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Figure 3 - Force-deformation and Stress-strain curves illustrating structural and material
properties respectively.
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Figure 3 -A force-elongation curve obtained: from a tensile test to failure of a rhesus mc
femur-ACL-tibia preparation is shown. Ther¢ are four regions that are commonly used
describe a force-elongation or stress-strain curve. Region -1 is termed the "toe region” a
a non-linear increase in load as the tissue elongates. Region 2 represents the linear regi
curve. In Region 3, isolated collagen fibers are disrupted and begin to fail. In Region 4
ligament completely ruptures. (Modified from Butler, D.L., Grood, E.S., Noyes, F.R., a
Zemicke, R.F., Biomechanics of ligaments and tendons. Exercise and Sportg Science R
6, 125-181, 1984.)
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Figure 4 - Illustration of a stress-strain curve with various quantities of interest identified.
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Figure 5 -Aﬂrﬁypothetical force-elongation curve for a human ACL-bone complex is illustrated
along with daily activities that correspond to specific loading levels. During routine daily
activities such as walking and standing, ligaments are loaded to less than one fourth their
ulumate tensile load. During strenuous activities such as fast cutting during intense running,
“\ac,nz Aﬁ\.\ els may enter into region 3 where isolated {iber damage takes place. (Modified from
. F.R., Butler, D.L., Grood, E.S., Zemicke, R. F., and Hefzy, M.S., Biomechanical analysis

u man ligament grafts abed in knee | ligament repair and 1econs£ruotzon Journal of Bone and
i Surgery, 66&('3’), 344-332. 1984
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Floure 4 -A stress-strain curve illustrating the relationship between changes in the collagen
mD ' pattern, or stretch and ligament mechanical properties 1s shown. Increases in ligament
gion" of the curve results in straightening of the "crimp" pattern. During the
¢ curve the collagen fibers are stretched. As the ligament is further strained
rupture and tdeOImaum continues, then complete llgament

ie DL Grood ES. .F.R. and Zernicke, R F.,
Daersise and Sporis Science Reviews, 6, 12:-"‘8‘1.
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Figure 1 -A schematic diargamuof the structural hierarchy of ligament is shown. L

“composed of smaller and smaller fiber bundles. The basic structural element 18 the

molecule.



~300 nm

! ofa
number of parallel fascicles fa) contal *f; (l agen fibrils {b). The fbrils (cf) are typically

, ., Vineent, 19900, A tendon is made

1

b d h
conted with prot eog ~I\ cuns (pg. They have athickness of several undied nanometres and
alengih in the erder of 10 micrometrés. Triple-h relical collagen molecules () are packed
within ﬁ'm‘iis {c} inastoggered way withaan @ axial 51 pacing of D = §7 am, when there is no

.ii_)i‘.ii on the tendon (Flodge and Petruska, 1963). Since the lengdth of the molecules (300
ami is not an integer multiple of the staggering period, there is a succession of gap (G

Sap (0) zones. The laterfl spacing of the molecules is around 1.5 nm, but the
falt three-dimensional arrangement is not yet mI y clarified (Hulmes et al,, 1995; Wess
stal, 1908} e is :Exc [” d d £ the stain in the fibrils, which can
1o mensured via the e o l‘_.ISa]‘C, ipading.
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Figure 9.3: Schematic behavior of the novmal collagen bl structure from rat-tail ten-
don (marked cf in Figure 8.5) during tensile deformation. From ‘Bibrillar Structure and
Mechanical Properties of Collagen, by B Fratzl et al, 1997, J. Swruct. Biol 122, 118-22.
“}l e experiment was performed ar a stfain rate where the actual strain of the fibril (ep}

vas about 40% of the tetal slain of the tendon (g7} in the linear region. Plotted on the
hori?on‘tvl axis is the total strain of the tendon (er}. Previous synchrotron X-ray scait
experiments (Misof et zl., 1997) have shown that the tendon structure goes threugh « se-
quence of changes upon stretching. First, @ macroscopic erimp in the rendon {Diaman
et al, 1972) is suaightened out, as visible in the polarised light {a). Then. micros Lo-’Jic
kinks in the coilagen molecules (located mosty in the gap region of {hc fibrit suructure) are
removed, leading (o an entropic constibution to elasticity (b, left), Finally, the molecides
start to gide past each other in the linear region of the stress-strain cusve (b, ight.
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~ Figure 8 - Strain-rate af

