiation and vascularization

Results
Data of the healing process

< |nitial Conditions

< Boundary
Conditions
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E
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.
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~b-
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Time




Methods: Tissue Healing with Fuzzy Logic

Input variables Output variables

dilatational strain

distortional strain Change of
Vascularity

Vascularity
Fuzzy Controler Change of

VATRETIETEE cartilage concentr.

with linguistic rules

Cartilage concentr.

R !\

Change of

Bone concentration bone concentration

N\

Bone conc. adjacent




Tissue Transformation Function

Strain in %

15 of

Fibrocartilage

Intrampembr.
mm|

Connective Tiss.

L
Ossifilcation

0.15

-5

Hydr.S

btress in MPa

Claes and Heigele 99

Distortional strain ->

A
Connective
Tissue
Cartilage
Intramembr.
0gs.
HE .

Dilatational strain >

Simon et al. 2011



Two Invariants of the strain tensor

ational strain pure distortic

S In other studies:

essure  octahedral shear st
ormal) stress * von Mises equivale
/ flow « von Mises equivale




Methods: Fuzzy Rules

Processes: —
i | Endochondral 2

* Anglogenesis S
- Cartilage ] ossification ‘ Woven bone ]
* |ntramembranous ossification

* Chondrogenesis

» Cartilage calcification

* Endochondral ossification Cartilage
« Tissue destruction destruction A

Intra-
membranous
ossification

Chondro-
genesis
Bone

destruction

[ Connective tissue ]

Example: Rule #3, Intramembranous ossification:

IF (blood supply is high) AND (bone concentration adjacent is
high) AND (dilatational strain is neg. low or pos. low) AND
(distortional strain is low)

THEN (bone concentration has to increase)




Methods: Membership Functions

Example: One of 10 membership functions

low medium | high
1 o o—©

=
E
S
= 0 |
o
— e

0,0001 0,001 0,01 0,1 1

distortional strain



Zugehdrigkeitsfunktionen fur Eingangsgréfiien

-destructive -medium -low aboutzero +low +medium  +destructive
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Zugehdrigkeitsfunktionen fur Ausgangsgrofien
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Results

Case A Case B
Small initial movement 0.25 mm Large initial movement 1.25 mm
Blood Bone Cartilage Blood Bone Cartilage

14dad 144,




Results: Interfragmentary Movement

IFM in mm

Case A

Small initial movement 0.25 mm

IFM in mm

1.50

195 —— 1032
—— 1044

1.00 —— 1057
——1100

0.75 ——FE

0.50

Healing days

Case B

Large initial movement 1.25 mm

1.50

1.25 ¥

1.00

0.75

0.50

0.25

0.00

Healing days

Animal experiments: Claes, et al. 97



Simulation of 3D bone healing under axial and shear movement

Axial movement Shear movement

AOCWonm 222
NOCWUANN 22225552722




3D Stiffness Directions

Axial




Healing

—— Simulation: Kleiner Spalt (Fall B)

W 50

By —— Simulation: Groker Spalt (Fall D)
-

hE-D 40 B Experiment: Kleiner Spalt (Fall B)
%;E 30 8 334421,8 B Experiment: GroRer Spalt(Fall D)
FE € Healing > e

[ra]

B m 14,8+13,7 < Remodeling 2

a 10

b

56 70 84 98 \112 126 140 154 168 182 196

Simon et al., DC




Optimal Implant Stiffness?

Implant .
Properties Iiracture Healing .MOd?,I Bridge Detector Healing time
. Complex Functional
(Stiffness)

Optimization Algorithm

Healing time -




Complex Fracture Geometry

healing time =——p

1.5 T T T ——y
Ugxial IN VIVO A

Ushear iN Vivo

Ugaxial Simul.

Ughear Simul.

IFM in mm

25 5 75 10
healing time in weeks




Distraction Osteogenesis

Haematoma |

. L
Cortex | L_Distractivn™™

IFM
(mm)

0.15

15 30

Day 1







1.3 Variables, Dimensions and Units

Standard: ISO 31, DIN 1313
Variable = Number - Unit

Q

Length, =2-m=2m §

-]

S

{Variable} = Number g

[Variable] = Unit -
1 2
Three mechanical SI-Units: Lengthiim]
m  (Meter) Length L/ m

kg (Kilogram) Length Linm >

s (Seconds)



2 STATICS OF RIGID BODIES

2.1 Force

- We all believe to know what a force is.

