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Numerical damage models using a structural approach:
application in bones and ligaments

P.J. Arnoux"2, J. Bonnoit?, P. Chabrand', M. Jean', and M. Pithioux!?

! Laboratoire de Mécanique et d’Acoustique, CNRS, équipe MMCB, 31 chemin J. Aiguier, 13402 Marseille, France
2 Laboratoire de Biomécanique Appliquée, INRETS, Faculté de Médecine, boulevard P. Dramard, 13916 Marseille, France

Abstract. The purpose of the present study was to apply knowledge of structural properties to perform
numerical simulations with models of bones and knee ligaments exposed to dynamic tensile loading leading
to tissue damage. Compact bones and knee ligaments exhibit the same geometrical pattern in their different
levels of structural hierarchy from the tropocollagen molecule to the fibre. Nevertheless, their mechanical
behaviours differ considerably at the fibril level. These differences are due to the contribution of the joints
in the microfibril-fibril-fibre assembly and to the mechanical properties of the structural components. Two
finite element models of the fibrous bone and ligament structure were used to describe damage in terms

of elastoplastic laws or joint decohesion processes.

1 Introduction

The aim of this work was to develop a specific model to
study failure of fibrous structures submitted to dynamic
loading. Our goal was to describe the failure of such ma-
terials subsequent to loss of cohesion between fibres, as-
sumed to be the structural element most susceptible to
failure. This assumption implies that failure in these kinds
of structures does not occur by rupture of the fibres them-
selves but rather as a consequence of an avalanche pro-
cess by rupture of the joints. An appropriate model would
thus have to consider both longitudinal and transverse
joints between fibres. We developed a multi-scale method
to deal with the various levels of the structural hierarchy.
The purpose of this study was to determine how numeri-
cal experiments performed on a rough model of the cohe-
sive composite material comprising elastic fibres may help
understand the brittle or ductile behaviour of these tis-
sues when they were subjected to dynamic tensile loading.
This approach was based on two different finite element
models of fibrous material. An elastic model with perfect-
elastoplastic elements was used to describe the connec-
tions between the fibres constituting the model. Damage
was introduced in the form of perfect plastic flows of the
rod elements forming the joints between fibres. A second
elastic model with unilateral constraints and friction con-
tact was used to describe the joints between the fibres
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constituting the model [1,2]. Damage was described by
fibres decohesion mechanisms.

Fibrous materials found in nature include many biolog-
ical tissues such as bones and ligaments. The mechanical
properties of these materials, and more particularly their
failure behaviour, is of interest in many domains. Specific
applications include care for victims of accidents or sports
trauma. Cortical bones and ligaments of the knee were
subjected to shocks leading to tears, injury and failure.
Certain authors [3] have used a homogeneous micro-macro
model. Others have described the constitutive equations
using a thermodynamic approach [4,5], or a phenomeno-
logical approach [6-12]. The structural approach [13-17]
is based on knowledge of the tissue microstructure. These
models have proven to be inadequate to study failure of
these materials and while exploration of hard and soft
tissues is a highly developed field of research, the mechan-
ical behaviour of these tissues exposed to dynamic loading
causing damage and failure has not drawn the attention
of many authors. Damage models, the main models pre-
sented in the literature [18], have been based on fibre-
ligament or fibre-bone assemblies. These discrete models
deal with an assembly of disjointed fibres with stochas-
tically distributed lengths where failure is described in
terms of the strain level in each fibre. They have per-
formed well under quasi-static conditions. In our work,
we show that bones and ligaments exhibit a structural hi-
erarchy. We therefore developed two models using a struc-
tural approach that requires, in this context, a multi-scale
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ligaments and bone were based on the microfibril fibre assembly. [ represents the length and ¢ the diameter of the structure

considered.

method. These models were used to simulate tensile ex-
periments where the fibrous structure was exposed to dy-
namic stress.

2 Structural analysis of bones and ligaments

In order to understand the rationale for defining such a
fibrous model, it is useful to review the general properties
of the structural hierarchy composing biological tissues.

