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Passive musculoskeletal system of humans

(bones and connecting elements)
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Pohybovy systém cloveka

Umoznuje pohyb
Z.akladni podsystémy:
- Ridici

- Svalovy

{Osterni (véetné mezilehlych prvki) - >
pasivni

- Energeticky




Motion system of humans

Subsystems allowing movement :

- Motor Control

- Muscles

<Skelet0n (bones and connecting elements) - passive>

- Energy supply




Pasivni podsystémy:

Kosterni soustava
a

mezilehlé prvky: Slachy, vazy, chrupavky, klouby

HLAVNI FUNKCE:
- Slouzi jako konstrukc¢ni prvky
- Vytvareji mechanickou podporu
- Umoznuji prenos mechanické energie
- Akumuluji mechanickou energii

- Chrani vnitini organy pred mechanickym poskozenim



Passive subsystems:

Skeletal System
and

Intermediate connecting elements: tendons, ligaments, cartilages, joints

MAIN FEATURES:
- Serve as structural elements
- Create mechanical support
- Allow transfer of mechanical energy
- Accumulate mechanical energy

- Protect internal organs from mechanical damage



Vlastnosti tkani — zakladni pojmy:

Typické mechanickeé vlastnosti biologickych
materialu:

Viskoelasticita (viskozita i elasticita pri defor@

Nehomogenita (nestejnorodost)
Anizotropie (razné vlastnosti v riznych smérech)

Adaptabilita (zména vlastnosti jako reakce na
okolnosti)



Properties of tissues - basic concepts:

Typical mechanical properties of biological
materials:

Viscoelasticity (viscosity and elasticity m>
deformation)

Inhomogeneity (heterogeneity)

Anisotropy (different properties in different
directions)

Adaptability (properties change in response to
changing conditions)



Viskoelasticita :

Viskoelasticita je vlastnost materialu, které vykazuji jak
viskozni tak elastickeé znaky pii1 deformaci.

Visk6zni materialy, podobné jak med, kladou odpor pri
smykove deformaci a prodlouzeni, a to linearné v Case pri
aplikaci napéti. Elastické (pruzné) materialy se prodluzuji
okamzité pr1 napinani a okamzité se vraceji do puvodniho

stavu, kdyz napéti pomine.

Viskoelastické materialy maji prvky obou téchto
vlastnosti. Jejich prodlouzeni je zavisle na Case.

Zatimco elasticita (pruznost) je obvykle vysledek
protahovani vazeb podél krystalografickych rovin v
usporadané pevné latce, viskozita je vysledkem difuze
atomu nebo molekul v amorfnim materialu.

http://en.wikipedia.org/wiki/Viscoelasticity



Viscoelasticity :

Viscoelasticity: property of materials exhibiting both
viscous and elastic characteristics when undergoing
deformation.

Viscous materials (like honey) resist shear flow and
strain linearly with time when a stress 1s applied. Elastic
materials strain instantaneously when stretched and just
as quickly return to their original state once the stress is

removed.

Viscoelastic materials have elements of both of these
properties and, as such, exhibit time dependent strain.

Whereas elasticity 1s usually the result of bond stretching
along crystallographic planes in an ordered solid,
viscosity 1s the result of the diffusion of atoms or

molecules inside an amorphous material.

http://en.wikipedia.org/wiki/Viscoelasticity



Elasticita, viskozita, viskoelasticita :

AL Sila (F)

AL

AL

Aplikovana sila

. . .. o cas
Deformace elastického materialu - okamzita deformace,
po odeznéni sily se material vraci do ptivodniho tvaru

v

cas
Deformace viskozniho materialu
(tekutiny) — teéeni v pfipadé pusobici sily Mensi viskozita

Vétsi viskozita

v

Cas
Deformace viskoelastického materialu - deformace a
navrat do pavodniho tvaru zpomaleny vlivem viskozity

-

v



Elasticity, viscosity, viscoelasticity :

Force (F)

AL AL

AL

Applied force

»
»

. : . time
Deformation of elastic material — immediate deformation,
after the force releases, materials returns to initial shape immediately

time "
Deformation of viscous material (fluid)
— material yields when force is applied Smaller viscosity

Larger viscosity

nn®s
amumns®
gpunusn »

time ]
Deformation of viscoelastic material — deformation and
recovery is slowed down due to viscosity

4

time



Viscosity :

What is viscosity?

This question is often best answered by example. Imagine a
styrofoam cup with a hole in the bottom. If I then pour honey into the
cup I will find that the cup drains very slowly. That is because
honey's viscosity is large compared to other liquids' viscosities. If
fill the same cup with water, for example, the cup will drain much
more quickly.

Viscosity is a measure of a fluid's resistance to flow. It describes
the internal friction of a moving fluid. A fluid with large viscosity
resists motion because its molecular makeup gives it a lot of internal
friction. A fluid with low viscosity flows easily because its molecular
makeup results in very little friction when it is in motion.

Gases also have viscosity, although it is a little harder to notice it in
ordinary circumstances.

http://www.princeton.edu/~gasdyn/Research/T-C_Research_Folder/Viscosity def.html



Viscosity :

The resistance to flow of a fluid and the resistance to the movement
of an object through a fluid are usually stated in terms of the
viscosity of the fluid.

Experimentally, under conditions of laminar flow, the force required
to move a plate at constant speed against the resistance of a fluid is
proportional to the area of the plate and to the velocity gradient
perpendicular to the plate. The constant of proportionality 1s called
the viscosity.

y

L,

The units of viscosity n are then N s/m?
or Pa-s. The CGS unit is dyne sec/cm?
which is called Poise. The viscosity of
water at 20°C is 0.01 Poise. The viscosity
of blood at body temperature is about
0.03 Poise. The Pa-s is called a Poisuille
and is equal to 10 Poise.

http://hyperphysics.phy-astr.gsu.edu/%E2%80%8Chbase/pfric.html



Viscosity :

The flow resistance of a tube is defined p Prgﬁﬁwe
from the relationship: ' op

U= (P2-P1)/R

where the script U is the volume flowrate U TR
through the tube. This volume flowrate to flow R

can also be expressed by e ] o
U= A*Veffective — A*Vm /2

where v, 1s the maximum flow velocity at
the center of the tube.

The resistance denoted by the script R can be calculated from:

R = 8uL/(Ar2) = 8uL /(7 1)

http://hyperphysics.phy-astr.gsu.edu/%E2%80%8Chbase/pfric.html



Zakladni mechanickeé viastnosti
Pojmy - definice :

Elasticita (pruZznost) - schopnost materialu vratit se do
ptvodniho tvaru po odeznéni zatéze.

Plasticita (tvarnost) - schopnost materialu setrvat
v deformovaném stavu 1 po vymizeni vnéjSi zatéze.

Mez pruznosti (mez kluzu) - hrani¢ni hodnota napéti tvorici
pirechod mezi deformacemi pruznymi a plastickymi.

Pevnost (neboli mez pevnosti) - mezni zatizeni, kter¢ pokud
je prekroceno zpusobi destrukci materialu.

Tuhost - schopnost odolavat deformacim. (U linearnich
elastickych materialii reprezentovana konstantou — modulem)

Tvrdost materialu - odolnost proti vrypu.

http://biomech.ftvs.cuni.cz/pbpk/kompendium/biomechanika/vlastnosti_obecne.php



Basic mechanical properties
Terms - definitions :

Elasticity (springiness) — the ability of material to return to its
original state after load disappears.

Plasticity (deformability) - the ability of material to stay in a
deformed state after load disappears.

Yield strength (yield point) —level of stress at the boundary
between elastic and plastic deformations

Rupture point - level of stress causing material destruction

Stiffness — the ability of material to withstand deformation. (In
linear elastic material represented by a modulus constant)

Hardness - resistance of material to localized plastic
deformation

http://biomech.ftvs.cuni.cz/pbpk/kompendium/biomechanika/vlastnosti_obecne.php



Vlastnosti tkani — zakladni pojmy:

Hmotnost, elasticita —
akumuluji energii

Plasticita a viskozita — disipuji
energii, tlumi pohyb (viz dile)

Tyto vlastnosti charakterizuji
odolnost tkani proti
silovému/napét’ovému
pusobeni (mechanické zatézi).

Celkové tuto odolnost
vyjadruje tzv.

Mechanicka impedance
(Z. = sila / rychlost)

MECHANICKA ZATEZ

F(t), o(t)

SILA  NAPETI

JECHANICKS MIPEDAN

- Y A
FLas I_ICI_ TA HMOTNOST
VISKOSITA

¥ A .

ELASTICITA

RYCHLOST DEFORMACE

DEFORMACNI RYCHLOST

http://biomech.ftvs.cuni.cz/pbpk/images/Bot1-18.gif



Properties of tissues - basic concepts:

Mass, elasticity - accumulate
energy

Plasticity and viscosity -
dissipate energy, reduce
movement (see further)

These features characterize
the resistance of tissues to the
applied force and stress
(mechanical stress).

Overall, this resistance is
expressed as:

Mechanical impedance
(Z. = force / speed)

MECHANIC LOAD

K(t), o(t)

FORCE STRESS

MECHANIC . IMPEDANCE
}ALU- ~ o o ! 'L’.t
- ¥ 4

ELASTICITY  PLASTICITY MASS

VISCOSITY
¥ A .

DEFORMATION SPEED
e(1)

DEFORMATION SPEED

http://biomech.ftvs.cuni.cz/pbpk/images/Bot1-18.gif



Velikost zatéze a deformace materialu:

Napéti (stress) ¢ - hodnota sily F ptuisobici na jednotku plochy S:
6=F/S [Pa]

Deformace materialu (strain):

a) Linearni

- absolutni prodlouZeni (elongation): 1 - 10 |m]

- relativni prodlouZeni (strain): & = (1 - 10) / 10

b) Smykové — zm&na velikosti whlu l |
- tzv. smykové pretvoreni (shear strain) T T
Y=0,-0,
Bézné je pro vypocty deformaci pouzivan
tenzorovy pocet (mechanika kontinua).

Zde budou probrany pouze zakladni principy.
Zejména linearni (normalova) deformace.



Load Size and Material Deformation:

Stress o - force F acting on the unit area S:

c=F/S [Pa]

Material deformation (strain):
a) Linear
- Absolute extension (elongation): 1 - 1, [m]
- Relative elongation (strain) € = (1-1,) / 1,
b) Shear — angle change L i
- Called shear deformation (shear strain) T
v=02-01

Used for calculation of deformation tensor (continuum mechanics).

Here only basic principles will be discussed, especially linear (normal) strain.



Modul pruznosti (E):
Thomas Young, 1773-1829

O kde ¢ — velikost normalového napéti (sila ptisobi kolmo
E — = na pri¢ny prifez), € — relativni prodlouzeni
Jednotka: MPa

Charakterizuje tuhost — schopnost odolavat deformacim

Primémé hodnota [MPa

Kompaktni kost (mezi 50. a 60. rokem zivota) -

Femur 17 000
- Tibie 20 000
Kompaktni kost Femur 15700 (12 700 — 19 400) Tab.3 Janura (2007):
Ligamentum patellae 400 Hodnota Youngova
Elastin 0.6 modulu pruznosti v
Ocel 170 000 tahu (podle Watkins,
1999)
Sklo 70 000
Dubové dievo 10 000

Vulkanizovana guma 1.4



Young’s modulus (E):

Thomas Young, 1773-1829

O c — normal stress (force acting perpendicularly on a
E e crosssectional area), € — strain
Unit: MPa

Characterizes stiffness — ability to withstand deformation

Compact bone (age 50-60)

- Femur 17 000
- Tibia 20 000
Young’s
Compact bone Femur 15700 (12 700 — 19 400) .
moduli for
Ligamentum patellae 400 tension load
Elastin 0.6 (after Watkins,
Steel (Ocel) 170 000 2220
Janura (2007)

Glass 70 000
Oak Tree Wood (Dubove dievo) 10 000

Vulcanized Rubber (Vulkanizovana guma) 1.4



Priklad:

Uvazujme, Ze mame gumovy material s Youngovym modulem pruznosti 1 MPa. Jak
velka plocha priifezu je tteba pro prodlouzeni vulkanizované gumy o 10 % pfi zatiZeni
zavazim o hmotnosti 1 kg?