* But, forceis an invention not a discovery!

» ... it can not be measured directly.

Newton's 2" Law [Axiom]:

Force = Mass times Acceleration or F=m-a

Note to Remember:

.A force is the cause of acceleration or
deformation of a body"




Representation of Forces

\ Line of action

... with arrows Screw

Forces are Vectors with
e Magnitude
e Direction
e Sense of Direction




Units of Force

Newton . ALPENMILCH

N = kg-m/s?

Fo=mg=01kg -9,81 m/s?
= 0,981 kg m/s?
~1N

Note to Remember:
1 Newton ~ Weight of a bar of chocolate (100 g)




2.2 Method of Sections (Euler) [Schnittprinzip]
Free-Body Diagramm (FBD) [Freikdorper-Bild]

=S =

’_—_\

Note to Remember:
First, cut the system, then include forces and moments.

Free-body diagram = completely isolated part.




2.2 Method of Sections

Cut through joint (2D) .

Cut through bone (2D)

=



2.3 Combining and Decomposing Forces

Summation of Magnitudes

8N

Vector Addition

Y Y
%

F1=5N

Subtraction of Magnitudes

iBN »

Decomposition info Components

%_‘ axial 7 » F axial
_é — : - |
0 N\
F
transverse




2.4 The Moment [Das Moment]

Slotted screw with

screwdriver blade Blade Screw M= Fa
“F /LA \ T
a
F *i_ - =
Force Couples (F, a) Moment M

Note to remember:
The moment M= F - ais equivalent to a force couple (F, a).

A moment is the cause for angular acceleration or angular de-
formation (Torsion, Bending) of a body.




Units for Moment

Newton-Meter
N-m = kg-m?/s?

Rechte-Hand-Regel:

Representation of Moments

... with rotation arrows or

| Achse
double arrows

Moments are Vectors with ... 5Nm  oder

e Magnitude
e Direction
e Sense of Direction Drehpfeil Doppelpfeil




2.5 Moment of a Force about a Point
[Versetzungsmoment]

.Versetzungsmoment"

Note to Remember:
Moment = Force times lever-arm




2.7 Static Equilibrium

_
IF
I,’ _—I-FT\\\\\
Important: | “.
Free-body diagram (FBD) first, then equilibrium! / foN/
Free-body diagram
(FBD)
For 2D Problems max. 3 equations for each FBD:
The sum of all forces in x-direction equals zero: F+F,+ =0
The sum of all forces in y-direction equals zero: F,+F,+.. =0
The sum of Moments with respect to P equals zero:

M, +M,, +..=0

(For 3D Problems max. 6 equations for each FBD)



2.7 Static Equilibrium N

———-

Important:

Free-body diagram (FBD) first, then equilibrium! / foN,/

S, --

Free-body diagram
(FBD)

3 equations of equilibrium for each FBD in 2D:

Sum of all forces in x -direction: F +F, +...=0,

Ssum of all forces in y -direction: F,, +F,, +...=0,

Sum of all moments w.resp.toP: M;,+M,, +...=0.

e Force EEs can be substituted by moment EEs
e 3 moment reference points should not lie on one line




6 equlibrium equations for one FBD in 3D:

Summe aller Kraftein x - Richtung : Z = ;O,
Summe aller Kraftein y - Richtung: Z F, ;0,
Summe aller Kraftein z - Richtung: Z F ;O,
Summe aller M omenteum X - Achse bezlglich Punkt P : Z M. ;O.
Summe aller M omenteum y - Achse beziiglich Punkt Q: Z M _o.

Summe aller M omenteum z - Achse bezuglich PunktR : Z M2 =0.

e Force EEs can be substituted by moment EEs
e Max. 2 moment axis parallel to each other
e Determinant of coef. matrix not zero




2.8 Recipe for Solving Problems in Statics

Step 1: Model building. Generate a simplified replacement model
(diagram with geometry, forces, constraints).

Step 2: Cutting, Free-body diagram. Cut system and develop
free-body diagrams. Include forces and moments at cut, as well
as weight.

Step 3: Equilibrium equations. Write the force- and moment
equilibrium equations (only for free-body diagrams).

Step 4: Solve the equations. One can only solve for as many
unknowns as equations, at most.

Step 5: Display results, explain, confirm with experimental
comparisons. Are the results reasonable?