Ligaments and bones are highly complex struc-
tures [19-21] which can be viewed as composite materials
composed of various constituents in a geometrical assem-
bly. Compact bones and knee ligaments exhibit the same
geometrical pattern in their different levels of structural
hierarchy from the tropocollagen molecule to the fibre
(Fig. 1). However, although the same mechanical prop-
erties are observed in ligaments and bones up to the mi-
crofibril level [16,17], important differences are observed
from the fibril level up to the macroscopic level (i.e. lig-
aments exhibit viscoelastic properties and bones exhibit
elastoplastic properties). Therefore in order to understand
the mechanical properties of the material as a whole, it is
essential to examine the contribution of each level of the
structural hierarchy. The main deformation mechanisms
can occur at four different levels.

The lowest level is the tropocollagen molecule com-
posing the microfibril. Measuring 2800 A in length, the
tropocollagen molecule has elongation properties which
set its molecular profile [16,17,22-24]. Mechanical models
based on the waviness of the microfibrils have been pro-
posed [25,26]. At this level, the microfibrils were found to
be elastic [14,27].

The Hodge Petruska model [16,17,28] has been used
to describe the second level. The arrangement at this
scale (fibril length = 10 mm to 100 mm) shows regions
of overlapping fibrils and gaps with different mechanical
behaviours for ligaments and bones, essentially because
of the nature of their joint components. In bone struc-
ture, joints are made of a mineral, hydroxyapatite, while
in ligament structure joints have an organic configuration
without a mineral component. Observed experimental be-
haviours [16,17,29,30] have shown that ligaments can be
described as a viscoelastic solid and bone as an elastoplas-
tic solid.

— The fiber, the third level, is a geometrical assembly
of disjointed fibrils embedded in an amorphous sub-
stance. Loading applies pressure to fibres causing fluid
to exude from the tissue, so the material exhibits a
viscous behaviour [31,32].

— The fourth level is the fibre-ligament or fibre-bone as-
sembly, which cannot be precisely described in terms
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Fig. 2. (a) Fibrous assembly. (b) Example of unit fibrous assembly projection onto a two dimensional plane.

of fibre interactions. In addition, the amorphous sub-
stance can be described as an incompressible fluid.

3 The fibrous model

The biological materials studied are structured on differ-
ent scales, from the collagenous elementary constitutive
molecules (tropocollagen) to microfibrils, fibrils, fibres and
finally bundles of fibres. Although collagen fiber debond-
ing and pullout represent important failure mechanism in
failure of bones and ligaments, cracking and plastic de-
formation of the ground substance are equally or more
important contributor to behaviour. It might therefore be
conjectured that, due to the fibrous structure of this bi-
ological material, the failure process might be caused by
successive decohesion events occurring at different scales
and aggregating so as to generate micro-voids or micro-
cracks, the aggregates themselves generating larger scale
voids or cracks. There remains the possibility of exploring
assemblies of model-fibres linked together with appropri-
ately distributed cohesive forces. Given the fibrous struc-
ture of the model, the ability to bear tensile stress is due
to two classes of cohesive forces: forces exerted by the fore
end of fibres on the aft end of the previous fibre (head
to tail or longitudinal cohesive force); forces exerted from
flank to flank between neighbouring fibres (flank to flank
or transverse cohesive force). In this study, tensile loading
was considered in the longitudinal axis of the fibres. The
head to tail forces were mainly tensile forces, while the
flank to flank forces were mainly shear forces. The consti-
tutive laws were therefore developed using a fibrous model
subjected to tensile traction applied in the direction of the
fibre axis (this model could be a fibril). The material was
assumed to be homogeneous and regular. Because of the
dynamic kinematics involved, damage was assumed to be
preponderant and viscosity was neglected. The following
fibrous model (¢f. Fig. 2a) consists of an assembly of fibres
(which could be microfibrils, fibrils and fibres), in which
joints are formed laterally and longitudinally between the
fibres (c¢f. Figs. 2a and 2b).