Resent:

Vychozi rovnice: 1) Hooketiv zdkon o = €E [Pa], 2) definice napéti: 0 = % [Pa]

. A\ A\ 14 F m
Rovnice feSeni: S = p >S5 = E—f

Dosazeni hodnot: m=1 kg, g=10 ms?, E=1 MPa, €¢=0.1

1+10 1 _ _
= o = 7or = 107*m? = 107%  (10%)* cm® = 1 cm?

S

Jaky by byl polomér prifezu r, kdyby byl kruhovy?

S = mr?
’S ’1
r= [—= |—=0.564cm
T T



Example:

Consider a rubber material with a Young’s modulus of elasticity £ of 1 MPa. What
cross-sectional area S is needed to elongate vulcanized rubber by 10% under a load
from a weight of mass m = 1 kg?

Solution:
Starting equations: 1) Hooke’s law o = ¢E [Pa], 2) definition of stress: o = g [Pa]
mg

Solution equation: S = Lys=19
o E ¢

Values: m=1 kg, g=10 ms?, E=1 MPa, €=0.1

1+10 1 _ _
S=——o = o = 107" m? = 107% % (10%)* cm® = 1 cm?

What would the radius r be if the cross-section were circular?

S = mr?
’S ’1
r= [—= |—=0.564cm
T T



Priklad:

Uvazujme, Ze gumic¢ka ma prufez S = 1 mm? a Younguv modul pruznosti £ = 1.4 MPa.
Jak t€zké zavazi m je treba, aby se gumicka protahla o 10 %?

ReSeni:
Vychozi rovnice:
1) Hooketuitv zakon: o = ¢E [Pa], kde o je napéti, € relativni prodlouzZeni

. vy r F m . . . ) - - ’

2) definice napéti: o = S =" Sg_ [Pal], kde F je tihova sila, g gravitaéni zrychleni
. e % , oS EES
Rovnice feseni: m = i = vE

Dosazeni hodnot: €=10% =0.1 =101, £ = 1.4 MPa = 1.4*10° Pa,
S =1mm?=10°%m? g = 10 m*s?

107 1%1.4%100%107° _
m= — =1.4*x10"% kg




Elasticity example:

Consider a rubber band with a cross-sectional area S of 1 mm? and a Young’s modulus of
elasticity £ = 1.4 MPa. How heavy mass m is required to stretch the rubber band by 10%?

Solution:

Starting equations: 1) Hooke’s law o = ¢E [Pa], where o is normal stress, € is strain

2) Stress definition: o = g = % [Pa], where F is gravitational force,

g 1s gravitational acceleration

oS eES

Final equation: m = — =—
g g
Numerical values: £ = 10% = 0.1 = 10-1, £ = 1.4 MPa = 1.4*10° Pa,
S =1mm?=10°m? g =10 m*s*

107 1%1.4%100%107° _
m = — =14 x10"%kg




Hookeuv zakon:

Prodlouzeni je primo umérné napéti

E o)
O = LE E ==
E
kde o — velikost normaloveho napéti (jednotka: MPa), £ — Youngiiv modul
pruznosti (jednotka Mpa), ¢ — relativni prodlouzeni (bezrozmérné)

C“/ e ¢ Hooketiv zékon plati pro tzv.
\ B zona plastickych | elastické deformace (viz obr. 29,
S : deformaci :  Janura).
b ' i Neplati pro plastické deformace
>§ . i (viz déle).
N zOna :
elastickych
o\ deformaci .
A Deformace: ¢

Obr. 29 Vztah mezi velikosti zatizeni tahem a deformaci kosti ~ Janura (2007)



Hooke's law:

Elongation is directly proportional to normal stress

o
o=Es E=—

E

o —normal stress (in MPa), E — Young’s elasticity modulus (in MPa),
g — relative elongation - strain (unitless)

Hooke's law applies to so-called.

N . . . .
e o € elastic deformation (see Fig. 29,
8 R 5 deg)ll’?lsig‘gon L R
o Zone i Does not apply to plastic
.. i  deformation (see below).

m [
S : :
§ Elastic :
7o deformation :
o Z0Nnc .

) s

A

Deformation: ¢

Fig: Stress-strain relationship in a bone (Janura 2007, obr.29)



Elasticka a plasticka deformace:

Elasticka deformace — navrat do ptivodniho stavu po odeznéni vné;si zatéze
Plasticka deformace — zachovani deformace po vymizeni vn¢jsi zatéze

Mez kluzu, mez pruznosti, mez trvalé deformace - napéti na prechodu mezi
elastickou a plastickou deformaci

Mez pevnosti — napéti po jehoZ piekroceni dochazi k destrukci (zlomeni kosti)

A c B —prechod mezi elastickou a plastickou
C bt = s deformaci
,_ B Zona PlaST’lCl\TCh : C — mezni bod, ve kterém dochazi
el : deformaci . kposkozeni kosti
o3, E ; B’ —mez kluzu
Z 5 C’ —mez pevnosti
zona :
elastickych 5
o\ deformaci .
A deformace .

Obr. 29 Vztah mezi velikosti zatizeni tahem a deformaci kosti ~ Janura (2007)



Elastic and plastic deformation:
Elastic deformation - object returns to its original state after recovering from external
load
Plastic deformation — object preserving deformations after external load disappears

Yield strength, tensile strength - the stress at the transition between elastic and plastic
deformation

Ultimate strength - stress beyond which destruction occurs (bone fracture)

/\ = o o . .
o C B - Transition from plastic to elastic
' : :  deformation
Plast ; :
o TR B. deforﬁ;ﬁon i C- boundary point of bone damage
: zone :  B’—Yield strength
© : i C’— Ultimate strength
> s ;
= Elastic ;
2 deformation :
o zone E
>
A

Deformation: ¢

Fig: Stress-strain relationship in a bone (Janura 2007, obr.29)



Elasticka a plasticka deformace:

Elasticka deformace — navrat do ptivodniho stavu po odeznéni vnéjsi zatéze
Plasticka deformace — zachovani deformace po vymizeni vnéjsi zatéze

Mez kluzu, mez pruznosti, mez trvalé deformace - napéti na prechodu mezi
elastickou a plastickou deformaci

Mez pevnosti — napéti po jehoZz piekroceni dochazi k destrukcei (zlomeni kosti)

A c B —prechod mezi elastickou a plastickou
C deformaci
i C — mezni bod, ve kterém dochazi
B k poskozeni kosti
&3 B’ —mez kluzu
‘ﬁ Velikost ulozené energie — | C’ — mez pevnosti
urcuje pevnost materialu
A deformace

Obr. 29 Vztah mezi velikosti zatizeni tahem a deformaci kosti  Janura (2007)



Elastic and plastic deformation:

Elastic deformation - object returns to its original state after recovering from external
load

Plastic deformation — object preserving deformations after external load disappears

Yield strength, tensile strength - the stress at the transition between elastic and plastic
deformation

Ultimate strength - stress beyond which destruction occurs (bone fracture)

B — Transition from plastic to elastic
deformation

C — boundary point of bone damage
B’ —Yield strength

C’ — Ultimate strength

Amount of stored energy

— determining the strength
of the material

Stress: ©

A Deformation: ¢

Fig: Stress-strain relationship in a bone (Janura 2007, obr.29)



Elasticka a plasticka deformace:

Elasticka deformace — navrat do ptivodniho stavu po odeznéni vné;jsi zatéze
Plasticka deformace — zachovani deformace po vymizeni vnéjsi zatéze

Mez kluzu, mez pruznosti, mez trvalé deformace - nap¢cti na prechodu mezi
elastickou a plastickou deformaci

Mez pevnosti — napéti po jehoZz piekroceni dochazi k destrukei (zlomeni kosti)

A c B —prechod mezi elastickou a plastickou
C bt = s deformaci
,_ B Zona PlaST’lCl\TCh : C — mezni bod, ve kterém dochazi
el : deformaci . kposkozeni kosti
o3, E ; B’ —mez kluzu
Z 5 C’ —mez pevnosti
zona :
elastickych 5
o\ deformaci \ c=Ee
A deformace .

Obr. 29 Vztah mezi velikosti zatizeni tahem a deformaci kosti ~ Janura (2007)



Elastic and plastic deformation:
Elastic deformation - object returns to its original state after recovering from external
load
Plastic deformation — object preserving deformations after external load disappears

Yield strength, tensile strength - the stress at the transition between elastic and plastic
deformation

Ultimate strength - stress beyond which destruction occurs (bone fracture)

N —~
o C B - Transition from plastic to elastic
T Plastic i deformation
53 SELLELEILEL : deformation : € — boundary point of bone damage
: zone :  B’—Yield strength
© : :  C’— Ultimate strength
= Elastic
2 deformation c=Es¢
zZone .
s
A Deformation: €

Fig: Stress-strain relationship in a bone (Janura 2007, obr.29)



Mez pevnosti a moduly pruznosti pro nékteré tkané

Tab. 4 Napeéti na mezi pevnosti a moduly pruznosti pro néktere tkane (Karas & Otahal, 1972)

Janura (2007)

Tl Me:z pevnosti [MPa] Modul pruznosti [MPa]
Diafyza femuru
podélné 170 — 209 (tlak) 17 550 — 35 300 (tlak)
132 — 133 (tah) 16 840 (tah)
krut 33 -
Tibie 195 — 204 (tlak) 28 010 — 30 600 (tlak)
157 (tah) 23 830 (tah)
Fibula 125 (tlak)
Humerus 135 (tlak) —
Radius 117 (tlak) -
Ulna 126 (tlak) —
Kloubni chrupavka 68 (tlak) —
Achillova slacha 35 — 56 (tah) —
Slachy, vazy pasmo 42 — 210 (u dospelych) |-

Aplikace pro urceni bezpec¢nostnich Kritérii

Bezpecnostni faktor 2 — 5 (velikost sil u dennich aktivit ma byt 2-5x mensi nez

pevnost kosti)



Ultimate yield strength and elasticity moduli for some tissues

Yield strength [MPa] Young’s modulus [MPa]

Femur diaphysis

- longitudinal 170 -209 (compression) 17 550 — 35 300 (compression)
132 — 133 (pull) 16 840 (pull)
- torsion 133 --
Tibia 195 — 204 (compression) 28 010 — 30 600 (compression)
157 (pull) 23 830 (pull)
Fibula 125 (compression)
Humerus 135 (compression)
Radius 117 (compression)
Ulna 126 (compression)
Joint cartillage 68 (compression)
Achilles’ tendon 3556 (pull)
Tendons, ligaments 42 — 210 (in adults)

Table: Tension at the boundary of the yield strength and the Young’s moduli (Karas & Otahal 1972, cit. in Janura 2007)

Use for determining safety criteria:

Safety factor 2-5 (stress load in daily activities should be 2-5x smaller than the
yield strength of the bones)



Mez pevnosti a moduly pruznosti pro nékteré tkané

Tab. 4 Napeéti na mezi pevnosti a moduly pruznosti pro néktere tkane (Karas & Otahal, 1972)
Janura (2007)

D

Tl Me:z pevnosti [MPa] Modul pruznosti [MPa]

Diafyza femuru L —
podelne 170 — 209 (tlak) 17 550 — 35 300 (tlak)