high strain rate

ge strain rate

low strain rate

Strain (%)

fects on stress-strain properties. The faster a tissue 1s loaded the greater
the stiffness and the higher the ultimate failure load. Some tissues may exhibit higher ultunate
sirains for higher strain rates (e.g. ligaments), others may have lower ultimate strains (e.g. bone).
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Figure 9 - Loading and unloading curves during a tensile test of a biological tissue. The two
curves are not identical. The difference in area under the two curves is the area of hysteresis and

represents the energy lost due to internal friction within the material.
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Figure 7 - Example of a creep response. Such aresponse might occur in a tendon subjected to a
constant muscle force.
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Figure 6 - Example of a force or stress relaxation response. Such a response might occur n
tssues around the knee if the knee is moved to a specific knee position and mamtamed m that
T position.
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ELASTIN
Lig. Nuchae denatured
80
c  o0r Control
=
R A .
172,
o
% Or
\ Specimen
20 _Released length fixed at 30% stretch
 of fixed specimen in 10% formalin
O 1 \ i } ! | |

C 5 10 15 20 25 30 35 40
% Strain = 100 x change of length/initial length

Figure 7.2:2 The stress—strain curve of a specimen of elastin that was first stretched
30%, and then soaked in 109 formalin for two weeks. On releasing the stretch, the
specimen shortened, but 159 of stretch remained. Subsequent loading produced the
stress—strain curves shown on the right-hand side. These curves may be compared with
the “control.” The arrows on the curves show the direction ofloading (increasing strain)

or unloading (decreasing strain). From Fung and Sobin (1981). Reproduced by permis-
ston of ASME.
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Figare 7 -Shown is a typical ligament response to cyclic tensile loading and unloading. Peak
loads decrease with cach cycle indicating ligament softening.
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Fig. 13. Load-deformation diagrams (cf. Fig. 14) for three
consecutive cycles of loading and unloading of the same
: . specimen.
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Figure 6 -Experimental results are presented indicating the probability of specific failure modes
of bone Higament-bone wnits as a function of loading rate. At slower loading rates bony avalsion
failures have the greatest probability of occurring. At fast loading rates mid-substance failures
are to be expected. (Modified ﬁiem Crowninshield, R.D. and Pope, M.H,, The streagth and
failure characteristics of rat medial collateral liganients. Joumal of Trauma, 16(2), 99-103,
1976) : '
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Exercise and Disuse
Professional and recreational athletes experience periods of increased and decreased

physical activity. These cycles are, in part, dictated by competition schedules and injuries.

Alterations in activity jevels can have profound effects on the structural and mechanical

. properties of ligaments. ‘ ;
!

. Contolknee  __yiimate Load |
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% 150 - ess | uttimate Load
g 100- 9 Week
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50 —

8 10

4 6
. Strain ( Yo)
| Figure 9 - Effects of 9 weeks @f jount immobilization on the rabbit medial collateral ligament.
Ultimate failure load decrea#es along with tissue stiffness and the energy absorbed prior t0

failure. ‘
\ ammdnntad to datermine the effects that joint immobilization
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STRUCTURAL PROPERTIES

The non-linear force-deformation curve

Fig. 2.5.6 shows a typical force-deformation curve for ligaments. The stiffness (rate of
change of force with deformation) of tigaments varics non-linearly with force. This non-
linear behaviour allows ligaments to permit initial joint deformations with minimal resis-
tance. The area under the curve in region 1 of Fig. 2.5.6 13 small compared, for example, o
a straight-line relationship. Together with other ligaments, bone geometry and active mus-
cles, ligaments work within their low-force range to guide bones through normal move-
ment, At higher forces, ligaments become stiffer, providing more resistance to increasing

deformations. It is assumed that such stiffening protects the joint,

300 4

200 -

Deformation

0 ¥ et t“”." " k3 A

0 2 4 6 8 10 [mm]