3.1 Elastoplastic description of the joints

One way of describing damage in joints is to model a
joint as a perfect elastoplastic material. For the mechan-
ical properties, the fibres were assumed to be elastic and
the joints to be elastoplastic. The constitutive laws in the
joints were defined by equations (1, 2):

(1)
(2)

with, o and ¢ the stress and strain in the joints, oy, and
€rup the failure stress and strain of the joints.

where 0 = Fe when € < g,yp

and 0 = 0yyp When € > epyp

3.2 The cohesive model

In this model, the interactions between fibres were de-
scribed using unilateral constraint and frictional cohesive
contact laws.

By considering gy the normal displacement from one
fibre to another and R = (Rr, RN) the reaction force (for
which Rt and Ry are respectively the tangential and nor-
mal reaction forces between the two fibres in a local coordi-
nate system) the unilateral constraint defined by Signorini
is written as follow (3):

gy >0, Rn+1>0, (gn, Rn+1) =0 (3)

where [ is the longitudinal cohesive threshold.

The joint model was given by a cohesive Mohr
Coulomb law between nodes candidates for contact (cf.
Fig. 3a) which corresponds to a vertical displacement of
the Coulomb cone. With such a cohesive law between
fibres, three main situations are possible at the joints;
(i) the fibres stick together inside the cone (A for instance
in Fig. 3a), (ii) stickness is lost on the cone border (C for
instance in Fig. 3a), and friction, corresponding to dam-
age, occurs between the fibres, (i.e. the joints break be-
tween the fibre components), (iii) no contact is possible
between fibres (contact is lost). With the Mohr Coulomb
law, the formulation for the adhesive unilateral constraint
becomes (4):

qx > 0; Ry > —1; gn - (Rn +1) = 0. (4)
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Fig. 3. (a) Mohr Coulomb cohesive law. (b) f1 is the cohe-
sive coefficient of the shear between two fibres layers. f> is the
tensile cohesive coefficient for the fibre cohesion on the same
layer.
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Fig. 4. Boundary conditions of the problem. On side AD, the
displacements were fixed. On side BC, 5 m/s velocities were
applied.

The corresponding sliding law with adhesion defined by
the threshold pl is given in relations (4a, 4b and 4c):

Ur=0= Ry E]*/LRN*,LLZ; uRN Jr/Ll[ (4&)
Ur<0= Rt = */LRN — ;Ll (4b)
Ur > 0= Ry = pRx + pul. 4C)

The static sliding coefficient pg is defined by pus = tga =
f2/f1 (cf. Fig. 3a).

The cohesive thresholds differ between longitudinal
(f1) and transverse (f2) joints and are related to maximal
head to tail and flank to flank cohesive forces (Fig. 3b).
With this model, damage results from fibre decohesion
mechanisms which occur at around 5% of strain levels in
the case of bone, and 25% of strain levels in that of lig-
aments. One way of introducing heterogeneity into the
material is to randomise failure thresholds.

4 The finite element models

In a finite element model, a representative volume is
an assembly of 21 fibres arranged longitudinally in

30 successive layers. To study the influence of the geom-
etry on the results, we also simulated a structure com-
posed of 7 fibres longitudinally arranged in 90 successive
layers and 42 fibres longitudinally arranged in 60 succes-
sive layers. As boundary conditions on the lateral sides,
the displacements were taken to be zero in the case of all
left hand side nodes (Uz = 0) and velocities of 5 m/s were
applied to all right hand side nodes (¢f. Fig. 4). A periodic-
ity boundary condition may be viewed as that showing the
best fit to the influence of material surrounding the sample
in a tensile experiment. For this, on the upper and lower
sides, we chose to set stress g9o to 0 with the displace-
ment of the upper and lower sides being the same. The
same mesh, corresponding to a two dimensional tetrago-
nal assembly, was used for ligaments and bones (because
of the geometric similarities).

The two different finite element modelling methods
used to deal with this problem are presented in the fol-
lowing section.