132 — 133 (tah) 16 840 (tah) T

krut 33 =

Tibie 195 — 204 (tlak) 28 010 — 30 600 (tlak)

157 (tah) 23 830 (tah)

Fibula 125 (tlak)

Humerus 135 (tlak) —

Radius 117 (tlak) -

Ulna 126 (tlak) —

Kloubni chrupavka 68 (tlak) —

Achillova slacha 35 — 56 (tah) —

Slachy, vazy pasmo 42 — 210 (u dospelych) |-

OTAZIQA COTO ZNAMENA V PRAXI, KDYZ JE MODUL
PRUZNOSTI 100x VETSI NEZ MEZ PEVN OSTI" JE TO MOZNE ?

c=E.z¢g



Ultimate yield strength and elasticity moduli for some tissues

Yield strength [MPa] Young’s modulus [MPa]

Femur diaphysis
- longitudinal <l 70 -209 (compression) 17 550 — 35 300 (compressi@
132 — 133 (pull) 16 840 (pull)
- torsion 133 -
Tibia 195 — 204 (compression) 28 010 — 30 600 (compression)
157 (pull) 23 830 (pull)
Fibula 125 (compression)
Humerus 135 (compression)
Radius 117 (compression)
Ulna 126 (compression)
Joint cartillage 68 (compression)
Achilles’ tendon 35— 56 (pull)
Tendons, ligaments 42 — 210 (in adults)

Table: Tension at the boundary of the yield strength and the Young’s moduli (Karas & Otahal 1972, cit. in Janura 2007)

QUESTION: What does it mean in practice, when the elastic modulus is
100x GREATER THAN ultimate strength? How is it POSSIBLE ?

oc=LE.c



Stavba kosti:

Nejtvrdsi a nejtuzsi tkan svalové-kosterniho systému
Nehomogenni struktura
Organické 1 anorganicke latky:

- Mineraly — tvrdost a kiehkost

- Kolagenni vlakna — odolnost v tahu

- Voda, tuk

Existuji tf1 typy bunék, které prispivaji k homeostaze kosti:
1) Osteoblasty: burika tvorici kost,

2) Osteoklasty: resorbuji nebo rozkladaji kost

3) Osteocyty: zralé kostni bunky.

Rovnovaha mezi osteoblasty a osteoklasty udrzuje kostni tkan.



Bone structure:

Hardest and stiffest tissue in musculoskeletal system
Non-homogenous structure
Organic and inorganic substances:

- Minerals — give hardness and brittleness

- Collagen fibers — give tensile strength

- Water, fat

There are three types of cells that contribute to bone homeostasis.

1) Osteoblasts: bone-forming cell
2) Osteoclasts: resorb or break down bone
3) Osteocytes: mature bone cells.

An equilibrium between osteoblasts and osteoclasts maintains
bone tissue.
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Stavba kosti:

Dva typy tkané v kosti: kompaktni (hutna, K) a houbovita
(spongidzni, S).

Lisi se hustotou, ¢ili tim, jak tésné je tkan poskladana
dohromady.

Kost houbovitd




Bone Structure:

Two types of tissue in the bone: compact (K) and spongy (S).

Their composition is similar, but they differ in density, or
how tightly the tissue is packed together.

Okostice \ Kost hutna Nery
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https://training.seer.cancer.gov/anatomy/skeletal/tissue.html



Stavba kosti:

Zékladni stavebni jednotka — osteon neboli Haversiiv systém (primér c. 200 um)

Je to komplex koncentrickych lamel kolem Haversova kanalku obsahujiciho cévni
zasobeni a nervy. Zakladem osteonu jsou kolagenni vldkna. Osteony lezi ve sméru
hlavnich napéti kosti (nejlepsi odolnost v téchto smérech, neizotropie)

Osteony byvaji ulozeny rovnob&zné, spiralovité nebo obloukovite,

eriosteum endosteum

(okostice) -

Prostor pro kostni
dien )
Haversuv

kanalek Volkmannuv

Janura (2007) kanalek

Janura (2007\)



Bone Structure:

Basic structural unit - Osteon (diameter ¢. 200 mm)
Osteons are oriented in parallel, spirally or arch-wise

Osteons are based on collagen fibers. These are centered around the
Haversian canal containing blood supply and nerves. They lie in the

direction of principal stress of the bone (best endurance in these
directions. anisotroov)

periosteum endosteum

Osteons

Space for bone
marrow

Haversian |
’ i\
canal Volkmann’s |

Janura (2007) canal Janura (2007)



Stavba kosti:

Zékladni stavebni jednotka: Osteon neboli Haverstuiv systém (pramér c. 200 um)

Ma tvar dlouhého valce, tvofen 4-20 koncentrickymi lamelami usporadanymi
kolem Haversova kanalku obsahujiciho cevni zasobeni a nervy. Zakladem osteonu
jsou kolagenni vlakna. Osteony leZi ve sméru hlavnich napéti kosti (nejlepsi
odolnost v téchto smérech, neizotropie — viz dale)

Kompaktni a houbovita kostni tkan (lamelarni kost)

una obsahujici osteocyt

Lac —_—
(Maly prostor v kosg) Osteon kompaktni tkané

Lamellae i / O
aisii# . Trabecula
. Canalicull il houbovité tkané
(Mikroskopické kanalky Wi (fidkd trameitd struktura,
kolem lamel) -0 obsahuje kostni dfef)
Osteon e Hﬂer&ar[ﬁkanél
Haversuv
(obsahuje cévy a nervy,

komunikuje mezi riiznymi ¢astmi
kosti, dodava ziviny)

Periosteum
(Okostice)

Volkmannuv kanal

e (Pfivadi cévy a nervy z okostice k
Haversovym kanaltim, pronika
. k . d . skrz lamely) |
Wikipedia.com :
https://cs.wikipedia.org/wiki/Osteon Janura (2007)



Bone Structure:

Basic structural unit - Osteon (diameter c. 200 mm)

It has the shape of a long cylinder, formed by 4-20 concentric lamellae arranged around a
Haversian canal containing blood vessels and nerves. The basic structural component of
the osteon is collagen fibers. Osteons are oriented in the direction of the main stresses
acting on the bone (providing the greatest resistance in these directions; anisotropy — see

below).
Compact Bone & Spongy (Cancellous Bone)

Lacunae containing osteocytes Osteon of compact hone
Lamellae «/ Trabeculae of spongy
Canaliculi L bone
Cisteon ~ Hawversian

canal

Feriosteum

olkmann's canal

Wikipedia.com Janura (2007")



Stavba kosti:

Kosti se liSi podle druhu (dlouhé, kratké, ploché, nepravidelné) a funkce.

Diference v riznych ¢astech jedné kosti — rizny pomér zastoupeni kompaktni (hutné,K)
a houbovité (spongiézni, S) kostni tkainé - NEHOMOGENNI MATERIAL!

Spongiozni versus kompakni kost: 1/3 hustoty, 1/10-1/20 tuhosti, Sx vétsi protazitelnost

Architektura kosti pomérné presné informuje o velikosti a sméru pusobicich sil
(tah, tlak) - DUSLEDEK ADAPTABILITY NA VNEJSI PODMINKY

T

- S
—~K

hlavni tlakova
skupina tramecku

skupma tramecku
u trochanter major

druhotna tahova
skupina tramecki

kompaktni kost

spongiozni kost

hlavni tahova

skupina trameckua

druhotna tlakova
skupina ramecku

kostni dien

Obr. 23 Vnitini struktura hlavice kosti stehenni (podle Valenta et al.,

Janura (2007)

1985)



Bone Structure:

Bones vary according to their shape (long, short, flat, irregular), and functions.

Differences in different parts of a bone - different proportions of compact (dense, K) and
spongy (cancellous, S) bone - - NON-HOMOGENOUS MATERIAL!

Spongy versus compact bone: 1/3 density, 1/10-1/20 stiffness, Sx greater extensibility

Inner architecture of bones reveals quite accurately on the magnitude and direction of
forces (tension, compression) —- BONE ADAPTABILITY TO OUTER CONDITIONS

hlavni tlakova

. e spongiozni kost
skupina tramecku Pons

skupina tramecki
u trochanter major

hlavni tahova
skupina tramecku

druhotna tlakova

druhotna tahova S e
skupina ramecku

skupina tramecka

!If
kompaktni kost \ . -
4 kostni dren

Obr. 23 Vnitini struktura hlavice kosti stehenni (podle Valenta et al., 1985)

Janura (2007)




Zpusoby namahani kosti:

) Lloflat]
5 zakladnich zpisobi: 1l

L Y
D -
j “

-

3 »

Obr. 24 Zakladni zpusoby namahani Kosti Janura (2007)

Namahani kombinované — soucasné puisobeni vice typu zatéze
a) Tah — prodlouZeni a zZeni kosti. Poranéni nastava pti extrémné siln¢ svaloveé
kontrakci

b) Tlak — zkraceni a rozSifeni kosti — poranéni hlavné u starSich lidi pfi padu

¢) Ohyb — kombinace tah a tlaku plisobicich na riznych stranach kosti — poranéni:
ttibodovy ohyb (zlomenina bérce o okraj lyz. boty), ¢tyftbodovy ohyb (plochy
naraz na Sirokou piekazku, tfiStiva zlomenina, poranéni zpravidla v nejuz§im misté
kosti)

d) Smyk a, e) Krut — poranéni viz obr. 24



5 basic types: l“| 211

|
\

Stress in bones: "ﬂ\

NoA stress Tension Compression Bend Shear Torsion %
% Vv oY
D s —
j <«
N’
3 M
Janura 2007, Fig. 24: Basic types of bone stress Janura (2007)

Combined stress - simultaneous application of several types of loads

a) Tension (pull) — causes lengthening and narrowing of the bones. Pull injuries occur due to
extremely strong muscle contraction

b) Compression — causes shortening and widening of bones - injuries occur mostly in elderly
people when they fall down

¢) Bend - a combination of tension and compression acting on different sides of the bones.
Injuries: three-point bending (fracture of the tibia around the edge of the skiing boots), four-point
bending (flat impact on a wide barrier, spread-comminuted fracture, injuries usually at the
narrowest parts of bones)

d) Shear and e) torsion — for injuries see Fig. 24



Pevnost kosti pri ruzném statickém zatizeni:

ANIZOTROPIE KOSTI

Huimerus/ kost pazni

92, PEVNOST KOSTI pii statickém zatizeni (schéma)

Radomir Cihak. Anatomie, Praha: Avicenum, 1988.



Bone strength under various static load:

BONE ANISOTROPY

92, PEVNOST KOSTI pri statickém zatiZeni (schéma) Huimerus

Radomir Cihak. Anatomie, Praha: Avicenum, 1988.



