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Abstract. Collagen network is one of Articular Cartilage (AC) vital components that
contributes to the depth-dependent and anisotropic responses of the tissue. Since it is
computationally expensive to simulate all the structural details of the AC network, they are
typically simpli�ed in numerical analysis. In particular, the so-called arcade-like structure,
which has been widely used in previous complex simulations, does not capture the rotations
of �brillar bundles. In this study, the role of such possible rotations in the AC mechanical
response was investigated by a set of advanced, biphasic, and parametric Finite Element
(FE) simulations of indentation tests. The obtained results indicated the in
uence of
Fibrillar Rotations (FRs) on the mechanical response by increasing the �brillar stress while
regionally a�ecting the stress in the upper layers of the AC tissue. On the contrary, FR did
not signi�cantly alter the tissue elasticity and consequently, might be safely ignored in pure
contact mechanical problems. It can be concluded that the excessive FR might regionally
increase the stress, which could have a degenerative e�ect on the collagen constituent;
therefore, it should not be neglected in the related future studies, in which the upper AC
layers would resist high permanent shear strains.

© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Articular Cartilage (AC) is an essential tissue of human
knee joints consisting of several discrete components
that play a vital role in knee functions by allowing
the nearly frictionless motion between the contacting
surfaces [1,2]. Moreover, the AC tissue is reinforced by
a type-II collagen network, stimulating an anisotropic
and heterogeneous response of the tissue [3]. Collagens
are protein molecules that form a �brillar network of
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AC and improve cartilage elasticity by augmenting the
tensile sti�ness [1]. Accordingly, accurate modeling of
the collagen network is an essential step in most of the
AC simulations.

For decades, a variety of constitutive equations
have been developed to address the AC �brillar re-
sponse [4{8]. Although those models could thoroughly
simulate the �brillar part of AC, they are numerically,
too expensive to be implemented [9]. As a result, most
of the practical 3D studies on Finite Elements (FEs)
were conducted through simpli�cation of the geomet-
rical and material characteristics of AC components.
In particular, some of these previous studies [10{14]
assumed that primary �brils were located on planar
surfaces, perpendicular to the AC surface. Intersection
of those surfaces and the AC surface could form a de-
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tectable pattern of split lines (Figure 1). However, this
assumption can be violated, considering that the AC
surface would experience rotational deformation under
permanent shear strains which can rotate the split lines
as well. For instance, such permanent rotations might
occur in knees with rotational deformity [15]. Since
the split lines were formed by the primary �brils on
the AC surface, their rotation should also rotate the
corresponding AC �brils so that they would not lie on
a single plane.

Although the signi�cance of �brillar directions in
their planar surfaces has been previously examined [3],
[16{19], to the best of the authors' knowledge, there
is no published study on the biomechanical in
uence
of Fibrillar Rotations (FR), caused by the split line
rotation (Figure 1). To this end, in the present
study, an advanced parametric FE simulation was per-
formed through a general and anisotropic poroelastic
constitutive model of the knee AC cuboid sample to
compare the tissue-scale response of cartilage with and
without FR. The main objective of this study was to
simulate the e�ects of FR on the elasticity and biphasic
response of AC di�erent zones, i.e., Super�cial Zone
(SZ), Middle Zone (MZ), and Deep Zone (DZ), using
a combination of indentation tests. In this respect, we
hypothesized that FR might have considerable e�ects
on the AC mechanical response.

2. Materials and methods

2.1. Constitutive model
Simulation of this study requires implementation of
a poroelastic model of AC [20], in which the total
Cauchy stress �TOT is achieved by the summation of
the contributions of hydrostatic 
uid (pore) pressure p
and solid stresses, including the non-�brillar Cauchy
stress �MAT in solid AC parts and tensile Cauchy
stress �COL in the �brillar network. Therefore, the
AC total stress is de�ned by [21]:

�TOT = �COL + �MAT � pI; (1)

where I is the unit tensor. In this study, the equation
for the �brillar collagen stress was adapted from the
model proposed by Wilson et al. [5,12], as follows:

�TOT =
X�

�Fn
 n
�
; (2)

where n is a unit vector in the current direction of
each �bril, 
 is the dyadic product, and �F is the
corresponding �brillar tensile stress which is given by:

�F =
��0�Ef

J
if � > 1; (3)

where J is the determinant of the deformation gradient
tensor, � is the elongation of each �bril, � is the
volume fraction of the collagen �brils in each direction
with respect to the total solid matrix volume, Ef is a
positive material coe�cient, and �0 is the initial solid
volume fraction.