4.1 Elastoplastic model

In the elastoplastic model, the assembly was performed us-
ing rod elements to simulate fibres and joints. Each fibre
and longitudinal joint (in the case of head to tail forces)
was obtained using a single rod element. Transverse joints
(flank to flank forces) were obtained using cross rods. In
order to improve the sensitivity of the mesh, transverse
joints could be made using one or several cross rods (cf.
Figs. ba and 5b). In this latter case, the number of cross
rods depended on the overlap and gap regions present in
the fibrous assembly (cf. Figs. 2a and 2b). In the case
of a single cross rod (21 fibres arranged longitudinally
in 30 successive layers), the mesh obtained consisted of
3780 nodes, 6128 elements measuring 6.682 pm in length.
In the second case (several cross-rods) the mesh consisted
of 6300 nodes, 15896 elements measuring 6.682 pm in
length.

Several computations were performed with the
ABAQUS software, in which a Newton implicit method
was used. Each load case was performed in dynamic con-
ditions (velocity equals 5 m/s). Randomised Young’s mod-
ulus of the fibres, mineral and ultimate stress of joints at
failure were tested.

4.2 Cohesive model

With the cohesive model, each fibre was simulated by 2D
brick elements consisting of eight T3-triangles. In the case
of bone, the bricks were designed to describe the min-
eral and collagen components as a single equivalent ma-
terial. In the case of ligament, bricks represented only
collagen. The dynamic problem was solved using LMGC
software based on the Non Smooth Contact Dynamics
method [1,2].
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Fig. 5. (a) Transverse joint with one cross-rod. (b) Transverse joint using several cross-rods.

5 Application to biological materials

We tested these models using biological data published in
the literature. Several authors [6,12,14,16,17,29,33] have
studied mechanical properties (Young’s modulus, Poisson
ratio and density) of collagen and hydroxyapatite and val-
ues used in our numerical simulation were determined
from their work. In the case of bones, values of failure
thresholds are taken within the plasticity values of min-
eral hydroxyapatite. In the case of ligaments, weakness
values were used for thresholds. The representative vol-
ume was an assembly of 21 fibres longitudinally arranged
in 30 successive layers which corresponds to the length of
one fibril.

5.1 Elastoplastic model

It must be noted that mechanical properties of transverse
joints (consisting of one or several cross rods) were calcu-
lated in order to have the same properties whatever the
number of cross rods used for the joints. Young’s modu-
lus, Poisson ratio and density of ligaments and bone fibres
were 0.8 GPa and 9 GPa, 0.3 and 0.35, and 1.2 x 103 kg/m3
and 1.3 x 10® kg/m? respectively. In both structures, the
joints were taken to be stiffer than the fibrous elements in
view of Sasaki’s experimental results [16,17]. The mechan-
ical properties of joints for ligaments and the bones were
obtained using Young’s modulus, Poisson ratio and the
ultimate stress at joint failure (plasticity yield). Young’s
modulus was taken to be between 0.8 GPa and 2 GPa for
ligaments, and between 80 and 150 GPa for bones (hydrox-
yapatite). Poisson ratio was between 0.28 and 0.3 in both
cases [33-35]. The ultimate stress was between 50 MPa
and 100 MPa for ligaments, and between 120 MPa and
200 MPa for bones. Joint density was 1.2 x 10® kg/m? for
ligaments and 2 x 103 kg/m?® for bones.

5.2 Cohesive model

Ligaments and bones fibres were assumed to be elastic
with a Young’s modulus taken between E = 0.6 GPa
and 1.2 GPa for ligaments and between E = 11 GPa
and 16 GPa for bones. Young’s modulus was taken as an
average of Young’s modulus for collagen and hydroxyap-
atite because the bricks described the mineral and collagen
components as a single equivalent material. In both cases
the density was d = 1.2 x 10® kg/m? for ligaments and
2 x 103 kg/m? for bones; Poisson ratio was v = 0.33.

6 Results
6.1 The elastoplastic model

In both structures, von Mises stresses and plastic defor-
mation curves showed that the most stressed joints were
the longitudinal ones. Because of the dynamics, the de-
formation mechanisms acted like a traction wave which
was reflected on the left hand side where zero displace-
ments were prescribed. These effects may result in plastic
deformations, as was observed in joints. Depending on the
loads, boundary conditions, geometry or scattering of the
mechanical properties, the von Mises stresses, the plas-
tic deformation and the stress-strain curves showed sev-
eral possible damage modes. The stress-strain curves show
that the value of the failure force on the structure was the
same whatever the dimension of the geometry [36].