Unavove zlomeniny:

N
Zpisobené opakovanym, Casto
relativné malym zatiZenim
Cim vétsi pocet opakovani, tim
mensi zatiZeni muzZe zpusobit

poSkozeni Kkosti =

w

AN

Vznikaji nevratné ,,mikrotrhliny*, §

které se zmnoZuji a rozsiiuji poraneni

Pri odstranéni zatéZe ma kost
schopnost regenerace, kdy dochazi
k odstranéni mikrotrhlin a navratu
do puvodniho stavu >

pocet opakovani

Obr. 27 Vztah mezi poc¢tem opakovani a velikosti zatéze pii vzniku poraneni

Janura (2007)



Fatigue fractures:

N
Caused by repeated, relatively low

load

The greater the number of
repetitions, the smaller load may
cause damage to the bone

Load

This creates irreversible .
"microcracks' which multiply and InJ ury
expand

When removing the load, the bone
is able to regenerate and heal -
elimination of microcracks and >

return to its original state

# Repetitions

Obr. 27 Vztah mezi poc¢tem opakovani a velikosti zatéze pii vzniku poraneni

Janura (2007)



Unavové zlomeniny:

Zpisobené opakovanym, ¢asto
relativné malym zatiZenim

Cim vétsi pocet opakovani, tim
menSi zatiZeni mize zpusobit
poskozeni kosti

Vznikaji nevratné ,,mikrotrhliny*,
které se zmnozuji a rozsiruji

Pri odstranéni zatéZe ma kost
schopnost regenerace, kdy dochazi
k odstranéni mikrotrhlin a navratu

do puvodniho stavu

http://www.manlyweb.com/sports/injuries/track-
and-field/track-injuries.htm




Fatigue fractures:

Caused by repeated, relatively low
load

The greater the number of
repetitions, the smaller load may
cause damage to the bone

This creates irreversible
"microcracks' which multiply and
expand

When removing the load, the bone
is able to regenerate and heal -
elimination of microcracks and

return to its original state

http://www.manlyweb.com/sports/injuries/track-
and-field/track-injuries.htm




Z.avislost deformace kosti na velikosti zatéze:

Poskozeni kosti

a) opakovanou zatézi v
z0né unavy

b) Jednorazové zatiZzeni v
zoné pretiZeni

Pozn: K poruseni kosti
muze dojit i pri malé
zatézi, pokud je aplikovana
vysokou rychlosti

zOna pretizeni

zona inavy

\ zOna zatizeni

\
okamzik, ve kterém dochazi
ke zlomeni kosti

pusobici sila

elasticka plasticka
deformace deformace

a) opakované zatézovani nizsi intenzity S
b) jednorazove pusobeni zatizeni v zone pretizeni = == —

Obr. 28 Vztah mezi velikosti ptsobici sily a deformaci kosti (upraveno podle Komi, 1992)

Janura (2007)



Bone deformation versus load size:

'S
Bone damage: | ‘
| : Overload zone
a) Repetitive load in the /;’f R
fatigue zone ; | S Fatigue zone
O \
(@) y cy = Ere
b) Single event in overload = | '\ Load zone
zone i h
S Bone fracture
— event
Note: Bone damage can occur
even with a small load applied >
at high speed Elastic Plastic
deformation deformation
Repetitive smaller load —_—
Single load event in overload zone = i

Relationship between loading force and bone deformation (Janura 2007, modified after Komi, 1992)



Vliv vnéjsSiho prostredi na kosti (Adaptabilita):

Jestlize vlivem riiznych faktorti (zranéni, nemoc, jednostranna zatéz apod.) dojde ke
zméné ve zpusobu provadéni pohybové ¢innosti, ktera ma za nasledek rozdilné ,,pouziti*
kosti, promitaji se tyto zmeény nasledné ve vnitini stavbé kosti.

Tyto vztahy vyjadiuje Wolffiiv zakon:

Kost zdravého jedince se prizpuisobi zmendm zdteze.

Kazda zména ve funkci kosti je doprovazena uritymi ,,nevratnymi‘‘ zménami ve vnitini
architekture kosti s pfihlédnutim k vnéjSim vliviim. Tyto zmény vedou k obnové souladu
mezi1 tvarem, strukturou a funk¢nim zatizenim dané kosti.

Remodelace kosti - Hlavni faktory:
- Uroveti pohybové aktivity
- Vék
- Nemoc
- VyZiva



Influence of external environment on bone (Adaptability):

If there are external factors (injury, illness, unilateral burden etc.) causing changes in
physical activity and resulting in a different bone load, this will also cause changes in
the internal structure of the bone.

This is expressed by Wolff’s law:
Bone in a healthy person or animal will adapt to the loads under which it is placed.

Changes in bone function are accompanied by "irreversible" changes in the internal
architecture of the bone, taking into account external influences. These changes lead to a
restoration of balance between the shape, structure and functional loading of the bone.

Bone remodeling - Main factors:

- Level of physical activity
- Age
- Illness
- Nutrition



Starnuti kosti:

Typicky jev starnuti:
ubytek hmotnosti (hustoty) kostni tkane,

zeslabeni longitudinalnich (podélnych)
tramecki (Haversovych kanalki) a
ztrata pricnych tramecku
(Volkmannovych kanalk).

Mezi 30-80 rokem dochazi ke snizeni
hmotnosti kosti:

Muzi — cca 20%
Zeny —az 40%

OSTEOPOROZA: Ubytek hmoty o0 2,5
smérodatné odchylky ve srovnani s
,vrcholem* kostni hmoty (zdravy
jedinec tehoZ pohlavi a etnika ve véku

30 let)

N

2

Janura (2007)

mlady jedinec

stary jedinec



Bone Aging

Typical sign of aging:
- loss of mass (density) of the bone
tissue,

- Narrowing of the small longitudinal
(Haver’s) channels

- Loss of small transverse (Volkmann’s)
channels.

Bone mass is reduced between 30-80
years of age:

Men - 20%
Women - 40%

OSTEOPOROSIS: Reduction of bone
mass by more than 2.5 standard
deviations compared to the "peak" bone
mass (of healthy individual of the same
sex and ethnicity at the age of 30 years)

N

2

Janura (2007)

Young person

Old person



Starnuti kosti:

N starl

OSTEOPOROZA: Ubytek
hmoty o 2,5 smérodatné
odchylky ve srovnani s
,,vrcholem* kostni hmoty

napéti

Dochazi ke zvySeni kiehkosti
kosti — klesa moznost ,,ulozeni*

: , - >
energie, klesa schopnost deformace
absorbovat deformacni energii
(Obr. 31) Obr. 31 Zavislost deformace tibie na

velikosti zatizeni pifi tahu — vékovy faktor
(podle Nordin & Frankel, 1989)

Janura (2007)



Bone aging:

OSTEOPOROSIS: Reduction of N old
bone mass by more than 2.5
standard deviations compared to
the "peak" bone mass,

young

pull

Bone fragility increases.
Ability to store energy decreases.

Ability to absorb deformation
energy decreases (Fig. 31). deformation

Fig. 31 Tibia deformation versus pulling load
— age factor (Fig. 31 in Janura 2007 after
Nordin & Frankel, 1989)



Vysledek vySetreni osteoporozy:

Total {Radius + Ulna)

Oy T T

Kostni denzitometrie

i 17

Metoda méii absorpci RTG zafeni pti prichodu “1
kosti. %
Hmota o vétsi hustoté absorbuje vice zateni.
) Hranice OSTEOPOROZY:
Zena, 57 let, 2,5 smérodatné odchylky ve . PR
levé predlokti srovnani se zdravym e

jedincem ve véku 30 let

Age

Fracture Risk
u Not Increased | |

Increased

[[] High

T-score vs. White Female; 7-score vs. White Female. Source:Hologic

BMD=Bone mass
— density (hustota

T-
score

-2.1
-3.2
-3.4
-3.2

PR
(%)

74
71
72
71

score

-1.2
-2.0
-2.2
-2.0

AM
(%)

83
80
79
80

81008~

- kostni hmoty)

uD

B DXA Results Summary:

‘m : Radius + Area BMC BMD
Ulna (cm?) (®) (g/em?)
ub 5.71 1.74 0306

| MID 1028 430 0419
| 173 454 222 0489
00 | Total 2053 827 0403

WHO Classification: Osteoporoesis
Fracture Risk: High

k=1187.d0=635
182 x 91, Forearm Length: 24.0 cm

L
Total BMD CV 1.0%, ACF = 1.049, BCF = 1.032



Osteoporosis examination:
Bone densitometry result

Bone densitometry - method of measuring
absorption of X-rays when passing through the bone.

Mass of greater density absorbs more radiation.

Total {Radius + Ulna)

B T

BMD

] 17 T

T I

OSTEOPOROSIS boundary:
Woman, age 57, 2.5 standard deviations oo FLg = R e S
left forearm compared to healthy subjects ik mAgc e F e
aged 30 Fracture Risk

[ | Notincreased | | Increased [[] High

T-score vs. White Female; 7Z-score ve. White Female. Source:Hologic

BMD=Bone mass
density (hustota

b kostni hmoty)

uD

o e DXA Results Summary:

‘m - Radius + Area BMC BMD
Ulna (cm?) (@ (g/em?)
uD 571 174 0306
MID 1028 430 0419

| . 1/3 454 222 0489

13— T | Total 2053 8.27 0.403

1 b
score

-2.1
=3.2
-3.4
-3.2

PR
(%)

74
71
72
71

A
score

-1.2
2.0
2.2
-2.0

AM

(%)
83
80
79
80

81008~

| LY L
| | Total BMD CV 1.0%, ACF = 1.049, BCF = 1.032
; - P ' WHO Classification: Osteoporoesis

Fracture Risk: High

k=1187.d0=635
182 x 91, Forearm Length: 24.0 cm



Z-skore a T-skore :

- Statistické veliCiny
- Pouzivany pro urceni jak moc se zmétena hodnota u ¢lovéka 1isi od
ocekavane hodnoty

Urcuji se ze vztahu
Z = (zméfend hodnota — primérna hodnota) / smérodatna odchylka
T = (zméfena hodnota — referenéni hodnota) / smérodatna odchylka

Za normalni hodnoty jsou u Z-skore a T-skore povazovany hodnoty v rozmezi
-2 az 2 (%2 smérodatn¢ odchylky pokryvaji 95% populace)

Pro kostni denzitometrii:

Z-skore: referenéni primér a smérodatna odchylka ur¢eny z méteni populace
lidi stejného véku a pohlavi jako vySetfovana osoba

T-skore: referencni primér a smérodatna odchylka ureny z méteni populace
lidi véku 30 let, stejného pohlavi jako vySetfovana osoba



Z-score and T-score:

Statistical measures

- Determine how much the measured value differs from the expected value

Obtained from the relationships:
Z = (measured value - average value) / standard deviation
T = (measured value - reference value) / standard deviation

Normal Z-score and T-score values are considered to be in the range -2 to 2
(£ 2 standard deviations cover 95 % of the population)

For bone densitometry:

Z-score: mean reference value and standard deviation obtained from population
of people of the same age and sex as the person being investigated

T-score: mean reference value and standard deviation obtained from population
of people aged 30 years, of the same sex as the person being investigated



y Setieni g Zena, 57 let
Vysledek vySetreni osteoporozy: 1 = i 1 )
Kostni denzitometrie eve predlokt
Total (Radius + Ulna)

[1 p ;

BMD=Bone mass T L AT s i SN T f
density (hustota Z-skore (-2,0,2)
kostni hmoty) ‘E -
2
&D o :-
S :
= ©
@

Hranice OSTEOPOROZY:

2,5 smérodatné odchylky ve
srovnani se zdravym
jedincem ve véku 30 let.

(T-skore = -2.5)

Age
Zjisténa hodnota : Fracture Risk

T-skore pod —2.5 = je | | Notincreased | | Increased [ ] High
osteoporoza. Vysoke

nebezpeci zlomeni kosti . ,
T-score vs. White Female; Z-score ve. White Female. Source:Hologic



Osteoporosis examination: Woman, age 57,
Bone densitometry result a5 Fosierain

Total {Radius + Ulna)
BMD=Bone mass

density (hustota
kostni hmoty)

[g/cm?]

:
OSTEOPOROSIS boundary: /7

2.5 standard deviations

compared to healthy subjects
aged 30 years. 2
(T-score =-2.5) i

8l09s-| ©

Age
Fracture Risk
Examination result: | | Notincreased | | Increased [ ] High
T-score below -2.5 ->

o.steopor031s present. High T-score vs. White Female; Z-score ve. White Female. Source:Hologic
risk of bone fracture.



Mezilehlé prvky — SLACHY A VAZY :

Slachy:
slouzi pro prenos svalové sily na kost nebo chrupavku; umoziuji
uloZeni elastické energie.

