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Fig. 1 Photomicrograph of collagen fiber  bundles
rom human semitendin tendon in longitudinal
section (X300). Note the crimped pattern of

the fascicles.
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Fig. 2 Tendon hierarchy(From Kastelic, Galeski and
Baer. Connective Tissue Research, 1978.)
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3.1 Rheological Models (Viscoelasticity)

Soft tissue &9] V] AA EA]& stress, strain 11
2]3  strain  rated] @@l o] EAES
viscoelastic property2} E#TF o] 7]A] viscous £
< fluidlikes= strain rateo] welA, elastic S
springlikei™ strain®] ol whe} A A At

Rheological E¥l X W43t 24 models
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2] Fx WA= v AlG-Z(microsturcture) 8. A H-&
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dashpot-©| rheological model 58 wHE 4= Ut}

3.1.1 Linear (Elastic) Spring

where, E = §4 79 (the modulus of elasticity)
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n = A5 (the coeffocient of viscosity)
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3.1.3 Kelvin or Voigt Model

E
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o = Ee -.I- 7 6 ........ (3)
3.1.4 Maxwell Model
7
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3.2 Creep and Relaxation Response of the
Rheological Models
Creep< E-Ao AdA% 31 ]9] load Fo1H &
o Qlolubiz 1A Hel whg, & wael Frhgol
v} Relaxation2 E-Alo] dAZ Hrje] Wy
Jojub 71AH <l vk

» I
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(deformation)®] T &
& %, stress® 7FAubgolt} Soft tissued =,
ligament9} tendon®-2 219] creep} relaxation 5§ 7}

x| B8 7R3 lu}).

3.2.1 Creep Response : 0 = 0 H(t) (input)

(1) Kelvin Model :

g
e = FU—eMHWD ... )
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Qutput

'
=7 /F 1 rtardation time

(2) Maxwell Model :

e=22(1+5H

Where T =1 /E ...................... (6)
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3.2.2 Relaxation Response : € = g H(t) (input)

(1) Maxwell Model :

oit

Qutput
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9] behavior® Al @3t o} F -3 oot} o]
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(2) Kelvin Model :

_Eta
o= O'o(]_— e 7 )H(t) ............ ®)

a(t)
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(3) Relaxation with Deformation History :
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Maxwell 29l o<}
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3.3 Quasi-Linear Viscoelastic Theory

Soft tissue=9| viscoelastic behavior® Y. 3}&}
= AL S o8& dolth  Fung(1967)2 E7
o] Fztat (mesentery)S A 0 &2 3} initial strain

rate variation g5 %3} nonlinear viscoelastic =

11

ag  AANSFGAT. YAT strain levelol A 9]
relaxation A AMA FHAH stresst log timeol] o3|
A lineardtAl A4 th= RS Ho FA
AFAEL HA] FALRE stress HAEAES HAF
ZArh ol AAELS 5492 relaxation functionE ©]
tissueE RAH = ALY F ke HWE By
T Rolrh

o} o
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Fung ©] relaxation function A]ZF A

FEAA
(time dependent) F#} strain F&3HQ HEo g
el d o Qlvdar FAEinh &,
K(t,e) = G(bH o°(e)
7]4  G(h= reduced relaxation function,
G(0)=1, 0 “(¢ ) = elastic response
_ _do°
F(e) de

quasi-linear 23 linear viscoelasticityol] 4] A}-&-

He 2 FASA 48 S A

oA = [ Gl-1)F(e)de

— ('r(s_ pydo® de .
olt) = foG(t £)"ae ar U

o] W& B2 soft AF¢E3 Z, ligament,
tendon, cartilage, skin 5ol 48%]o] ot&fe] Table
of el AMH A¥Hoez At

Researcher G(t) o°(g)
Haut & G(t) lat + ¢ = Cg?
= o = Ce
Little Wt * 8
Lanir, Woo G(t) = ae™ + B
Chun G(t)= ae " “ l'~+-B of = KzEz

i) # modelS AMEEIAY T L AEElEx
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4. Soft Connective Tissue2| 4

4.1 Load- Elongation Behavior

mu} 8o 2 Balg el ligament?} tendon
AHEM¥TE olY 2} bone-ligament-bone B 2 1)
H AHES 7AA Aol B3 Ade M E
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oA & soluhis AdAo] o stiffer sHA| = &
ligamentol] ¥]3| o}
o] wo] ok fibero] dpd=o] Aojupx] gki=
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4.2 Failure Test (ZHEF Al )

HAg EEolv He FAY AY oE
ligament} tendonE-& 35T ¢ g AER Fo
UAY Bl 495 ek o] A9 A3

DAME failure testES Baix 7144 AHdEL

gpergiet.  ofafe] A 1Y ¥ (Fig3, Figd, Fig.5)ol
A BAR = vkl o] of failure test?] F-4- gt

o] dojr}i= max. strain 7N A9 10% ©] 49
strain levelol Al Aoty v $- &£ HAXE 7bx a1 9}

o}
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0 T T T T T 1
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Fig. 3 Summary of stress-strain behavior for

femur-anterior cruciate ligament-tibia
preparations from rhesus monkeys, younger
human donors and older human donors.
(From Noyes and Grood, J. Bone J. Surg.,

S58A, 1074, 1976.)
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Fig. 4 Typical stress-Strain curves for the PT, ACL,
PCL and LCL fascicle-bone units.