First, a failure on the left and right hand side propa-
gated vertically towards the two extremities of the struc-
ture and secondly, a sliding failure occurred in the struc-
ture combining appearance of quasi vertical cracks and
debonding fibres. It can be seen from the stress displace-
ment (Figs. 6a and 6b) that the results were in good agree-
ment with the experimental data [8,12,14,36] and could
be divided into two parts:

— first, an elastic linear region in which the Young’s mod-
ulus values ranged around 0.5 GPa and 9 GPa for lig-
aments and bones;

— secondly, a damage region up to failure.

Figure 6a illustrates two types of behaviour that could
be simulated using different types of boundaries. In the
first case, the structure was isolated and the results showed
a brittle behaviour (as in the case of compact bones and
cruciate ligaments). In the second case, the sample was
subjected to a periodic boundary, the behaviour of the
structure in this case was ductile (as in the case of col-
lateral ligaments). Figure 6b shows that introducing scat-
tered mechanical properties into the material yielded at a
variably earlier stage. This parameter would represent the
porosity of the material. If the structure was assumed to
be crystalline (with weak porosity) failure came later than
if the structure was supposed to be heterogeneous (with
important porosity).

6.2 The cohesive model

Qualitatively, the results obtained with the cohesive model
were in good agreement with those obtained with the



195000

175000 /,
155000 //“ /
135000 *’*"/A )(
115000 { A
95000
75000 f \ l
55000 J J\\
35000 Vi \"\,..

—e—Case2

15000 —w Casel
N T
I

~5000 0.2 0,4 0,6 0,8 1 12 14 1,6

Displacement (pm)

Stress (nN/um?)

(=]

(a)

300000

—e— Crystalline structure

7
250000 ~a— Heterogeneous structure /
200000 //

g
P3
£ 150000 e
3
=
7]
1
100000 s \
50000
0
0 0,5 1 1,5 2 2,5
Displacement ()
(b)

Fig. 6. (a) Effects of boundary conditions on the stress displacement curve, in the case of the bone or ligament structure.
In case 1, the structure is assumed to be isolated whereas in case 2, the sample is subjected to periodic boundary conditions.
(b) Effects of the scattering on the failure of the structure.



Force (nN)

Strain x10
Ntract

1800 T

1600
é‘ 1400 -
2 to00h {4 )i 44
= .
G B 1 8
5 1000 :
8 80 Sy
=} | :
g 600 ok
Z 400 -

2001 - 2

. :
0 1 2 3 4
-5
Strain x10
Nslide

450 T
w2
O
kst
Q
<
Gt
Q
b
E
Z

Strain

Fig. 7. Effects of the scattering on the force deformation curve. The scattering
parameter was more important for 0.75 than for 0.5 and for 0.5 than for 0.25.

Ncompr
12001 - .
1000
@ |
3
S
&
B
S 600
o
2 ]
g 400!
=}
Z
200
0
o 1 2 3 4
Strain x10”
Nstick
800 Ty N
1600 - - - 3
@ 1400f -
Q
g 1200
=]
S 1000} -
" :
2 s00 -
g 600 - -
Z :
400 :
200 :
0 1 2 3 4

Fig. 8. Effects of the scattering on the evolution of the node status (Nodes under traction, Nodes under compression, sliding

Nodes, sticking Nodes).

elastoplastic model. The stress-strain curve could be di-
vided into a linear elastic portion and a damage portion
up to the complete failure of the structure. As observed
in the case of the elastoplastic model, the scattering pa-
rameters had a strong influence on the behaviour and
on the failure profile (Fig. 7). The time course of the
damage processes could be followed more closely by ex-
amining that of the node status (sticking, sliding, trac-
tion, compression, ...) (Fig. 8). Oscillations showed tensile-
compressive wave propagation. This information appeared
to be useful for determining the relevant parameters for
a macroscopic failure model. Figures 9a, 9b, 9c illustrate
a failure process. Failure occurred suddenly, comparable
to an avalanche process. In this situation, the decohesion
of a few joints triggered a step by step failure process
in the neighbourhood. Longitudinally and transversally

connected joints were also damaged and the structure was
broken in only a few steps.