Pevnost Slachy v tahu je priblizné€ 2x vEtsi nez u svalu (ruptura svalu je
Cast¢jsi nez ruptura Slachy)

Pevnost Slachy v tahu je ptiblizné€ 2x mensi neZ u kosti

Vazy:
stabilizuji kloub; podileji se na spojeni kosti, v limitnich situacich
vymezuji pohyblivost kloubniho spojeni

SloZeni Slach a vaziu:
Voda (70%.)
Pevna matrice (30%)& 2 typy vlaken — elastinova a kolagenni




Intermediate elements - tendons and
ligaments:

Tendons:

Function: transmission of muscle strength on bones or cartillages - allow storing
clastic energy.

Tensile strength: - approximately 2 times greater than that of muscles (muscle
rupture 1s more frequent than tendon rupture);

- approximately 2 times smaller than in bones

Ligaments:

Function: stabilize joints, participate in holding bones together, in limit situations
they define joint mobility

Tensile strength: smaller than in tendons

Composition of tendons and ligaments:
Water (70%)
Solid matrix (30%3_: 2 types of fibers - elastin and collagen




Elastinova a kolagenni vlakna :

a) Elastinova vlakna:

jsou schopna pruzné deformace az 150 % (né€ktefi autofi uvadéeji az
200 %); Jejich pevnost je mensi. Namétené hodnoty zpravidla

nepiesahuji 3 MPa. Pti prekroceni protazeni nad danou mez dochazi
k nevratné deformaci a ztraté pruznosti. (analogie — gumicka)

b) Kolagenni vlakna:

jsou zakladni stavebni jednotkou téchto tkani; vyznacuji se vEtsi
pevnosti a tuhosti. Velikost jejich protaZeni se pohybuje pouze kolem 10
%, hodnota zatizeni dosahuje az 50 MPa. (analogie — nit). S rostoucim
vékem dochazi ke sniZzeni meze pevnosti v tahu. Dylevsky (1994)
oznacuje ,,stafi kolagenu‘ jako miru starnuti organizmu.



Elastin and collagen fibers:

a) Elastin fibers:

- capable of elastic deformation of up to 150% (some authors have reported up to 200%);
their yield strength is rather small - measured values usually do not exceed 3 MPa.

- when the elongation limit is crossed, it causes irreversible deformation and loss of
elasticity.

(Analogy — rubber band)

b) Collagen fibers:

- form the basic building block of the tissue;
characterized by quite high strength and stiffness.
- Their elongation ability is only about 10%,
the yield strength reaches 50 MPa.

(Analogy — cotton thread).

With increasing age the tensile strength decreases.
Dylevsky (1994) refers to "collagen aging" as the main indicator of aging of the organism.



Elastinova a kolagenni vlakna — Slachy vs. vazy:

Slachy: kolagenni vlakna uspofadana paralelng.
Ptiblizny pomér kolagenu a elastinu 75 : 25 %

Vazy: kolagenni vlakna uspotadana nepravidelné (zalezi na funkci),
V¢tsi zastoupeni elastinu nez ve Slachach (u meziobratlovych vazi az 70%).

Vazy jsou méné pevne a kiehci nez Slachy ale 1épe odolavaji mimoosove zatézi.

U slach je jeden smér dominantni, urCujici také ptisobeni tahové sily svalu.

Obr. 33 Usporadani kolagennich vlaken ve Slachach a vazech



Elastin and collagen fibers - tendons vs. ligaments:

Tendons: collagen fibers arranged in parallel.
The approximate ratio of collagen vs. elastin is 75: 25%

Ligaments: collagen fibers arranged irregularly (depending on function)
Greater representation of elastin than in tendons (in intervertebral ligaments up to 70%).

Ligaments are less rigid and more fragile than tendons but are more resistant to off-axis
loading.

In tendons, one direction is dominant - this corresponds to the direction of the tensile stress
of the attached muscle.
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Fig: Arrangement of collagen fibres in tendons and ligaments. (From Janura
2007)




Deformace kolagennich vlaken:

30 hodnota modulu pruznosti: tgo.
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Obr. 34 Zavislost mezi velikosti zatéze a deformaci materialu pro kolagenni vlakna



Deformation of collagen fibers:
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Fig. 34: Relationship between the load and the deformation of collagen fibers (from Janura
2007)



Viskoelasticita slach a vazu :

Jedna ze zékladnich mechanickych vlastnosti
Podminéna pritomnosti elasticke tkan¢ a viskozni tekutiny
Jeden z modell — viz obr. 36

pruzina — ,elasticita®

—

FE—’/

pist — . viskozita*

Obr. 36 Mechanicky model viskoelasticke tkané
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Janura (2007)



Viscoelasticity of tendons and ligaments:

One of their basic mechanical properties
Given by the presence of elastic tissue and viscous fluids.
One of the models - Fig. 36

Spring — “elasticity”

VW — o VVWW ——

TR —H—

— A —

Piston — ““viscosity”

Fig. 36: Mechanical model of a viscoelastic tissue (from Janura 2007)



Viskoelasticita slach a vazu :

Dusledek viskoelasticity — 2 efekty:

1) Creep (teceni) 2) Napétova relaxace

Pozvolné protahovani materialu pri Pokles napéti pri konstantni délce
konstantni zatézi

A Konstantni zatizeni v tahu 'k konstantni delka
=
S >
~ 2N
iy
cas cas
Obr. 37 Creep — zavislost délky na case pii Obr. 38 Napctova relaxace — zavislost zatizeni
konstantni zatézi v tahu (podle Nordin & Frankel, v tahu na Case pfi konstantni délce Janura (2007)
1989) Janura (2007)

Prakticky disledek: K zvySeni flexibility je vice efektivni pomalejs$i provedeni pohybové ¢innosti az do
konecné polohy a néslednd vydrz pifi konstantnim napéti. Pfi Svihovém zplisobu provedeni je vysledné
protazeni kratsi.

S rostoucim vékem se moznost protazeni Slach vzhledem ke klidové délce zmenSuje asi o 7 %.



Viskoelasticita slach a vazu :

Dusledek viskoelasticity — 2 efekty:

1) Creep (teCeni)

Pozvolné protahovani materialu pri
konstantni zatézi

A Teceni pfi konstantni zatézi

A

okamzité prodlouzeni
pii zatézi

prodlouzeni €

” >
cas

Creep — zavislost délky na cCase pii1 konstantni

zatézi v tahu. (Priklad: pii visu se bude télo

protahovat v ¢ase).

napéti ¢

2) Napétova relaxace
Pokles napéti pri konstantni délce

'T “ Pocatecni napéti pii
prodlouzeni

Pokles napéti v Case pii nezménéné délce

= >
cas
Napétova relaxace — zavislost napéti v tahu
pi1 konstantni délce. (Pfiklad: Kdyz se v sed¢
predklonime a chytneme se za Spicky, napéti
bude s ¢asem klesat).

Prakticky disledek: K zvySeni flexibility je vice efektivni pomalejSi provedeni pohybové Cinnosti az do
konecné polohy a naslednd vydrz pii konstantnim napéti (vyuziva joga). Pti Svihovém zplisobu provedeni je

vysledné protazeni kratsi.

S rostoucim vékem se moznost protaZzeni Slach vzhledem ke klidové délce zmensuje asi o 7 %.



Viskoelasticita slach a vazu :

Dusledek viskoelasticity — 2 efekty:
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'T “ Pocatecni napéti pii
prodlouzeni

Pokles napéti v Case pii nezménéné délce

= >
cas
Napétova relaxace — zavislost napéti v tahu
pi1 konstantni délce. (Pfiklad: Kdyz se v sed¢
predklonime a chytneme se za Spicky, napéti
bude s ¢asem klesat).

Prakticky disledek: K zvySeni flexibility je vice efektivni pomalejSi provedeni pohybové Cinnosti az do
konecné polohy a naslednd vydrz pii konstantnim napéti (vyuziva joga). Pti Svihovém zplisobu provedeni je

vysledné protazeni kratsi.

S rostoucim vékem se moznost protaZzeni Slach vzhledem ke klidové délce zmensuje asi o 7 %.



Viscoelasticity of tendons and ligaments:

Consequence of viscoelasticity - 2 effects:

1) Creep 2) Stress relaxation

Gradual elongation of the material during Decrease of stress at constant length
constant pulling load

AElogation in time during constant load ,T
\ “ Initial loading stress

2 caused by elongation
-g Initial elongation =
= — g 17
80 caused by a load )
£ £
= 3
& 3 . .

4 Stress relaxation during constant length

> >
Time Time . '

Creep — eclongation in time during constant load. Stress relaxation - cnange of loading stress in
(Example: while hanging, the body will stretch and time when length is held constant. (Example: If
slowly prolong in time) we lean forward while sitting and grab our toes,

the resisting tension will decrease over time).

Practical consequence: For increasing flexibility, it is more effective to perform slow stretch up to the final
position and then keep the load constant. In fast (swing-like) stretching the final elongation is smaller.

With increasing age, the range of tendon stretching decreases by about 7%.



Viscoelasticity of tendons and ligaments:

Consequence of viscoelasticity - 2 effects:

1) Creep 2) Stress relaxation

Gradual elongation of the material during Decrease of stress at constant length
constant load

\ . "~
Constant pulling load Constant length
g
< ke
5 Z
— =
=]
o™
Time Time
Fig. 37 Creep — elongation in time during constant Fig. 38 Stress relaxation - change of tensile load
load (based on Nordin & Frankel, 1989, cit. by in time when length is held constant.
Janura 2007)

Practical consequence: For increasing flexibility, it is more effective to perform slow stretch up to the final

position and then keep the load constant (used in yoga). In fast (swing-like) stretching the final elongation is
smaller.

With increasing age, the range of tendon stretching decreases by about 7%.



Opakovani: Pasivni podsystémy:

Kosterni soustava

a

mezilehlé prvky: Slachy, Vazy, klouby

HLAVNI FUNKCE:
- Slouzi jako konstrukc¢ni prvky
- Vytvareji mechanickou podporu
- Umoznuji prenos mechanické energie
- Akumuluji mechanickou energii

- Chrani vnitfni organy pred mechanickym poskozenim



Repetition: Passive subsystems

Skeletal system
and
Intermediate connecting elements: tendons, ligaments joints
MAIN FEATURES:

- Serve as structural elements
- Create mechanical support
- Allow transfer of mechanical energy
- Accumulate mechanical energy

- Protect internal organs from mechanical damage



Mezilehlé prvky — CHRUPAVKY
(Fec. Chondros / lat. Cartilago / angl. Cartilage).

Tt1 druhy chrupavek:

a) Hyalinni / sklovita, kloubni (zeyméeéna na kloubnim povrchu
kosti a v pridusnici),
b) Vazivova (napt. meziobratlove ploténky, meniskus),

c¢) Elasticka (napf. usni boltec, hrtanova priklopka, drsné
prudusky)

Zde se budeme vénovat hlavné chrupavce hyalinni na
kloubnim povrchu kosti

Funkce: prenos tlaku z kosti na kost, a tim zajiSténi jejich pruzného
kontaktu. Dochazi ke snizeni tfeni v kloubu a k rovnomérnému
rozlozZeni plsobici sily, tlumeni razovych sil.



