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The role of fibril reinforcement in the
mechanical behavior of cartilage
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Abstract. Collagen fibril reinforcement was incorporated into a nonlinear poroelastic model for articular cartilage in unconfined
compression. It was found that the radial fibrils play a predominant role in the transient mechanical behavior but a less important
role in the equilibrium response of cartilage. The radial fibrils are in tension and can be highly stressed during compression, in
contrast to low compressive stresses in all directions for the proteoglycan matrix after a small initial compression. The strain
dependent fibril stiffening produces strong nonlinear transient response; the fibrils provide extra stiffness to balance a rising
fluid pressure and to restrain stress increase in the proteoglycans. The fibril reinforcement, induced by the fluid pressure and
flow, also accounts for a complex pattern of strain-magnitude and strain-rate dependence of cartilage stiffness.
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1. Introduction

Articular cartilage consists of three major components, a proteoglycan matrix, a collagen fibril net-
work and the interstitial water. It has been observed in experiments that the proteoglycan and collagen
matrices are very different in biochemical compositions and thus different in mechanical properties. The
negatively charged proteoglycans are ideal for supporting compressive stresses and are usually consid-
ered to be linear in constitutive behavior (up to 22% strain [1]). On the contrary, the collagen fibrils are
much stiffer in tension and stiffen further when the tensile strain increases [3,10,11,14]; the fibrils have
almost no resistance in compression, as compared to their ability in bearing tension [12]. However, these
differences have not been well recognized in model studies; the proteoglycan and collagen matrices are
often assumed as one material phase in formulation. As such, the different roles of the proteoglycan and
collagen matrices in the mechanical behavior of cartilage cannot be determined, even if such models are
able to partly describe the overall response of cartilage to external loadings (e.g., time varying integrated
load in relaxation tests). On the other hand, the fibril reinforced or fiber-reinforced models [2,4,6–9]
consider the fibrils as a distinct material phase and thus offer the potential to represent the actual tissue
more precisely.

The fibril reinforced poroelastic models proposed by the present authors [6–9] assume cartilage as a
three-phase composite, the fibrillar matrix (collagen), nonfibrillar matrix (the solid excluding collagen)
and water. In these latter models, the fibrils are idealized as slender structural elements that support
tension only. While in reality the collagen fibrils have certain resistance in shear and compression, in the
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model analysis such attributes are included in the nonfibrillar matrix. The present paper demonstrates
some features associated with the fibril reinforcement.

2. Methods

In order to focus on the behavior induced by fibril reinforcement, the material inhomogeneity is not
considered here, and hence the homogeneous model [9] is adopted. The nonfibrillar matrix is modeled
as linearly elastic, defined by the Young’s modulusEm and Poisson’s ratioνm, either in compression or
in tension. The fibrillar matrix is described by a tensile strain (εf > 0) dependent modulus

Ef = E0
f + Eε

f εf , (1)

where the second term represents fibril stiffening andEf = 0 whenεf < 0. The permeabilityk varies
with the disk dilatationε per [5]

k = k0 exp(Mε). (2)

The fibril volume fraction is not explicitly involved in this material model sinceEf is defined as the
modulus of the fibrillar matrix, rather than that of individual fibrils. In other words,Ef = Et − Em

whereEt is the modulus of cartilage samples measured in tensile tests, and whereEm is the modulus
determined in confined tests when the fibrils are in compression. According to this definitionEm includes
the compressive stiffness of the real collagen network, if it does support a small compressive stress.

We first consider small deformations with unconfined geometry when the analytical solution is feasible
for elastic behavior including the instantaneous response. When compression is applied suddenly, the
interstitial water is trapped. Since incompressibility is assumed for the material phases, the total axial
stress and the pore fluid pressure are determined by the requirement of volume conservation as follows:
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On the other hand, if the compression is imposed at a sufficiently low speed, the fluid has little impact
on the stresses and strains. The axial stress and radial strain for the drained cartilage are given as
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or

εequil
r = − Emνm

Em + E0
f χ

εz if Eε
f = 0 or no fibril stiffening, (7)

whereχ = (1 + νm)(1− 2νm).
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Fig. 1. Strain-dependent elastic response with small deformation for the case withEm = 0.36 MPa,νm = 0.38,E0
f = 3 MPa

andEε
f = 2000 MPa. (a) Radial strain at equilibrium (the broken line shows the strain forE0

f = 2 MPa andEε
f = 1500 MPa);

(b) compressive axial stress at equilibrium (the broken line shows the stress in absence of the fibrils); (c) the maximum possible
ratio of the transient versus equilibrium axial stress (instantaneous versus equilibrium response); (d) the maximum possible
fluid pressure and the total compressive axial stress (instantaneous response).