PATELLA
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Fig. 5 The patellar-PT-tibia subunits from the most
medial(A) to most lateral(F) borders. (Chun
and Butler et al, ORS, 1989)
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from the most

strain curves

Fig. 6 Stress vs.
medial(A) to most lateral(F) subunits (Chun
and Butler et al, ORS, 1989)

o] M|a}= animal® FF/F vho] (Fig.3)dl upeh
Al# 9] anatomical $1X| (Fig4, Fig.5, Fig.6)oll uwhe}
Hstgickn Azhd.

4.3 Cyclic Test (F7| Al8)
HAF ol Al 9]

o A+ ligament$} tendonE
el A stretch H izt Fof E_TL&]—‘{«
234 "k o] 3 E (recovery) H T U W
¥ 1 animal?] F%9} anatomical YA ol wet
tta2Aut thrh 1.5~4% strain F ol &3
o] NEEA ¢ £5& veEhlE A¥o] cyclic test®]
=3 Ligamentt} tendon specimen®) loading¥}
unloading-&- 74]51 WEE A FH ot 1Elv
o] 1 W& 1A cycled M stifferdtil 1
maximun load§l°] 7V A9, cyclic 57 ol
of wal 2 wkgEo| AFAE @ stifferstA vhEL
1}l max. load #el A #A&7c) (Fig7d3).
29 i3k hysteresis 3 A& ZojEA Hrh o
hysteresis= energy loading®} energy unloading®] 2}
o]Z  viscoelastic EAol YElyE dalold
Percent hystesis9] 3+ o7} Fig. 8ol & vheh Qloh

ol#l FAES cycle relaxation @7gele} 2.

A9t obd A 4R
e gud + A 99
WEAES
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Fig. 7 Stress-strain responses with cycles for 3%

constant peak strain level test. (Chun and
Hubbard, KSME, 2001)
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Fig. 8 Average hysteresis(%) in 3% constant peak

strain level stests. (Chun and Hubbard,

KSME, 2001)

4.4 Strain Rate Test
Ligament ¢} tendons <, collagenous connective
tissueES A A3l vle} ol viscoelastic A4 2

S w golM 14 71 AF W2 strain rate’t E
4=F gtifferd}il max. stress (load)”} Fuvl 2413
strain rateo]l 7)AZ Wkgo] JS WwIE AN
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strain level®l] W& testol]
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Fig. 9 Extension of collagenous tissue at different
rates.

4.5 Force Relaxation Test

Tissued] 32l relaxation A4S A 37 93
293~ tissuet= H ol strain (displacement)ol] L etk wj
7}A] w2 rateol] A stretch¥ 3L, Al e] Ho) strain
levelo] 5%, collagenous tissuei= 3F 1% ¥ 2

ol fF-A 5w, A7l iz o] FAaHEE FA
T 7 O‘Llr (Fig.10 ).
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) Sresy
(4 splacerpent!

{force) |

7
[

Time Time

Fig. 10 Force relaxation response

4.6 Creep Test

Creep 22 Aol A z17]19) (force
= load) & FoBM ity oA dAHE A
719} W& & F5 relaxation P i ol F
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Tk Creep Testoll AoiA dAF 2719 & Azt

ol  Agel ot tssue’t EOlWUEE  Fo)h
Connective tissue creep testoll UojA &)
force-time and displacement-time %H-&-8 Fig. 119
theb i At

|

Force ‘ Disvlacement
{
\
Time Time

Fig. 11 Creep response

5. Soft Connective Tissue2| BAol H&#®
ojx|= 7|El RolE

5.1 Immobilization and Reconditioning

Aol A AEd A8 7% AL 2]l collagenous
connective tissued] 4 &l v ]1._ [RAE Fol %
717 F 2% 712 immobilization and reconditioning
factore] ok o] & clinically Bo] A-&F=d A}
Az N A2 FH e F A8 Y=g dopry)

Qe FE0E HAR B0 Mom o7l 3
4ok ol B 1 folA @l g §

(moblllzatxon):? TAE ¢ o 7‘]'01 7} vhERY
%2* & upolslo] 3zt §]E°ﬂ Oi‘%?ﬂ] o] 2 3} 1=
o] Li F27HE Y] 93 4 2, ligament<}
tendon®] 1% o L}EFL} ) }-— mobilization
¥l tissue7t B slEol w21 1 VAN HHA=
Holskel,  ofele] 17 force-deformation curve
Z rhesus monkey2] femur-ACL-tibia unitE control
immobilized and reconditioned FE} 2 tiFol AF
& 3 Aijo|th