Figure 2.5.6 A typical force-deformation curve for a typical rabbit ligament under monotonic
foreing. 1= toe region; 11 = linear region; H1 = region of microfailure; 1V = failure
region. At top are schemafic representations of fibres going from crimped’ (1)
through recruitment (I1) to progressive failure (11T and I'V).
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Force

- force applied

Time

Figure 2.5.7 Schematic force-relaxation curve for Hgament,
£ ;

e.g.. temperature and solution in which the test is carricd out. The faster a force s applicd.
the less time there is for the viscous component (o dissipate. A higament will appear stron-
eer and slighdy stiffer under rapid force than under stow force. Creep s the amalogous
behaviour of a ligamnent under a fixed force when the force is either hebd or reached repet-
tively in a cychic fashion, Creep is the increase in length over time under a constast force,
With creep, as with force relaxation, manifestation of the viscous component throwsh
time-dependent force or strain changes eventually ceases (Fig. 2.5.8).

Deformation
; A ;f 3
] ‘ Time
load applied load removed o
Figure 2.5.8 Schematic creep curve for hgament.

During cyclic force, however, some of the viscous component can be recovered in'cach
cycle (Fig. 2.5.9). When the ligament 1s unforced, the viscous component, while never
recovering completely (at feast during in-vitro tests), can recover to over 90% ol its origi-
nal state after many bours in a relaxed condition. One can speculate about what s ln_‘i.ngz



recovered, but this recovery probably invelves some combination o, vater mnflux, return-
mg collagen crimp, elastin tenstle force, and increasing eollagenous disorganizatson under
unforced conditions.

Force

Deformation

.
-

Figure 2.5.9 Schematic force-deformation graph showing three successive cycles of forcing and
unforcing, Hlustrating the viscocelastic ereep effect of cycling upon a ligament.
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by a spring attached to a wall (liig. i{a)) and
obeys the equation

F=cX.
This is given graphically in Fig. 1(b).
(e}

F

N o3 X
F
A

(b)
» X

Fig. i) The Hooke clement; a perfectly clastic spring;
) Force-deformation diagram.

Viscosity (Newton element) 18 represented

by a dashpot or viscous damper, the behavior
of which is dependent on the velocity (Fig.
2(a)), and the equation is
/ .
T = fedX des kX

The time-dcforma[rig%:m rélationship is illug-
trated by the special kase in Fig. 2(b), where
the force (and thus afso! the velocity) is
constant,

{a)
o—iF
o—p X

A RHEOLOGICAL MODEL FOR COLLAGENOUS TISSUE

X (b)

F

Fig. 2.4a) The Newton clement; a dashpot with perfectiy
viscous properties; (b) Deformation-time diagran for the

constant load case.

Ydeal plasticity is represented by dry friction
(Coulomb element), in which a stiff body is
placed on a rough surface (Fig. 3{a)), giving
{Wo cases:

(1y H{F

(2) If{F] = F,, X indeterminable.

< Fo, X =0

This is shown graphically in Fig. 3(b).

These three basic clements can be combined
in various ways, in series o1 in paraliel.

Two simple combinations are given as
illustrations.

{a}

L : X

Fig. 3.(a} The Coulomb efement; ideal dry {riciion;
{b) Force-deformation diagram.
i
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If F, is applied to the system at = 0 and
X =0, a deformation results:

X = F,[1—exp{—ct/k)]/c

and graphically as in Fig. 4(b).

%} {a)

% VAN A
\/\\ / -\\/ \\/\\/ f\

Wi

o >X

X | (b)

B
>

» !
Fig. 4.(a) The Kelvin element {(a Hooke element and a

Newton element in paraliel); (b) Deformation-time
diagram for the constant load case. '

1n the Maxwell element a Hooke element is
coupled in series with a Newton element
(Fig. 5(a)).

A graphical representation of this 15 given
in Fig. 5(b).

(b}

X
A

+ !

Fig. 5.(a) The Maxwell eclement consisting of a Newton
element in series with a Hooke element; (b) Deformation-
time diagram for the constant load case.

