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Abstract—The effects of muskoskeletal disorders or Therefore, it can be stated that the constitutive models
degradation can be particularly evident in elderly people. have some sort of coherence with the micro-structural
Since the limitation of the functionality often lies in a field of conformation of the tissues. In addition, a change in the
meCEa“!Ca' 2eha¥'°r' the tF’apé;_b"'ty of Chara"tte”i'”? t[‘he_ values of the constitutive parameters is associated to
mechanics “ot Soft connective tssues 1S important. 'n TS o\ iqant variations of important mechanical characteristics
paper it is shown how constitutive models can correctly . . .
describe the mechanical response of soft connective tissuef the tissue, and these variations have a strong correlation
and how these models can be adopted to account theW|th its full or reduced functional Capabllltles: ﬂEX|b|||ty
modification of the micro-structural conformation of such and toughness, maximum strain and energy at failure,
tissues with aging. Through the use of numerical shock adsorbing capacity. Finally, the constitutive models
formulations capable of accounting for non linear-elastic gre puilt to be coherent with the requirements  of

behavior, visco-elasticity and damage phenomena, the change y, o, v namics. This is important to confirm the rigorous
of the mechanical properties of the tissues are described and ;
mechanical approach adopted.

interpreted.

I. INTRODUCTION [I. STRUCTURE OF SOFT CONNECTIVE TISSUES

THIS paper deals with the constitutive modeling of soft Soft connective tissues are composed of cells and extra-
connective tissues, such ligaments and tendons. ¢gllular matrix (ECM) that has a composition variable
particular, the constitutive models proposed are aimed ¥gth the type of tissue considered and its specific
describe the mechanical behavior of these tissues in tR€chanical function. The cells can occupy about 20% of
case of degenerative phenomena related to aging. the total volume of the soft connective tissue, while the
It is known that the functionality of connective tissues i§CM accounts for the remaining 80%. Therefore, the
reduced with aging. This fact is essentially related to tHBain mechanical characteristic of the tissue depends on
mechanical degradation of the microstructure [1-3] of thé&e€ structural conformation of ECM.
tissue and can induce heavy effects on the life of elderly The ECM mainly consists of protein fibers, as elastic
people. fibers and collagen fibers, and amorphous matrix, said
Understating the mechanics of soft connective tissu@s0 ground substance. Elastic fibers have mechanical
and their change through life [4], also from a quantitativéimilarity to rubber, while collagen fibers show higher
point of view, is extremely important and can have at leagtiffness and form the main tensile load bearing
two main applications: to design biomedical devices fdfomponents in the tissue. The ground substance is a sort
improving the functional capability of elderly people; tof viscous gel composed of water, proteoglycans and other
contribute for a definition of strategies aimed to prevenglycoproteins. While ground substance and elastic fibers
as much as possible, the structural degradation Bfve a randomly disposed structure, the collagen fibers
connective tissues. can have distinct spatial orientation. The disposition of the
The constitutive models proposed in this paper haw@llagen fibers is the result of an optimization process of
different peculiarities. First of all, it is possible to correlatéhe tissue to bear tensile stress. Therefore, according to the
the values of the constitutive parameters to sonfPecific loading conditions associated to the main
characteristics of the structural conformation of thé&inctional state of the tissue, this can show low or high
tissues, for example the ‘wave length’ of the typical crim@nisotropic mechanical behavior.

of the collagen fibers and its effect on the stiffening Because of the different components making up the
behavior, or the percentage of liquid content and i§CM, a soft connective tissue must be considered as a

relationship with the volumetric compressibility. cCOmposite material whose mechanical behavior depends
on the mechanical characteristics of the single components