Intermediate elements - Cartilages
(Gr. Chondros / lat. Cartilage / Eng. Cartilage)

Three types of cartilage:

a) Hyaline / Articular (occurs especially at the articular surfaces of bones, surfaces
for joints, and in trachea)

b) Fibrous (e.g. intervertebral disks, menisci,...)
¢) Elastic (e.g., external ear, epiglottis, rough bronchi)

Here we will focus primarily on articular hyaline cartilage occuring on bone
surfaces

Functions:

Transmission of pressure from bone to bone (ensuring elastic contact between
bones); Reduction of friction in joints; Even distribution of the force along the
surface; Dampening of impact forces



Mezilehlé prvky - HYALINNI CHRUPAVKA :

Stejn¢ jako Slachy a vazy, chrupavka ma
viskoelastické vlastnosti s disledky Creepu (teCeni)
a Napétové relaxace. Tvar jejich kiivek je podobny

jako u vazi a Slach, ale jejich mechanismus je
odlisny (tlak vs. tah).

Creep - pi1 konstantni zatézi (kompresi) nedochazi ke
konstantni deformaci. Ta se zvySuje v Case
s postupnym vytlacovanim tekutiny az do okamziku,
kdy nejde vice tekutiny vyloucit.

Creep zavisi na velikosti zatéze, tloust’ce vrstvy
chrupavky a jeji permeabilité. VytlaCovana tekutina
prispiva k lubrikaci (mazani) povrchu kloubu a je
zpétné reabsorbovana s poklesem zatéze.

Pti napétové relaxaci je pocatecni stlaceni pri¢inou
nartistu zatizeni chrupavky, ale to se postupné sniZzuje
jak se tekutina v chrupavce preskupuje. Jeho hodnota

se po urcité dobé blizi konstantni velikosti.

4R

ZmenSeni vysky

Napéti v tlaku

A TeCeni pii konstantni zatézi

¢as

>

l

Pokles napéti v Case pfi
nezménéném stlaceni vysky
chrupavky

>

¢as

Analogie: PoloZzime-li mi¢ z¢€asti naplnény vodou na podlozku, je v prvni fazi v kontaktu pouze jeho malé plocha. Velikost
tlaku, ktery plisobi na podlozku, je tedy velka. Postupnym zvétSenim plochy se tlak zmensSuje. U chrupavky probiha tento
proces pomaleji a redukce tlaku je vysledkem deformace chrupavky



Intermediate elements - hyaline cartilage:

Similar to tendons and ligaments, cartilage has viscoelastic

properties and consequently exhibits creep and stress relaxation.

The shape of the load curve is similar to ligaments and tendons,
but its mechanism is different (pressure instead of pull).

Creep —at constant load (compression stress) the strain is not
constant. Strain increases in time due to gradual extrusion of the
fluid from the cartilage until no more fluid can be pushed out.

Creep depends on the load size, cartilage thickness and cartilage
permeability. Extruded (pushed-out) fluid helps to lubricate the
joint surface and it is reabsorbed back when load is decreased.

In stress relaxation, the initial stress increase 1s due to the
compression of cartilage height, but it gradually decreases as the
fluid in cartilage is redistributing. After certain time the stress
reaches a final constant value.

Shortening thickness

Compression load

Creep in constant compression
stress

->

>

Time

Stress relaxation with constant
compressed thickness

Time

Analogy: If we put a ball partially filled with water on the ground, in the first phase only a small area is in contact.
The amount of pressure, which acts on the surface, is therefore great. As the contact area is gradually increasing the
pressure decreases. In cartilage, the process occurs more slowly and the pressure reduction is a result of the

deformation of the cartilage



Mezilehlé prvky - HYALINNI CHRUPAVKA :

Podobn¢ jako kostni tkan je chrupavka anizotropnim a
nehomogennim materialem, s fyziologickym zatéZovanim v tlaku.

Mez pevnosti v tahu se pohybuje kolem 5 % pevnosti kosti.

Permeabilita chrupavky — chrupavka je vysoce porézni material.
Jsou-li pory propojeny tak, ze umoznuji prostupnost tekutiny,
nazyvame latku permeabilni. Pf1 stanoveni permeability méfime
prostupnost tekutiny poréznim materialem. Pro chrupavku je tato
hodnota nizka, s rostoucim tlakem a se zv&tSujici se deformaci se
jeji velikost snizuje.



Intermediate elements - hyaline cartilage:

Like bone, cartilage 1s an inhomogeneous and anisotropic material and it
1s built to withstand physiological compressive load.

Its tensile strength 1s about 5% of bone strength.

Cartilage permeability - cartilage 1s a highly porous material. (If pores
are interconnected and permit the fluid to pass through, the material 1s
called to be permeable. To determine permeability we measure the
ability of the fluid to pass through the porous material.) In cartilages this
value 1s relatively low, and it further decreases with increasing pressure
and with increasing deformation.



Mezilehlé prvky - HYALINNI CHRUPAVKA :

Struktura hyalinni chrupavky: 1) buiikky (chondrocyty), 2) mezibunécnad amorfni

hmota, 3) kolagenni vldkna.

Sit’ kolagennich vldken je tenc¢i nez u vazl. Nejvice zastoupenou latkou v chrupavce je voda (asi
60 %). 80 % vody je obsazeno v okoli povrchu chrupavky, smérem do hlubSich vrstev jeji
mnoZzstvi klesa. Pii stlaceni se ,,preleva“ asi 70 % vody. Jako celek se jedna o porézni,
permeabilni tkan s tekutinou, kterou si miiZeme piedstavit jako houbu nasaklou vodou.

Tt vrstvy:
Horni vrstva: sit’ uspofadana rovnobézné s povrchem.

Stredni vrstva: rozmisténi nahodné

Hlubok4 vrstva: vlakna kolmo ,,napichana* do povrchu kosti

kloubni plocha

—_— e — ——=

v e ——.:r“_‘\ S~
povrchova /j"i::/_’:;:q??_—*/ = e
2603 (1020 %) \ ZF 7 7 7)‘—2 Q\-\\}B}%—Hﬁ
stiedni T ///{/ = B '
zéna (40-60 %) \ T ==\ —"

hluboka
zomna (30 %)

220Z %o 8o — kostni tkan

V chrupavce nejsou
nervova zakonceni ani cévy.

Rozméry: Cela vrstva je
zpravidla Sirokd 1-5 mm.
(obr. 39).

Existuji vSak vyjimky pro
nckteré klouby, napt. u
mladych Zen je na patele
vrstva chrupavky Siroka az
1 cm.

Obr. 39 Usporadani kolagennich vlaken v chrupavce (upraveno podle Nordin & Frankel.

1989)

Janura (2007)



Intermediate elements - hyaline cartilage:

Structure of the hyaline cartilage:
1) cells (chondrocytes), 2) an amorphous intercellular substance, 3) collagen fibers.

The network of collagen fibers is thinner than in ligaments. The most represented substance in the
cartilage is water (about 60%). 80% of water is contained in the vicinity of the cartilage surface
and its amount decreases towards the deeper layers. During compression, about 70% water is
changing its position. As a whole, hyaline cartilage represents a porous, permeable tissue
containing fluid, which can be imagined as a sponge soaked with water.

Three layers: :
, , In cartilages, there are
Upper layer: the fibrous network is arranged in parallel to the surface. : :
neither nerve endings nor

Middle layer: random orientation of fibers blood vessels.
Deep layer: the fibers are perpendicular (as if “impaled*) to the bone surface

Articular surface . .
Dimensions: The whole

layer is usually 1-5 mm

Upper layer /é”” /:_7_%3__,_.;—_\: ~—<‘\-:\‘-;_:\ . .
(1020%) 'Z/ff}ﬁ/ > Q—\\\“\s;—:g- wide. (Fig. 39).
Middle layer \ 27" = /_{ S
(40-60%) SN el R P - e However, there are

f—\:‘\'\\\fﬁf/{ \\]TT’ /F/:\\\;/ exceptions for some joints;
Deep layer ‘.\M } /

m e.g. in young women the

(30%) 1% . :
'f:". S layer of patella cartilage is
Iy 12 L iz P s ] .
GG SEAITCULIEEOE L e T Bone tissue up to 1 cm wide.

Fig.39: Arrangement of collagen fibers in a cartilage (modified after
Nordin and Frankel, 1989, cit. by Janura 2007)



Mezilehlé prvky —- HYALINNI CHRUPAVKA :

Problémem kloubni chrupavky je jeji omezena schopnost regenerace.

Chrupavka nema nervy ani cévni zasobeni, vyziva se realizuje difuzi.
(dulezity je zde pravidelny pohyb)

V zavislosti na velikosti a frekvenci puisobeni zatéZze, dochazi ke zménam
v mikrostrukture (molekularni stavba kolagenni matrice) chrupavky.

Tyto zmény se dale promitaji do reakce kosti pod chrupavkou a mékkych
tkani v jejim okoli, kter¢ maji za nasledek vznik bolestivych stavu.

K témto staviim nemusi veést pouze nadmérne zatéZovani chrupavky,
protozZe 1 na ,,nezatizenou‘* chrupavku pusobi tlak asi 0,6-0,8 MPa.



Intermediate elements - hyaline cartilage:

A problem of articular cartilages 1s their limited ability to regenerate.

Cartilages do not have nerve endings or blood supply, nutrition takes
place by diffusion. (For this, regular movement activity is important)

In response to the size and frequency of the load applied, changes occur in
the microstructure (molecular structure of the collagen matrix) cartilage.

Harmful changes in cartilage are also reflected in the bone beneath the
cartilage and in the surrounding soft tissue, which results in painful
conditions. (Because of no nerve endings, pain does not occur due to
changes in the cartilage only.)

Painful states may not be only due to excessive loading of cartilage, there
1s also an operating pressure of about 0.6 to 0.8 MPa acting on "unloaded"
cartilage.



Mezilehlé prvky - Disky a menisky :

Chrupavcite destiCky (na bazi vazivove chrupavky), které
jsou vloZene mezi kloubni plochy kosti

o S , , :\@
Disky - souvisly plny tvar
Menisky - tvar srpu }\
Hlavni biomechanické funkce: \ /\j
vyrovnani ruzneho zakiiveni kloubnich ploch; wikipedia

pohlcovani ¢asti1 energie pii zatizeni kloubu;
zlepSeni moznosti pohybu v kloubu;

zabranéni turbulence synovialni tekutiny a tim zlepSeni jeji
lubrikac¢ni schopnosti.

1am, kde disky nebo menisky vazivové chrupavky prilehaji ke kloubnim
pouzdrum, maji z cevnich siti pouzder i riizné rozsahle krevni zasobeni



Intermediate elements - Discs and menisci:

Cartilaginous plates (based on fibrous cartilage) which are
inserted between the articular surfaces of bones

Discs - continuous full form
Menisci — shape of a crescent

Main biomechanical functions:

- Alignment of different curvatures of the articular
surfaces;

- Absorbtion of part of the energy loading the joint;
- Improve the movement possibilities in the joints;

- Prevent turbulence of synovial fluid thus improving
its lubricating ability.

Tty i Y

W N |
u N/
k0
o
y
.7
- Y
# a
s * f
" A .
|
| = |
2

|
wikipedia

At places adjoining to the articular capsule, discs and menisci have
vascular network and blood supply from the joint capsule



Mezilehlé prvky — KLOUBNI SPOJENI :

Kloub je spojeni a zaroven ohebn¢ misto vzajemné se
stykajicich dvou nebo vice kosti. Slouzi k pohybu urcité
casti téla.

Kloubni spojeni vytvafi strukturu, Casto velmi slozitou,
jejimiz prvky jsou zakladni elementy pasivnich
podsystému — kosti, Slachy, vazy, chrupavky

Z biomechanického hlediska je diilezita znalost pohybil,
ke kterym v kloubu dochazi.

Pohyb je ovlivnén geometrickym tvarem stycnych ploch,
usporadanim vazl a svalovych Gponit a vlastnostmi
kloubniho pouzdra.

MozZnost provedeni pohybu v kazdém kloubu l1ze
charakterizovat pomoci poctu stupnii volnosti.