When the force F, is removed from the
Maxwell element the deformation of the Hooke
element ceases but the deformation of the
Newton element remains at the maximum
achieved value. In the Kelvin element, how-
ever, the deformation decreases to zero when
the applied force is removed, as the two
elements here are coupled in parallel, i.e. are
equally deformed at any time.

In order to obtain a nonlinear spring action
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Fig. 6. A system for nonlinear spring (Hooke-element)

action. (a) Two Hooke elements arranged in parailel; the

upper one comes into action after a deformation of A
(b] Force-deformation diagram of the svstem.

Fig. 104y and (b). Hlusirate the two possibilities for
combining the nonlinear Hooke-element action (cf. Fig. 6)
with the Newton element in the model.
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Figure 7.6:5 A summary of the principal features of viscoelastic models. Three stan.
dard viscoclastic !nodels, namely, the Maxwell, Volgt and Kelvin models are shown
mthetop row, and a mathematical model of the viscoelasticity of biological soft tissues
s shown in the third row, Figures in the second row show the relationships between
the hysteresis {H) and the logarithm of frequency (In f) of the three models immediately
above. The figure in the bottom row shows the general hystersis-log frequency relation-
ship of most living soft tssues, corresponding to the model shown in the third row,
For the soft tissue model the springs are nonlinear, and each Kelvin unit contributes
asmall bell-shaped curve, the sum of which is flat over a widg range of frequencies.
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FIGURE | (A) Typical loadjng progiam used to determine clastic and viscous components. Spechnen was
strained at 5% increments ang the forde was atlowed 1o relax at constant strain. {B) Typical time cowrse of
relaxation at & set strain. Flagtic Fraction was defined as Fe/Fo.

T

(sorta) to as mach as 60 min. (skin) umid no furthier'change in the stress was observed.
When the relaxation curve was flat, the crosshead was lowered another strain increment
of 5% or 10% (skin) and the relaxation process was again allowed to occur. This loading
program was repeated until the onset of faiture. The élastic fraction (Fe/Fo) of the resistive
force was cafeulated at each strain. : ’

RESULTS

:
Typical stress-strain curves with cl-aé‘{_é-c and viscous components are shown in Figure 2 for
thoracic aorta, parietal pericardium, chest and abdominal skin, dura mater and psoas major
tendon. The stress has been normalized by dividing by the maximum stress which allows
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FIGURE 3 Plot of ratio of equilibrium force 1o inilal force Fe/Fo, termed elastic fraction, vs strain in % for

{A) transverse aotta (&), longitedinal sorta (1), and skin {O). (B pericardium {{ 1), psoas major tendon (A),

and dura maer (). Mean values are plotted with typical standard deviations indicated. The number of
H

observations was ten for most poims plotted.
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Fig. 1. Stress-strain relationship of RTTs from animals with dif-
ferent ages.
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Fig. 2. Increase of collagen denaturation temperature as mea-
sured by DSC (heat flow vs. temperature).
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§7°C and 100°C are shown in Fig. 2, and from 1 month to 18 months in

ter
It can ‘_oe seen that the maximum tension was reached at a much higher tem- he
perature in skin of new born animals (95°C) than in adult animals (87°C). In
7 25
10 i
mv} @Ry — o m -
mv
7alg- == -
vy
38— - - .
mv]
]
o s | 1 ” o Ehem——T, ;
©37°C BOPC 100°C 37°C &0rC 0O0*C
Fig. 2. Modification of isometric tension between 37°C and 100°C in rat skin from birth to 1 month:
eee.--,new born rat: - - — =, ] week; — —— -—, 3 weeks;

. 1 month old rat.
Fig. 3. Modification of isometric lension beiween 37°C and 100°C in rat ski
.2 months;-~---- .5 months: -~ —=. 18 menths.

n from 2 to 18 months.