Moreover, for the non-�brillar part, an improved
version of the compressible Neo-Hookean model was
utilized, proposed by Wilson et al. [12] in the following
equation:
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where B is the left Cauchy-Green deformation tensor
and Gm is the shear modulus.

2.2. FE implementation
In this study, collagen �bers in each location consist
of two large primary �brils parallel to the arcade-like
orientation [5,22] and seven smaller secondary �brils
which are isotopically organized. The primary �brils

Figure 1. Schematic joint scale image of split line patterns (left) and their dependencies on the directions of the primary
�brils in the tissue-scale and cuboid FE model of AC (right) with consideration of the split line rotation of �, which would
take the Fibrillar Rotation (FR) from AC surface to the middle layer (re-drawn from [5,30]); AC: Articular Cartilage; FE:
Finite Element.
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extend perpendicularly from the bottom layer and
bend in the opposite directions in the MZ, above the
middle layer, to become parallel to the AC surface.
The in
uence of FR was implemented by rotating the
primary �brils through an angle of � around an axis
perpendicular to the AC surface, as shown in Figure 1.
It was assumed that FR values were linearly dependent
on the normalized depth of AC (Z).

The FE model of the biphasic constitutive equa-
tions of AC was solved using the soils consolidation
theory in ABAQUS (v6.14, Simulia). First, the initial
values for the depth-dependent material parameters
in the solid AC parts, i.e., the solid volume fraction,
direction, and volume fraction of the collagen �brils,
were calculated in each integration point by a user-
de�ned solution-dependent state variables initialization
(SDVINI) subroutine. Then, the calculated parameters
were taken to the user-de�ned material (UMAT) sub-
routine, which is necessary for the implementation of
complex AC solid constituents [5]. In doing so, the
�brillar components and their rotations were consid-
ered in the constitutive equations implemented by the
Fortran UMAT subroutine. It is suggested that readers
refer to the previous studies [21] for a more detailed
explanation of the implementation of the AC model.

In order to highlight the e�ects of FR, some
parametric studies were carried out by changing the
range of FR (in degrees) via a PYTHON script in
Abaqus (Figure 2) based on the following equation:

� = 4:5M; for M = f1; 2; 3; :::; 40g: (5)

Ideally, the AC could have been modeled by 3D
elements, but these element types are computationally
expensive [23]. Therefore, for general models [10,17,24],
2D mesh are preferred. Accordingly, indentation tests
were simulated by a plane strain mesh consisting of
630 linear quadrilateral elements of type CPE4P. This
mesh is associated with a cuboid plug of AC with
the thickness of 1 mm and length of 4 mm, which is
contacted by an indenter with a radius of 0.5 mm.
While the nodal displacements at the bottom layer were

con�ned, the rigid permeable indenter was placed on
top. In addition, the zero pore pressure was set at the
bottom and top surfaces (i.e., the 
uid was allowed to

ow freely on these surfaces). The indenter was pushed
down with 10% strains at two di�erent ramp rates of
0.02 and 2 Sec�1, respectively, while the AC reaction
force and stresses in each AC zone and constituent were
recorded.

Herein, Z is assumed as the normal depth of the
tissue. Other material parameters were adapted from
some previous research studies [9,12,25{27] and set as
follows:

�0 = 0:1Z + 0:1; � = 1:4Z2 � 1:1Z + 0:59;

Gm = 0:65 MPa; Ef = 5:80 MPa:

Also, the permeability parameter was assumed 0.001
mm4/N.Sec.

3. Results and discussion

This study employed a parametric FE simulation in
order to determine the role of FR in the AC biome-
chanical response. The rotation was presumed to
occur in the area above the middle surface and to be
linearly dependent on the normalized depth (Figure
1). The numerical procedure was implemented by a
combination of di�erent tools: ABAQUS, PYTHON
scripting, Fortran UMAT, and SDVINI subroutines
(Figure 2). The results highlighted the role of FR in
elasticity and stress distributions of AC, which could
be used to estimate the signi�cance of FR mechanical
response at di�erent scales.

In order to simulate the e�ect of FR, a set of
indentation tests was implemented with the maximum
strain of 10% and two di�erent strain rates (0.002 and
2 Sec�1) for each rotation, which was assumed to be in
the range of 0�2� Rad. The simulation was carried out
using a poroelastic model with a focus on the �brillar
directions.