Obr: Kloub loketni (jeden

stupeti volnosti — viz dale)

Jeden stupeni volnosti znamena, ze kloub umoziiuje pohyb segmentu v jedne rovin€ (napf.
flexe a extenze v loketnim kloubu), ¢i otaceni kolem jedné osy.



Intermediate elements - Joints:

A joint is a connection and a flexible place between (two or
more) adjacent bones. Used for movement of a certain
body part.

The structure of joints is often very complex, containing
basic elements of passive subsystems - bones, tendons,
ligaments, cartilage.

From a biomechanical perspective it is important to know
the movements which occur in the joint.

The movement is influenced by the geometric shape of the
adjacent surfaces, the arrangement of ligaments, muscle
insertions and properties of the joint capsule.

Ability of movements in each joint can be characterized by ¥ N\ |
the number of degrees of freedom. Fig: The elbow joint — one
degree of freedom — see later

One degree of freedom means that the joint allows for movement of the segments in one plane
(e.g. flexion and extension at the elbow joint), or rotation around a single axis.



Anatomickeé rozdéleni kloubu :

Podle poctu pritomnych elementii rozliSujeme klouby:

- - -
mE s mE -
F----

a) jednoduché (spojuji dvé kosti — napt. kloub kycelni, ¢1 ramenni). Sklada se z
dvou sty¢nych ploch krytych chrupavkou. Jedna plocha se nazyva kloubni
hlavice (vypoukly konec jedne kosti) a druha kloubni jamka (vyhloubeny konec
druhe¢ kosti).

b) slozené (vice kosti nebo dvé kosti s meniskem, napt. kloub kolenni ¢i kloub
zapesti). Jejich anatomicka struktura je slozité;si.
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L ) Quadriceps
: Muscles Quadriceps
Femur Tendon
Patella (normally
in center of knee)
Articular
Cartilage
Lateral Condyle \ Medial Collateral
Posterior Cruciate Ligament
L:gam_ent : Meniscus
Anterior Cruciat
Ligament
Lateral Collatera -u Patellar Tendon
Ligament (Ligament)
Fibula \;
Obr: kycelni kloub Tibia 1

Obrazky: www.wikipedia.com Obr: kolenni kloub



Anatomic categorization of joints:

Depending on the number of elements we can distinguish:

- - -
Tl
F----

a) simple joints (joining two bones - eg. the hip joint, or shoulder). It consists
of two contact surfaces covered by cartilage. One surface is called the
articular head (the convex end of one bone) and the other the articular fossa
(the concave end of the other bone).

4

.-
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==’

b) composite joints (multiple bones or two bones with meniscus, eg. the
knee joint or the wrist joint). Their anatomy is more complex.

FL T g

Quadriceps
Muscles Quadriceps

Femur Tendon

Patella (normally
in center of knee)

Articular

Cartilage

Lateral Condyle \‘: N_Iedial Collateral
Posterior Cruciate Ligament

Liga m‘enl _ Meniscus
Anterior Cruciat

Ligament

Patellar Tendon

Lateral Collatera g
(Ligament)

Ligament

Fibula

Fig: The hip joint Tibla

m1°
Figures: www.wikipedia.com Fig: The knee joint
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Zdroj: http://cs.wikipedia.org/wiki/Kloub (ale pozor, tam i lehce zmate¢né
informace, zde kombinovano z vice zdroji)
Podle tvaru kloubnich ploch rozliSujeme klouby: /
1) Kulovy — viceosy kloub - pohyb moZzny vSemi sméry — rotace, flexe &
extenze, 1 addukce & abdukce (napt. kloub ramenni nebo kycelni)

Anatomicke rozdé€leni kloubu: @

2) Elipsoidni (vej¢ity) - hlavice jedné kosti ma vejéity tvar, v druhé kosti je —
eliptickd dutina. Dvouosy kloub - umoZnuje pohyb podél dvou os — flx&ext a
add&abd (napf. spojeni kosti zaprstni a 1. Elankem ukazovacku az malicku)

3) Sedlovy - spojovane¢ kosti maji duté i vypuklé ¢asti, tvarem pfipominaji
konskeé sedlo. Také dvouosy kloub - flx&ext a add&abd (napft. zaprstni kosti
palce a karpalni kosti).

4) Valcovy — jednoosy kloub - pohyb mozny jen ve sméru ohybu —
flexe&extenze (napt. klouby ¢lanki prsti)

LYy k oketni 5) Cepovy — Jednoosy kloub, pouze rotace - Vybezek jedné kosti se otac1 \%
(Bsga) kruhovém otvoru jiné kosti. (napr spojeni nosice a cepovcee u kréni patere).
- & ¥« 6) Kladkovy — Jednoosy kloub - na hlavici jedné kosti je ryha na hlaV101 druhe &f
1 kosti, kterou pfipojuje, je hrana - vodici lista. (napf. spojeni kosti pazni a
loketnl)

“-s,... 1) Plochy — tuhy, s omezenou pohyblivosti (napi. klouby spojujici obratle nebo
k.pazni** k. sternoklavikularni mezi hrudni a kli¢ni kosti)
(humerus)



humerus

.. the bend - flexion & extension (e.g. phalangeal joints) T

Anatomic categorizaton of joints:

Source: http://cs.wikipedia.org/wiki/Kloub (but careful, contains also confusing
pieces of information, here it is extracted from more sources)

According to the shape of the articular surfaces, these types of joints are

distinguished
1) Spheroid - multi-axis joint - allows movement in all directions - rotation,
flexion & extension, abduction & adduction (eg. the shoulder or hip joint)
2) Elipsoid (ovoid) — one of the bone heads is egg-shaped, the other bone forms
an elliptical cavity. Biaxial joint - allows movement along two axes - flx & ext
and add & abd (eg. joints of the metacarpal bone comples with the first phalanx
of the index finger, middle finger, ring finger or little finger)

/V
3) Saddle-type - jointed bones are hollow and convex, shape reminiscent of a

horse saddle. Also a biaxial joint - flx & ext and add & abd (e.g. joint between
the thumb phalanx and the carpal bone).

4) Cylindric - uniaxial joint - the movement is only possible in the direction of

circular aperture of another bone. (e.g. joint between the atlas and axis vertebrae

in cervical spine). \

6) Sheave-type - uniaxial joint — one bone head contains a groove while the ;
second, connecting bone forms a ridge, a guide rail. (e.g. joint between humerus

5) Hinge-type - uniaxial joint, rotation only a bone protrusion rotates in a C—f

and ulna in the elbow)

7) Flat - stiff, with limited mobility (e.g. the joints connecting the vertebrae or
sternoclavicular joint between the chest bone and the clavicle)



Anatomické rozdéleni kloubu :

Podle geometrického tvaru kontaktnich ploch a podle poctu
os rozlisujeme klouby (Janura 2007 podle Cihaka 1997):

tvar stycnych ploch

a) viceose kloub kulovity volny (k. ramenni) koule
kuloviry omezeny (k. kycelni) — (Vybezki)
b) dvouosé elipsovity (spojeni kondyli kosti tylni rotacni elipsoid
a jamek na 1. krénim obratli)
sedlowy (k. karpometakarpovy) konske sedlo
¢) jednoosé valeovy —sarmrovy’ (K. mezi clapky prstil) povrch valce

—kolowy (k. loketni — ulna Xadius)
kladkowy (k. loketni — ulna x humerus)
kloub plochy' (k. sternoklavikulamni)
kloub ruhy (k. sakroiliakalni)

vodici lista + ryha

Mezi zapéstim a zaprstim

Relativné slozity systém - vice informaci viz literatura



Anatomic distribution of joints:

Based on geometric shape of the contact surfaces and number
of axes we distinguish these joints (Janura 2007 after Cihak,

1997):

tvar stycnych ploch

a) viceose kloub kulovity volny (k. ramenni) koule
kuloviry omezeny (k. kycelni) — (Vybezki)
b) dvouosé elipsovity (spojeni kondyli kosti tylni rotacni elipsoid
a jamek na 1. krénim obratli)
sedlowy (k. karpometakarpovy) konske sedlo
¢) jednoosé valeovy —sarmrovy’ (K. mezi clapky prstil) povrch valce

—kolowy (k. loketni — ulna Xadius)
kladkowy (k. loketni — ulna x humerus)
kloub plochy' (k. sternoklavikulamni)
kloub ruhy (k. sakroiliakalni)

vodici lista + ryha

Mezi zapéstim a zaprstim

Rather comples system — for more info, see literature



Typy kloubu / Types of joints:

Zéakladni biomechanickée informace o kloubech / Basic biomechanic information on joints

OVRT Resources for the Humanoid Animation Working Group

PEN
’ Irtu,al
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TTsefial mformat or the Humanotd Anmatio

oh Hamill and Eatheen M. Enutzen, Willlams & "Wilkins

http://ovrt.nist.gov/projects/vrml/h-anim/jointInfo.html



Another categorization of joints / DalSi rozdéleni kloubu :

(vaz) Jezissatns Sigaen. ) g
qaineit E
Structural classification /Strukturalni klasifikace (Chrupaveita Pl"tenkayf ;
f!.l?crcur!xfaje
Structural classification divides joints (klouby) according to Articular camfagw
how the bones are connected to each other. There are three |

structural classifications of joints: Depiction of an intervertebral disk,

fibrous joints (vazivové klouby) - joined by fibrous connective a cartilaginous joint.

tissue (spojene vazivem)

Synovial Joint

cartilaginous joints (chrupavcité klouby) - joined by cartilage (meniskus) : L'
U “j'a__,,.._
synovial joints (synovialni klouby) — bones not directly joined synovial membrane ~_Zal s
Articular cartilage .. ;:;i 4
Fibrous joint capsule ”' N —
J..:‘!‘i":';u /
Jairt cavity flled B s /
. . . v o’ . with synovial fiuid T
Functional classification / Funkcni Klasifikace Ligamerts \\ 232 [/
eqe ) ; |
Joints can also be classified functionally, by the degree of mobility / }

(pohyblivosti) they allow:

synarthrosis - permits little or no mobility. Most synarthrosis joints are fibrous piaeram of a synovial

joints. (diarthrosis) joint

amphiarthrosis - permits slight mobility. Most amphiarthrosis joints are WATWBIAL:S S B

cartilaginous joints.

diarthrosis - permits a variety of movements. All diarthrosis joints are synovial joints, and the
terms "diarthrosis" and "synovial joint" are considered equivalent by Terminologia
Anatomica.[5]




Synovialni kloub, synovialni tekutina:

Synovialni kloub — kosti se nedotykaji pfimo, ale pres synovialni tekutinu

Synovialni tekutina - derivat krevni plazmy, ktery produkuje synovialni membrana
vystylajici kloubni pouzdro.

Tekutina redukuje tfeni, vyzivuje chrupavky a umoznuje pevne prilnuti kloubnich
povrchi prislusnych kosti.

Z biomechanického hlediska je dillezity vliv synovialni tekutiny na zvySeni
pruznosti kloubni chrupavky a snizeni tfeni v kloubu.

Pt1 onemocnéni kloubu mnozstvi synovialni tekutiny prudce nartsta (az 1 000x)
se soucasnou zménou mechanickych vlastnosti.

Zanétliva a degenerativni onemocnéni a mechanicka afekce snizuji viskozitu.
Tekutina je vytlaCovana pied a pod pohybujici se kontaktni plochu, k reabsorpci
dochdazi po odeznéni zatéze.

Pozn: Viskoelastické vlastnosti synovialni tekutiny se méni s vékem. Jejich hodnota nezavisi na teploté,
ale na rychlosti pohybujicich se kloubnich ploch. Tato zavislost neni linearni.



Synovial joint, synovial fluid:

Synovial joint — bones not touching directly but through the synovial fluid

Synovial fluid — derivative of blood plasma produced by the synovial membrane
on the inner surface of the joint capsule.