) ) and their interaction. For example, the collagen fibers
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describing the effective behavior of a soft connectivare positive sodium ions and proteoglycans. The latter are
tissue, it is necessary to take into account the specifiegative charged and this fact has influence when the
conformation of each component and to identify théssue is compressed since the electrostatic interactions can
relationship existing between the hierarchical structuratcrease the bulk modulus of the tissue. The viscous gel is
organization and the corresponding mechanical behavieon-Newtonian, thus with strain-rate dependent viscosity,
at the macroscopic level, i.e. at the level of the tissue. and is partially free to move within the solid skeleton of
The collagen fibers are structures with high hierarchic#the tissue. The movement of the viscous gel is a
arrangement. The main substructure is the collagen fibdissipative process that needs time to develop, influencing
which is formed by tropocollagen molecules linkedhe macroscopic mechanical behavior of the tissue and
together. Adjacent collagen fibrils are linked together tdetermining a visco-elastic response. A tissue subjected to
form collagen fibers. The bonds between fibrils are givea high loading-rate shows a high bulk modulus because
by the FACIT filaments, as well as by proteoglycans. Ahe water solution is more bounded and can contribute
soft connective tissue not subjected to loading showswath its high volumetric stiffness to increase the bulk
wavy conformation of the collagen fibrils, known also asnodulus of the tissue. On the contrary, if loaded with low
‘crimping’. The crimp of the collagen fibers is the reasofoading-rate, the tissue shows, in general, higher
of the typical behavior shown by a fibrous-reinforcedompressibility. Even if the behavior of the ground matrix
tissue under tensile loading. is more related to the compressive behavior of a tissue, the
The mechanical behavior of the collagen fibers [5,8)resence of the water solution is considered to have also
under elongation is characterized by an overall non-linelubrication effects in the phenomena related to the re-
response with three main distinct regions shown in Figuesrangement of the fibrous structures, thus affecting also
1 in terms of stress-versus-strain curve, up to failure. Athe visco-elastic behavior of the tissue in tension.
initial toe-region, where the tissue has low stiffness, is Also in the case of the ground matrix [8,9] the aging
followed by a region characterized by a quasi-lineasauses a deep change in the macroscopic mechanical
stress-strain behavior. While the first is associated to tlhehavior, since a change of the water content or of the
initial crimp conformation of the collagen fibers, which ispermeability of the connective tissue has direct effects on
typical of the tissue when unloaded, and the progressittee volumetric compressibility of the tissue as well as on
un-crimping phenomena, the second is found in a straits viscoelastic properties.
range in which the collagen fibers must be considered as
un-crimped and predominantly aligned along the loading [ll. CONSTITUTIVE FORMULATION
direction. The third region is found for more large strains, The constitutive models proposed in this paper to
when the elongation causes the progressive rupture of #igscribe the mechanics of soft connective tissues, include
fibers, with regard to inter-fibrillar and intra-fibrillar \yel known mechanical characteristics, such as
bonds. This third region is characterized by a progressiy@isotropy, non-linear elasticity, visco-elasticity [10] and
decreasing of the tangential stiffness. With the increase @mage [11].
strain the tissue goes towards the total failure. The starting basis is a hyperelastic fiber-reinforced
- constitutive model, which is here specified for the case of
a soft tissue locally reinforced by one only family of
collagen fibers. Adopting a decoupling of the strain
energy functiorW in volumetric and iso-volumetric terms,
it is written:

W =U_ (1) +W, (I, T,) +W, (1,), 1)

stress

being U,, and W, the terms related to the ground matrix
depending on the volumetric and iso-volumetric parts of
strain, while W; is the term related the collagen fibers.
Because of the isotropic characteristics assumed for the

ground matrix, the associated terms of the strain energy
depend on the right Cauchy-Green tensor through its

region I
toe-region

strain

. . . . N . rlorincipal invariants:
Fig. 1. Typical stress-strain behavior of a connective tissue rich i _
collagen fibers, up to failure. |3 =detC,
~ _ ~ A7~ _ 2
With aging [7] the change in the collagen fibers can bé =tr(157°C), T, =§[|f—tr(l ;1) ] )

a variation in the diameter of the fibrils, their number in _ATTA

unit of volume, their mutual bonding, as well as the level® o o

of crimp in the unloaded configuration. All these Changéé’here the modified first and second invariants are adopted