=l

5.2 Age (-to)
el 2% 82 F s Age (ol
€ tssue®] 71AIH Ao} Wglelny. AEA o
2wkt ezt @A&4E e JAY Add

%, forceE Hedli o] 1) o9 Fig.13+ o]
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Fig. 12 Summary rorce-deformation curves for
femur-ACL-tibia units from  control,
immobilized, and reconditioned rhesus
minkeys. A significant decrease in
stiffness occurs after 8 weeks

immobilization and a significant recovery
occurred after 5 months reconditioning.
(From Noyes, Torvik, Hyde&Delucas,
JBIS, 56A, 1974.)

o #HA=SY AFE AAEAH, human femur
-ACL-tibia A8 E-& o] 224 &ake} 504 041}91
donorE 2% F&d ALR AH failure testE
Btk ol we
stiffness& WERUIA T 32
@ 3 (cross-sectional area)S-

& forceo| A bz ¢l

AH (Age 50y %%
AHE (Age 22)BT} &
TR Sl = EF38a

6. d B

Collagenous connective tissue® %, ligament®}
tendonE 9] 7|5 Heoln 7|AA GAG @A A
72 =89t} Connective tissue componentE <]
gatd pANES] 8 modelE 9 reviewst T
Bo] e H I, o] E-L tissueE 9 ¥ Ad TF
€ JYeE F2%  frameworkS AlFs% Tl
Loading rate, immobilization, &5, U4 & o] &%,
o], el A HE& ligamentt} tendonE S
behaviore] 93-S tjX= F23% [UAEE A4H
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Fig. 13 Force vs time curves obtained during tensile
failure test for two human femur-ACL-tibia
units  from  young(22-yr-male)and  older
(50-yr-female) donors. (From Noyes and
Grood, JBIS, 58A, 1976.)
o,

e BE Aol tigh AREE vivo Al A
Wiz Aol opin), A BEE3 Al sloi
vivo AEIe] A3 AT} 19 AR So] AaHo]
ARk, vive el dEe HAiE I A2 A9
2rbsath. w99 2RSS BaAA vivo 2

o A= o Aottt FAH = Bsiet

A9 dAFEFAER B4 AN
connective tissueS-2 AETAH FRAfoA HH
o2 ot A7}t A=A, = Asety JE
of Al o3t z}o]7F A1 A, mechanical tests ol A
Hel g8 7HA] factEol AEFE vIHA siAH ¢
stress-strainZH Al F A Eo] Z+z; o EA g
a3 AEo] T JHAVE bt ¢o
S s]ojol & Hofr}.

1

oo,

fu Tlr ol
g

olE #Hd dTE0]

i



AR g AdgtE ] A199 A4E

el BAHES @A A7 T T2
data% S ¥ T 7 AEH dataEE F predictd

T v 7 2l & fdsted, &3E A%

it

Hrt} & X EH I} ligamentt} tendons collageous
connective tissue® W AE A ko] 714 5= 9]
ow Fo

Bugs

1. Chun, K. J, Butler, D. L., et al, "Spatial Variation
in Materal Properties in Fascicle - Bone Units from
Human Patetlar Tendon,” 35th Annual Meeting,
Orthopaedic Research Society, pp. 214, Feb. 6~9,
1989.

2. Chun, K. J., and Hubbard, R. P., "Constitutive
Model of Tendon Response to Multiple Cyclic
Demands( I ) - Experimental Analysis,” KSME
International Journal, Vol. 15, No. 7, pp. 1002~
1012, 2001.

3. Chun, K. J., and Hubbard, R. P., "Constitutive
Model of Tendon Response to Multiple Cyclic
Demands - II: Theory and Comparison," KSME
International Journal, Vol. 15, No. 9, pp. 1281~
1291, 2001.

4. Fung, Y. C., "Elasticity of Soft Tissues in Simple
Elongation," Am. J. Physiol., Vol. 213, No. 6. pp.
1532~ 1544, 1967.

5. Haut, R. C., and Little, R. W., "A Constitutive
Equation for Collagen Fibers," J. of Biomechanics,
Vol. 5., 1972.

6. Kastelic, J.,, Galeski, A. and Baer, E., "The

"

Multicomposite Structure of Tendon,” Connective
Tissues Research, 6, pp. 11~23, 1978.

7. Lanir, Y. "A Microstructural Model of the
Rheology of Mammalian Tendon," J. Biomech.
Engin., Vol. 102., 1980.

8. Noyes, F. R., and Grood, E. S., "Strength of the
Anterior Cruciate Ligament in Humans and Rhesus
Monkeys. Age and Species-related Changes," J.
Bone Joint Surg, 58A, pp. 1074, 1976.

9. Noyes, F. R., Torvik, P. J., Hyde, W. B, et al,
"Biomechanics of Ligament Failure. II. An
Analysis of Immobilization, Exercise and

Reconditioning Effects in Primates,” J. Bone Joint
Srug S6A, pp. 1406~ 1418, 1974.

10. Woo, S. L-Y., Gomez, M. A., and Akeson, W.
M., "The Time and History Dependent Viscoelastic
Properties of the Canine Medial Collateral
Ligament," J. Biomech. Engin., Vol. 103, pp. 293
~298, 1981. ‘

17