It reduces friction, nourishes cartilage and ensures strong adhesion of the articular
surfaces of the connecting bones.

From a biomechanical point of view, an important function of the synovial fluid
of articular cartilage is to increase the flexibility and reduce friction in the joint.

Inflammatory and degenerative diseases and mechanical affection reduce
viscosity. Fluid is expelled in front and below the moving contact surface.

In joint diseases, synovial fluid rapidly gains volume (increase up to 1 000 x)
and, simultaneously, it changes its mechanical properties.

Note: The viscoelastic properties of the fluid vary with age. Their values do not depend on temperature, but on
speed of the moving joint surfaces. This dependence is not linear.



Anatomie synovialniho kloubu:

Synovialni kloub, také znamy jako diartroza, spojuje
kosti vazivovym kloubnim pouzdrem, kter¢ je spojité
s periostem spojenych kosti, tvofi vnéjsi hranici
synovialni dutiny a obklopuje kloubni povrchy kosti.

Synovialni dutina/kloub je vyplnén synovialni
tekutinou. Kloubni pouzdro je tvofeno vnéjsi
vrstvou, kloubnim pouzdrem, které udrzuje kosti
strukturaln€ pohromadg, a vnitini vrstvou, synovialni
membranou, kterd utésniuje synovialni tekutinu.

Kloubni pouzdro je zesileno vazy.
Jsou to nejbézné;si a nejpohyblivéjsi typy kloubt v
téle savce.
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https://en.wikipedia.org/wiki/Synovial joint



Anatomy of synovial joint:

A synovial joint, also known as diarthrosis, joins

bones with a fibrous joint capsule that is continuous

with the periosteum of the joined bones, constitutes
the outer boundary of a synovial cavity, and surrounds 5
the bones' articulating surfaces.

The synovial cavity/joint is filled with synovial fluid. iy
The joint capsule 1s made up of an outer layer, the /AN _ | | N——
articular capsule, which keeps the bones together SRR | W
structurally, and an inner layer, the synovial i.l‘.f.il‘,.;<: B e
membrane, which seals in the synovial fluid. ﬂ..a \ / .
The articular capsule is strengthened by ligaments. s —— Somova id

They are the most common and most movable types
of joints in the body of a mammal. As with most other
joints, synovial joints achieve movement at the point

of contact of the articulating bones.

https://en.wikipedia.org/wiki/Synovial joint



Anatomie synovialniho kloubu :

Jednoduchy kloub se sklada z dvou sty¢nych ploch
krytych chrupavkou. Jedna plocha se nazyva
kloubni hlavice (vypoukly konec jedné kosti) a
druha kloubni jamka (vyhloubeny konec druhe
kosti).

VVVVVV

Soucasti kloubu je kloubni pouzdro, které¢ uzavira
kloub. Je zesileno vazy, z vnitini strany ho vystyla
synovialni vrstva produkujici synovialni tekutinu
(kloubni maz - synovie), ktera zmiriuje treni,
vyZivuje kloubni chrupavky a zajistuje pevne
piilnuti kloubnich ploch k sobé.

-
- - - -
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Eynovial Joint

Synovial membrane
Articular cartilage

Fibrous joint capsule

Joint cavity filled
with synovial fluid

Ligam ents

http://cs.wikipedia.org/wiki/Kloub



Artritida / Arthritis:

Obecny termin pro onemocnéni kloubti (rtizne pticiny)

A generic term for diseases of the joints (of various causes)



Synovial joint, synovial fluid:

Arthritis: A generic term for diseases of the joints (of various
causes)

Inflammatory and degenerative diseases and mechanical affection
reduce viscosity. Fluid 1s expelled in front and below the moving
contact surface. Reabsorption takes place after the load
disappears.

In joint diseases, synovial fluid rapidly gains volume (increase up
to 1 000 x) and, simultaneously, it changes its mechanical
properties.



Pohyby v kloubu :

Pohyb v kloubu:
- vyjadieny pomoci pohybu kosti, ktere jsou pomoci tohoto kloubu spojené
- Ize zpravidla urc¢it jako kombinaci linearniho a thlového pohybu.

- thlova forma je dominantni a vyznamné ovliviuje celkové provedeni (obr. 43).

linearni pohyb (translace) uhlovy pohyb
(rotace)
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Obr. 43 Linearni a uhlovy pohyb v synovialnim kloubu Janura (2007)



Movements in the joint:

- Expressed through the movement of the bones connected via this joint
- Usually, it can be described as a combination of linear and angular motion.

- The angular motion is dominant and significantly affects the overall performance

(Fig. 43).
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linear motion (translation) angular motion H
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(rotation) £
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Fig. 43: Linear and angular motion in a synovial joint (From Janura 2007)



Pohyby v kloubu :

Uhlovy pohyb - viechny body na segmentu se pohybuji po draze, kterd je &asti
kruZnice. Velikost drahy je vyjadiena velikosti tthlu.
Tyto pohyby jsou typické pro kulove, valcove, eliptické a kladkové klouby.

Translacni pohyb vsechny body pohybujiciho se segmentu urazi stejnou drahu.
Cisty translaéni pohyb se vyskytuje pomérné malo. Do této skupiny lze zafadit
napft. pohyb, zplisobeny kompresi a dekompresi kloubnich povrcht.

linearni pohyb (translace) uhlovy pohyb
(rotace)
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Obr. 43 Linearni a uhlovy pohyb v synovialnim kloubu Janura (2007)



Movements in the joint:

Angular movement - all points on the segment move along a circular trajectory.
The trajectory size depends on the size of the angle.

These movements are typical for spherical, cylindrical, elliptical and hinge joints.

Translational movement — all points of the moving segment travel with the same
path. Pure translational movement occurs relatively rarely. This group may include,
for example, movements caused by compression and decompression of articular

surfaces.

i

linear motion (translation) angular motion il
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(rotation) E i
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Fig. 43: Linear and angular motion in a synovial joint (From Janura 2007)



Pohyb mezi povrchy kloubu :

V synovidlnim kloubu 1ze pohyb mezi povrchy kloubu vyjadfit pomoci tti
zékladnich typt (obr. 44, Janura):

a) rotace — nedochazi ke zméné mista kontaktu (nékdy je charakterizovana jako
rotace kolem podéln¢ osy),

b) klouzéani — dochézi k pohybu kloubnich povrchi vii¢i sobé (z hlediska pohybu
kosti mluvime o nelinearni translaci),

c) valeni — osa otaceni je v misté kontaktu ploch (z hlediska pohybu kosti se jedna
o kombinaci rotace a translace).

Janura (2007)



Movement between the joint surfaces:

In synovial joint, the motion between the joint surfaces can be divided into the
three types (Fig. 44):

a) Rotation — there is no change of the point of contact (sometimes characterized as
a rotation around the longitudinal axis),

b) Sliding - involves change of position of the joint surfaces against each other (in
terms of the movement of the bones we talk about nonlinear translation)

c) Rolling - the axis of rotation is at the contact point which moves (in terms of the
movement of the bone it is a combination of rotation and translation).

Janura (2007)



Pohyb mezi povrchy kloubu :

Rychlost posunu kloubnich povrchii viici sobé dosahuje hodnoty asi 0,3
m.s™'. Koeficient tfeni je v rozmezi 0,005-0,02.

Klouzani a rotace ovliviiuji chrupavku kombinaci tlakove a smykové
zatéze. Pro valeni je typicka komprese chrupavky. V oblastech, které
jsou vystaveny delSi dobu nadmérne zatézi, mize dojit k trvalému
poskozeni v disledku omezené moZnosti reparace chrupavky.

Na zatizeni kloubu ma vliv:
- hmotnost téla,
- setrvaéné sily vzniklé pfi zmén€ pohyboveho stavu téla a jeho segment,
- pusobeni svalove sily

- a intra- a extraartikularni odpory.

Zatimco pfi pomalé chiizi se zatiZzeni v kycelnim kloubu zvySuje asi
1,5-1,6x oproti stoji, pii béhu je tento nartst petinasobny.



Movement between the joint surfaces:

The speed of displacement of the joint surfaces against each other is about 0.3 m/s.
The coefficient of friction is in the range 0.005 to 0.02.

Sliding and rotation act on the cartilage through the combination of compression
and shear loads. In rolling, compression of the cartilage typically occurs. The
areas that are exposed to an extended period of excessive stress can be
affected by a permanent damage because the cartilage repair possibilites are
limited.

The joint loading is influenced by:
- Body weight,
- Inertial forces in case of changes in motion conditions of the body and its
segments,

- Influence of muscle strength
Resistances inside and outside the joint

In slow walk the load of the hip increases about 1,5-1,6 x (compared to standing),
whereas in running this load increases 5 x.



Nazvoslovi - pohyby v kloubu (opakovani):

a) otaceni kolem pravolevé osy ve frontalni roviné — FLEXE A EXTENZE
Flexe - ohnuti, ohybani (provadi flexory, ohybace), pohyb pfii kterém se zmensSuje
kloubni tihel coz je thel, ktery v kloubu sviraji kosti. LOKET, KOLENO
Extenze - nataZeni, napifimeni (provadi extenzory - natahovace), pohyb pii kterém se
zvetsuje kloubni thel. Presny opak predchoziho pohybu, v kloubu dochazi k nataZeni,
narovnani koncetiny.

b) otaceni kolem predozadni osy v sagitalni roviné — ABDUKCE A ADDUKCE

Abdukce - odtaZzeni (provadi abduktory, odtahovace), pohyb smérem od osy té¢la.

Volné konce koncetin se vzdaluji od osy trupu. [rozpazZovani, roznoZovani, oddaleni
hlasivek].

Addukce - pfitazeni (provadi adduktory), pohyb smérem k ose téla. Opak
piedchoziho pohybu. [pFinozovani, pripazovani, sblizeni hlasivek].

¢) otaceni kolem podélné osy segmentu - ROTACE

Rotace - (provadi rotatory). Rotace v rameni ¢i kycCli nebo v patefi. Rotujete
pii1 provadéni vykrutl v sedé s ty¢kou na ramenou.

KOMBINACE:

Krouzeni (cirkumdukce). Z mechanického hlediska slozity pohyb, kdy dochazi
v kloubu postupné k flexi, abdukci, extenzi a addukci. Volny konec koncetiny opisuje
kruh. [KROUZENI PRSTU]

Extenze

<— (apdukcg _»

ddukc
'—.L‘.—'



Repetition: Terminology - movements in the joint:

a) rotating around a left-right axis in the frontal plane - flexion and extension

Flexion - bending (performed by flexors - flexor muscles) - motion in which the joint angle
(angle between the bones) is reduced. ELBOW, KNEE

Extension - stretching, straightening (performed by extensors — extensor muscles) movement
in which the joint angle increases. An exact opposite of the previous movement in the joint
leads to stretching, straightening of the limbs.

b) rotation around the anteroposterior axis in the sagittal plane - abduction and Extenze
adduction

Abduction — moving apart (performed by abductor muscles/abductors), move away from the
axis of the body. The free ends of the limbs move away from the torso [spreading arms, limbs,
opening the vocal folds.

Adduction — moving closer (done by adductor muscles/adductors), a movement toward the
body axis. The opposite of abduction. [Putting arms closer to the body, putting legs together,
approximating/closing the vocal folds].

¢) rotating around the longitudinal axis of the segment - ROTATION ddukc

Rotation - (performed by rotators). Rotation in the shoulder, hip, or spine. E.g., spinning >4
exercise with a dumbbell (¢inka) on the shoulders in sitting position.

COMBINATION:

Circling (circumduction). From a mechanical standpoint a complex movement of a joint
which successively includes flexion, abduction, adduction, and extension. The free end of the
limb moves in a circle. [Circling with the fingers]