In general, when considering the transient behavior with large deformation, the finite element method
is needed to extract solutions. In such cases, the fibril reinforced homogeneous and nonhomogeneous
models have been employed to simulate measured data from unconfined compression tests, including the
time varying load, the depth dependent radial strain and the strain–magnitude and strain–rate dependent
cartilage stiffness [6–9]. In order to further demonstrate the role of fibril reinforcement in the mechanical
behavior of cartilage in unconfined compression, a numerical example is considered here by employ-
ing the homogeneous model [9]. A sequence of two ramp compression steps is involved, allowing full
relaxation after each ramp. Four loading protocols are adopted, as described in the caption of Fig. 2.

3. Results

Typical elastic responses undergoing small deformation are shown in Fig. 1, determined by Eqs (3)–
(6). The instantaneous radial strain is half of the axial strain (not shown), regardless of the presence of the
fibrils, due to incompressibility of the tissue. The equilibrium radial strain, however, is much smaller and
is dependent on the fibril property (Fig. 1(a)). The curvature of the radial strain is completely produced by
the fibril stiffening (Eε

f > 0), comparing Eq. (6) with (7). The contribution of fibril reinforcement to the
axial stress at equilibrium is demonstrated in Fig. 1(b) (the difference between the solid and broken lines,
or the second term on the right hand side of (5)). The total axial stress (compressive) for instantaneous
response (Fig. 1(d)), mainly contributed by the fluid pressure, is large and strongly nonlinear, in contrast
to the equilibrium stress (Fig. 1(b)) that is low and almost linear with the axial strain. It is observed from
(4) that the pressure is mainly induced by the fibrils due to smallEm. The difference between the total
compressive axial stress (−σinst

z ) and the pressure (pinst
f ) is actually the compressive axial stress of the
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Fig. 2. Radial stress of the nonfibrillar matrix at the disk center for four different two-step ramp compression protocols: (i) 20µm
(2% nominal axial strain) was imposed in 10 s for both steps, respectively; (ii) 20µm was imposed in 5 s for the first step and
40 µm in 20 s for the second step; (iii) 40µm was imposed in 20 s for the first step and 20µm in 5 s for the second step;
(iv) 40 µm was imposed in 10 s for both steps, respectively. The material properties adopted areEm = 0.36 MPa,νm = 0.38,
E0

f = 3 MPa,Eε
f = 2000 MPa,k0 = 0.003 mm4/N s andM = 15. The initial void ratio is 3.5. The radius and thickness of

disk are 1.5 and 1.0 mm, respectively.

nonfibrillar matrix, determined asEm(−εz)/(1 + νm) which is very small. On the other hand, the ratio
of instantaneous versus equilibrium axial stresses (σinst

z /σ
equil
z ) increases approximately linearly with the

axial strain (Fig. 1(c)).
Now we present the results obtained by employing the large deformation theory. The radial stress of

the nonfibrillar matrix (referred to asmatrix stress hereafter) at the disk center, which is initially tensile
during the first ramp loading, soon becomes compressive as relaxation proceeds (Fig. 2). This stress
remains compressive thereafter, exhibiting a small rebound at the following ramp compression. (The
matrix stress would be tensile were the fibrils absent.) The rebound is similar to the initial rise, whose
height is more dependent on the ramp speed than the compression amplitude for the cases considered
(axial strain increment� 4%). At the speed of 2µm/s (20µm in 10 s or 40µm in 20 s), doubling the
compression amplitude doesnot increase the peak stress (the rebound magnitude) at all. However, for
the same compression amplitude, doubling the compression speed always increases the peak stress. On
the other hand, at a higher speed (4µm/s, 20µm in 5 s or 40µm in 10 s), doubling the compression
amplitudedoes slightly increase the peak stress (the inset of Fig. 2).

For the radial stress of the fibrillar matrix (Fig. 3, referred to asfibril stress hereafter), the dependence
on compression amplitude is more evident due to fibril stiffening on its strain. The fibril stiffening is
also observed when comparing the fibril stress for the first step to that for the second step under the same
compression amplitude and speed (the first step starts from an undeformed state but the second starts from



L.P. Li et al. / Collagen fibril reinforcement in cartilage 93

Fig. 3. Radial stress of the fibrillar matrix at the disk center for the cases considered in Fig. 2. For clarity of the figure, the stress
is not shown for the time between 100 and 200 s.

Fig. 4. Pore fluid pressure at the disk center for the cases considered in Fig. 2. For clarity of the figure, the pressure is not shown
for the time between 100 and 200 s.

a deformed state). The fibrils are highly stressed at the peak transient and greatly relaxed at equilibrium.
Apart from the large difference in magnitude, the pattern of the fibril stress is quite different from that of
the matrix stress. When the compression continues, the matrix stress may decrease even before relaxation
begins (the inset of Fig. 2, 40µm in 20 s), while the fibril stress keeps growing (Fig. 3). The pore fluid
pressure pattern (Fig. 4) is similar to that of the fibril stress (Fig. 3), indicating the overwhelming impact
of fibril reinforcement on the pressurization, which in turn affects the total axial stress (not shown).