Figure 2. Methodology of Finite Element (FE) simulation.
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In each test, the axial stress in the areas below
the indenter and between each zone was recorded (Fig-
ure 3). As expected, the stress magnitudes in the DZ
were not a�ected by the rotations, since this zone was
devoid of any FR. In contrast, the stress magnitudes
in the SZ rose, being notably more observable with the
FR ranging from 1.5 to 2.5 Rad. Despite the excessive
decrease of FR impacts in the MZ, this result could still
support the hypothesis. Figure 3 presents a variation in
the e�ects of FR depending on the loading rates, but a
similar tendency in both strain rates is discernable; for
instance, FR can a�ect the stresses of AC components
disregarding the loading rate.

Furthermore, the recorded reaction forces consid-
ering both of the strain rates of 0.002 and 2 Sec�1 were
calculated for a range of FRs (Figure 4), showing slight
increases in the forces in both of the tests. In other
words, the FR could slightly increase the AC elasticity.
As a result, the FR modeled in this study might not
a�ect the results beyond the tissue scale and could
be overlooked in the knee joint scale studies. This
�nding agrees with previous works, suggesting that
�brillar organization could generally a�ect the tissue-
scale stress distributions [9,28].

Figure 3. Mises stress in each Articular Cartilage (AC)
zone for all FRs. The results are derived during the strain
rates of (a) 0.02 and (b) 2 Sec�1; SZ: Super�cial Zone;
MZ: Middle Zone; DZ: Deep Zone; FR: Fibrillar Rotation.

Figure 4. Indenter reaction force for all FRs and both
strain rates; FR: �brillar rotation.

To elaborate the e�ects of FR, some detailed
contour plots were presented for a case with a strain
rate of 2 Sec�1 in order to compare the model without
rotation with its counterpart with 2 Rad rotation
(Figure 5). The contour of the axial �brillar stress
implies that the stress resisted by the collagen �bers
in the middle layer rose approximately by 210% of the
initial value, demonstrating a more noticeable variation
in stress. In contrast, the 
uid pressure varied slightly
in only SZ, revealing that FR mainly altered the load
contributions of the AC solid parts. Finally, the Mises
stress distribution signi�es that FR could regionally
a�ect the stress distribution. In all of the plots,
a regional increase in the AC stress is observable,
which might have a degenerative e�ect on the collagen
network and can give rise to the development of
osteoarthritis [11,29]. Although the rotations only
a�ect the upper layer, it again supports the hypothesis
that the AC FR might have signi�cant mechanical
e�ects and, consequently, could be considered as a new
insight into the degenerative nature of knee rotational
deformity [15,17].

Although this study utilized some well-established
and validated constitutive equations, some of the AC
parameters were not incorporated to reduce the com-
putational costs. First, the constitutive equations did
not capture the viscosity of �bers and AC intrinsic
swelling behavior [6,18] which could have in
uenced
the results. Nonetheless, they might not change the
overall interpretation of the results substantially and
have minor signi�cance considering the aim of this
study. Second, considering the extremely high value
of the AC permeability, its 
uid-dependent transient
response outweighs the transient response governed by
the viscosity of the 
uid phase; subsequently, such
viscosity was omitted. Third, this study aimed to
provide a completely general explanation of FR to
disclose their possible role in the mechanical response.
Thus, the more exact patient-speci�c data, such as
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Figure 5. Plot contours of axial �brillar stress, 
uid (pore) pressure, and mises stress for 0 and 2 Rad FRs. Red arrows
indicate the main a�ected regions. Note that the �brils contributed merely to the sti�ness of solid material and were not
geometrically modeled. SZ: Super�cial Zone; MZ: Middle Zone; DZ: Deep Zone; and FR: Fibrillar Rotation.

the exact image-based models of AC collagen network,
were not captured, which could be addressed in future
studies.

4. Conclusions

The present study presented promising results that
could be used for simulating the possible rotations and
arcade-like distributions of the �brils simultaneously,
if applicable. Accordingly, the excessive Fibrillar
Rotation (FR) could regionally a�ect the Articular
Cartilage (AC) mechanical response and increase the
�brillar stress contributions, which could have degen-
erative e�ects. Therefore, FR should be investigated
in the future tissue-scale studies. However, since these
rotations did not alter the elasticity of tissue, they
are of insigni�cant importance in contact mechanical
analysis of the knee joint scale AC studies.
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Nomenclature

Z Normalized depth

�F Fibrillar tensile stress

�COL Fibrillar Cauchy stress

�MAT Non-�brillar Cauchy stress

�TOT Total Cauchy stress

n Unit vector in the current direction of
each �bril

J Determinant of the deformation
gradient tensor

� Elongation of each �bril

� Relative volume fraction of the collagen
�brils in each direction

Ef ;M Material parameters

�0 Initial solid volume fraction

B Left Cauchy-Green deformation tensor

Gm Shear modulus

� Rotation of �brils
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