7 Discussion and conclusion

In these two models, bones and ligaments were described
as fibrous structures in which deformation occurs in the
fibrous elements and damage results from the failure of
joints between the fibres. Two finite element models were
used to describe the behaviour of this structure, based on
two different methods of modelling joint behaviour. With
each model we were able to establish how different param-
eters, mainly the scattering parameters, can strongly af-
fect the description of the failure processes. The cohesive



Fig. 9. (a) Displacement at ¢t = 0.013 us with 10° magnification. (b) Displacement at ¢t = 0.014 ps with 10° magnification.

(c) Displacement at t = 0.015 us with 10® magnification.

model gave a physical description of the damage result-
ing from joint decohesion processes. Differences in failure
stress between longitudinal and transverse joints (contact
with the head and flank of a fibre) did not affect the be-
haviour of the structure, whereas scattering, and the fric-
tion coefficient after failure, could be used to control the
behaviour and the course of damage in the model.

In these two finite element models, the viscosity of the
structure was not taken into account so as to emphasise
the decohesion process. Further calculations would be use-
ful to introduce the viscous component.

The first model using ABAQUS is easy to apply. The
analysis can be performed with readily available software
implementing an elastoplastic perfect law. The second
model based on cohesive laws provides a more accurate
description of the phenomena in longitudinal and trans-
verse joints.

This work was a first step towards describing a struc-
tural failure model in which damage occurs as the result of
decohesion between the longitudinal and transverse joints.
These models were helpful in understanding failure mecha-
nisms and the parameters which influence failure in fibrous
structures. These parameters are pertinent to study failure
in the microstructure and therefore in the macrostructure.

To study ligaments using a combined micro-

scopic/macroscopic assembly, more information yet to be
obtained experimentally, would be needed to describe

the assembly. By making a certain number of assump-
tions to simplify the description of the structure, we
were able to propose several ways to model the micro-
scopic/macroscopic assembly. First, to obtain a homoge-
neous model, we assumed the fibril model to be a repre-
sentative elementary volume of the ligament. In this way,
all the fibres in the fibre bundles are assumed to lie in
the same direction so that, after applying a scaling factor,
the microscopic failure behaviour depicts the macroscopic
failure behaviour. The second way is to construct the fib-
ril/fibre assembly with the fibril as the basic component
of the fibre. In this multi-scale method, the structure is
composed of elementary fibril structures whose behaviour
is that observed for the fibrils. The ligament can then be
described as an assembly of disjointed fibres. The final
method is to introduce a viscous fluid between the fibres,
and to take into consideration the orientation of the main
fibre bundles in the ligament.

The bone model could be based on either a fibril, a
fibre or a lamellar structure because all these hierarchi-
cal structures are oriented in the same direction. The
microscopic/macroscopic assembly could be obtained in
the same way as in the case of ligaments using a multi-
scale method. However, the lamellar structure of bone
is constituted of fibres oriented horizontally, vertically
and obliquely. Finally, the orientation of the fibres in the



lamellar structure must be analysed [37] to obtain the be-
haviour of the macrostructure of bone.

In these two finite element models, the qualitative re-
sults obtained were quite in line with those obtained at
the macroscopic level reported in the literature.

In conclusion, we propose a new investigation in addi-
tion to those previously developed [18,38,39] for cortical
bone and knee ligament modelling. For both structures
modelled here, statistics on the failure mode giving the
evolution of the node status could be used to obtain an
overall microscopic/macroscopic scale assembly. Failure of
these structures depends on the scattering parameter, the
most important parameter in this model. The physical
meaning of the scattering parameter is given by the poros-
ity of the material. This approach enables a description of
the internal value of the microscopic and therefore macro-
scopic phenomenological model dealing with the physics
of damage processes.
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