can be reflected in several aspects of the mechani@gcording to the split of the strain in volumetric and iso-

behavior. volumetric components. The fourth invariant affecting the
The composition of the ground matrix is essentially akalue of the strain energy of the collagen fibers in

electrolytic water solution, in which the main componentgquation (1) depend both on strain and the spatial



disposition of the fibers, which is locally given by a unit : . o [ 1,

tensorA in the undeformed configuration. ‘//nw(|3'qw) =Uq(13) +;[Um ('3)_§qw 5C} , ()
The typical strong non-linear stress-strain behaviors of . .\ N

a soft connective tissue need to choose specifﬁem' (|1'|2’qm')‘Wm (|1'|2)+

formulations of the strain energy terms. For the volumetric Wl ooy 1 (8)
part of strain energy of the ground matrix it is assumed: +Zi m('l'lz)_zqm' :C} '
U-=(1.)= v [Y2_1)24 /2 4 and
m ( 3) 24r° (I’m +1)[( 3 ) 3 (3) ' Mt ‘ 1 .
0% ) =wW2(1,)+> W/ (l,)-=d. :C|. 9
+O12 = (7 + )], i (Lo ) 2w (1) Z{ (1) =59 } ©

where K,” is an elastic parameter corresponding to the The constitutive model defined by equations (6) to (9)

tangential bulk modulus of the material in the undeforme%orreSpo,ndS o the assumptlgn of the rheological model of
Zener, withn.,, , n; and n¢ viscous processes related to

configuration, whiler® is a parameter that is set to fit the ] ] ]
behavior of equation (3) to the experimental data. The is$olumetric and iso-volumetric response of the ground

volumetric term of the ground matrix in equation (1) ignatrix and elongation of the collagen fibers, respectively.
assumed as: The strain energy functions included in the summations of

o ce 5 equation (7) to (9) are expressed as a function of the
W,” (Il,lz) :%{ exp[al“’ (Il— ﬂ— }+ corresponding terms (3) to (5), through the use of relative
! (4) stiffness parameters.
+C—2m{exp[a © (|~ : 3)]— } Finally, the possibility to develop damage phenomena is
a,” 2\ ‘ included in the constitutive model by considering further
internal variables and defining a more general Helmoltz
free-energy function of the type:

t%(rl, Dl gy dy d) =1 (dl,ds) O

The elastic constant€,”, C,” are related to the shear

modulus in the undeformed configuration apng’ , a,”
are constitutive parameters obtained through a fitting

the experimental data. [E(//w (1500 )+ (T Ty )] + (10)
Finally, the strain energy term related to the collagen _ ,
fibers is written in the following form: +y (d'f,d?) W, (IA’qIf) :
me(rl,rz): (O Z{exp[a;’(lfl)}— where I'm,_ ¢ are global d_amage functigns for the
(a4°°) (5) ground matrix and collagen fibers, respectively. These
. scalar functions are adopted to account for a possible
-a, ('4 _l)_]} ' decrease of strength/stiffness of the tissue as a function of

where constitutive paramete€,” is related to collagen the damage accumulation, which is given by internal

fibers initial stiffness, whilez;® can be associated to theVariables related to the ground matdy , d.” and to the

crimped conformation. collagen fibersd;', d:”.

The mechanical response described by the strain energynstead of the previous formulation, which is developed
function (1) corresponds to a condition in which very lowo describe the mechanical behavior of transversally
strain-rate is applied to the tissue. In such a case, if ttetropic materials, it is possible to define the constitutive
strain is limited in a range not inducing damagenodel including more families of fibers, according to
phenomena, the tissue behaves elastically in a regimepafssible more complex conformations of the tissues. This
thermodynamic equilibrium. modification is quite simple from numerical point of view,