The stress distributions along the disk radius further demonstrate the mechanism of fibril reinforcement
induced by the fluid flow and pressure (Figs 5 and 6). In this case, a sequence of two identical ramp
compression/full relaxation steps is involved, each with 2% nominal axial strain increment. It is observed
that while the matrix stress will be finally compressive at all positions, it becomes compressive first at
the outer part of the disk (Fig. 5(a)). This is so because the fluid pressure at the outer part is lower and the
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Fig. 5. Radial stress distribution along the disk radius for the case (i) considered in Fig. 2. (a) Radial stress of the nonfibrillar
matrix; (b) radial stress of the fibrillar matrix. The stresses are shown for equilibrium and for the transient time just before
relaxation proceeds in each ramp step, at 2% or 4% total nominal axial strain. At equilibrium, both stresses are identical in
quantity but with opposite signs.

Fig. 6. Distribution of the total axial stress and the axial stress of the nonfibrillar matrix along the disk radius for the case (i)
considered in Fig. 2. The total stress is shown for the transient time just before relaxation proceeds in each ramp step, at 2% or
4% total nominal axial strain. The matrix stress is shown for the same transient time and for equilibrium at 4% total nominal
axial strain only. Both stresses are compressive and identical at equilibrium.
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fibril stress induced by the radial strain there takes less time to surpass the pressure (note that the fibril
stress is constant and balances the matrix stress at equilibrium, Fig. 5(b)). Now it is clear that the initial
rise and rebound in the matrix stress (as shown in Fig. 2 for the disk center) decrease with the distance
from the disk center (r) and completely disappear at the periphery (not shown). Furthermore, the matrix
stress in both directions is very low and relatively invariable with position (r) and time (Figs 5 and 6).
The fibril stress (Fig. 5(b)) and the total axial stress (Fig. 6) are several times higher at the center than
that at the periphery of the disk, showing their strong dependence on the fluid pressure.

4. Discussion

The particular features of the present model attribute to the inclusion of fibril reinforcement. The
advantages of modeling fibril reinforcement have also been demonstrated in other cases [7,8]. Fibril
reinforcement was found to be essential to produce the strong and nonlinear transient behavior and to
support the high pressurization of cartilage during the transient period. Modeling two distinct solid phases
might also be helpful in simulating a pathologic process: the effects of degradation in individual phases
on the cartilage response can be investigated independently. In preliminary studies, the models have been
used to correlate the alterations of material properties to degeneration of cartilage disks.

The interactions among the three phases are influenced by strain-magnitude, strain-rate and loading
history, in addition to the material properties. The equilibrium behavior is approximately linear with the
axial strain, since the radial strain at equilibrium is very small so that fibril stiffening is not significantly
exploited. At a low strain rate, the transient response of cartilage is closer to equilibrium behavior and
henceEm andνm have relatively larger impact on the behavior. At high strain rates, the response of
cartilage is closer to the instantaneous behavior experiencing considerable radial strain. The fibril mod-
ulus,Ef , therefore predominantly influences the transient response where strong nonlinearity is present.
In general, the transient stiffness of cartilage increases significantly with the strain when compression
begins, witnessed by approximate volume conservation. A significant volume change follows that di-
minishes this trend sooner or later depending on the strain rate. The stiffness then turns to decrease if the
strain rate is low and continues to increase if the strain rate is sufficiently high (not shown).

This study indicates the importance of introducing distinct phases for the proteoglycans and collagen
fibrils into cartilage mechanical models. The representation of cartilage as a fibril reinforced tissue not
only yields results in agreement with measurements but also agrees with the microstructure of the tissue
and mechanical properties of its components. If the two matrices had been modeled as one phase with
compressive modulusEm and tensile modulusEt, we would also have been able to simulate certain
mechanical behavior (e.g., the load versus time). However, it would not have been predicted, for example,
that the matrix stress in radial direction remains mostly compressive in unconfined geometry; only the
average over the two matrices could have been determined.

Further work on fibril reinforced models is required. The maximum strain involved in Fig. 1 is 4% and
the maximum nominal strain involved in Figs 2–6 is 8%. For larger strains, the representation of the fibril
modulus (1) might need to be refined based on further measurements. On the other hand, collagen fibrils
are often considered as viscoelastic [13]. Efforts must be made to identify the role of fibril viscoelasticity
in the mechanism of fibril reinforcement, while the proteoglycan matrix is considered elastic.
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