Normal tendons from the palmaris longus muscle (n =
14) and normal palmar aponeuroses (n = 23) were
obtained during surgery of carpal tunnel syndrome (18
patients, 2 male and 16 female; age range: 41-78
years). Apparently normal palmar aponeuroses (n=09)

and contracture bands (n = 20) were obtained at |
surgery of 16 male patients (age range: 42-70 years)
with Dupuytren’s disease. Generally, specimens of the
apparently normal areas were excised from the 2nd or

Figure 1. Palmar aponeu rosis 1, including 2, a specimen
- of an apparently normal tissue from the 2nd finger, and

" 8, a sample of a contracture band from the ath finger.
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Abb. 1. Spannungs-Dehnungs- Diagramm fir einen in zwei aufeinan-
der senkrecht stehenden Richtungen einachsig beanspruchten an-

isotropen Werkstoff
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Abb. 2. Versuchsdurchithrung
2.1: Kraftgesteuerte Versuchsdurchfihrung,
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Vergleich vitaler Bauchhaut mit Leichenhaut
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Abbildung 3: Bauchhaut. Verhaltnis der maximalen und minimalen Hauptspannung bei
radialsymmetrischer Dehnung. Die grauen Balken steilen die Verhélinisse in der
Leichenhaut, die schwarzen die der vitalen Haut dar.
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(9/3), wihrend bei den- belden anderen Durchschnittswerte  irrefithrend  sind fiche von 30 mm Durchmesser weit nach

Fillen die Spannungstrager so verteilt | (siehe oben). : palmar und dorsal reichen wiirde. Zusam-
sind, dass keine bevorzugte” Richtung | = -Die Verteilung der Spannungstrager | menfassend kann man sagen, dass die
mehr wahrgenommen werden kann. Die- | in den Mittseitenlinien radial und ulpar | Verteilung der Spannungsiriger mit zu-
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ABB. 8A&, B, ©, b, E, F: Dehnung der Haut aus der regio pectoralis bel typischen Bewegungen (a: Ruhestellung; b,c,d,e: Bewegung des Kopfes
nach ipsitateral, links, oben, unten; f: Heben des Armes). In der Ruhesteliung wurde ein Gitternetz eingezeichnet und dessen Verformung
bei typischen Bewegungen registriert. Die Koordinaten der Kreuzungspunkte des Gitternetzes wurden digitalisiert, und die Verschiebungen
(Verschiebungsvekioren) der einzeinen Punkte bei jeder der typischen Bewegungen durch Biiden der Differenz zum Ruhewert bestimmt.
Fir jedes ,Quadrat” des Gitternetzes kann aus den Verschiebungen der Eckpunkie die in diesem Areal herrschende Deformation nach ei-
nem gangigen mathematischen Verfahren berechnet werden. Mit Hiife dieses Verfahrens konnen die Starrkdrperbewegungen {Verschiebung
und Drehung) absepariert werden und die tatsdchliche Deformation (Hauptachsen der maximalen und minimalen Deformation sowie der
Wwinkel der maximalen Hauptachse 7ur X-Achse eines vorher festgelegten Koordinatensystems) berechnet werden. Die in das Gitternetz ein
gezeichneten Kreuze stellen die Richtungen der Hauptachsen der Deformation dar, wobei die Langen proportional der Hauptwerte der De-
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Fig. 4. Schematic represgntation of TRAC. Caliper is pulled transversely
i . : : i . . o . i
{arrow) with ups tracing the perimeter of a soft tssue specimen. The ECT

senses the caliper opening (e, thickness). The LVDT senses width with
its body stationary and 1fs core moving with the calipers.




WUERSCHNITTS UNABHANGIGE  GRaFTN




gel

alonszert

‘B norm. Kraf tddifferens

o

Albbr, 11 Bslaxabionsparameter

FREIPPERE S pr e Tion ST




S
—

1 H
> ‘ZX : L - AbL. 12

Relaxations—
- ({ PAY _ urven fiir
o A 2ine normale
- : oY : PA und sinen
N . : ) AT 1inG
.&3" g Y ‘&—-.h__hm/:_\__vm_"j{l\v“m_um S
. .

sy PR ({1751 6% o A 1SRN B
L.
i . strang
1 y

b LU
v -
=

(%Z‘J\{—-\ : ) ZEIT Lindn)
300 - hah ‘{)@x::ﬁ}«—m---f}"-—"i":tﬁ“"“*“ """""" e Gy

5 1




	0893_001
	0894_001
	0895_001
	0896_001