In the case of generic strain rate, the tissue behawehile it needs larger amount of experimental data. Further,
visco-elastically and its constitutive model is defined bpecause of the multi-modal behavior of the functions
assuming a Helmoltz free-energy function of the type: describing the mechanical response, specific procedure
w(r17r21|3’|41qia):wnw(|37qirw)+ must be adopted for the fitting of the models to the

oo _ (6) experimental data [12].
W (T, )+, (14,0
that, similarly to what done in equation (1), is split in the IV. RESULTS ANDDISCUSSION
terms related to the volumetric behavior of the grounph this section some results are reported, aiming to show
matrix ¢,,, , iso-volumetric behavior of the ground matrixthe capabilities of the constitutive models developed to
@, and mechanical response of the collagen filaers describe the mechanical behavior of soft connective
tissues. Figure 2 shows the hysteresis for a tensile loading-

] ) unloading cycle in young and aged tissues subjected to
as the change in stress due to the viscous phenomenagffgation in the direction of the collagen fibers. The

define a thermodynamic consistent visco-elastic modely e jevel of stress is obtained in the two cases with a

\t/t/]r(?tttehr:ezaeS'termS of the Helmoltz free-energy function Alitferent level of strain. In addition, the loading-unloading

cycle of the young tissue reveals a larger amount of
dissipated energy (the area enclosed between loading and

The internal variables!,, i, andq) can be interpreted



unloading curves of each cycle) in comparison to the casasily adapted to account for the mechanical behavior of
of the aged tissue. tissues having microstructural conformation slightly

different from the one considered in the examples
presented. In this way the effects of a different number of

0.25 T T T T T T T

collagen fibers groups or their particular mutual
0.20 . . : .
orientation can be described coherently with the
- experimental evidence. This fact confirms the general
E 0.15 == validity of the constitutive formulation proposed and, in
= particular, the possibility to describe a change in the
§ 0.10 fo-eees mechanical response of the tissue due to a change
I occurring in its structure as typical in the aging process.
0,05 Lot Mo b The identification of the constitutive parameters needs a

lot of experimental data that are difficult to be obtained,
since the required experimental testing is particularly
complex. This problem is faced with the complexity of the
mechanical behavior of such tissues, where different non-

Fig. 2. Hysteresis for young (black line) and aged (grey line)jinegr phenomena, such as elastic response, viscosity and
viscoelastic tissues for a tensile loading-unloading cycle. The

dissipated energy is represented by the area in between loading ag@mage are cqupled W'th. ar'nsotro.pl-c characteristics.
unloading curve. While the numerical formulation is sufficiently developed,

The behavior of the tissue up to the total failure in th[cyrther efforts are therefore required on the experimental

case of elongation in the direction of the collagen fibers T ont.
represented in Figure 3 in terms of stress versus stretch.
The different conformation of the collagen fibers .
(especially, the initial crimp), which is assumed to b&l M-R.Dressler, D.L. Butler, R. Wenstrup, H.A. Awad, F. Smith and
diff tf d d ti Its i diff t G.P. Boivin, “A potential mechanism for age-related declines in
! ere_n_ or young and age ) ISsue, rels'u Sinad ere_n patellar tendon biomechanics”, Journal of Orthopaedic Research,
capability of energy adsorbing capability. The latter is  vol. 20, pp. 1315-1322, 2002.
decreased in the aged tissue and, in addition, lower stréds Bagey AJ., F;aU'“R-G-"a”:;* LH Knott, "'\fiCh?”'SmsdolfD ma}Ufat'O“t
and strain values at failure with respect to the young oo, fgg'l%ol_%% g, cnanisms 01 Ageing and Bevelopment
tissue. The stiffness of the aged tissue increases in a sAll N. Maffulli, V. Barrass and S.W.B. Ewen, “Light microscopic
range of strain, while the young tissue show an initial ‘toe’
region characterized by high compliance.
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The high compliance of a soft connective tissue fqfig
relative small strains is considered a positive factor to
ensure its mechanical functionality. Further, the capability
of adsorbing a large amount of energy at failure is a safeﬁ)i]
factor against possible injuries determined by overuse. In
this sense an aged tissue has large predisposition to injury.

V. CONCLUSION [12]

The constitutive model proposed shows a good
capability to describe the mechanical behavior of soft
connective tissues. The numerical formulation can be
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