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Abstract
The pathogenesis and pathophysiological underpinnings of cartilage degradation are not well understood. Either mechanically 
or enzymatically mediated degeneration at the fibril level can lead to acute focal injuries that will, overtime, cause significant 
cartilage degradation. Understanding the relationship between external loading and the basic molecular structure of carti-
lage requires establishing a connection between the fibril-level defects and its aggregate effect on cartilage. In this work, we 
provide a multiscale constitutive model of cartilage to elucidate the effect of two plausible fibril degradation mechanisms 
on the aggregate tissue: tropocollagen crosslink failure (β) and a generalized surface degradation (δ). Using our model, the 
mechanics of aggregate tissue shows differed yield stress and post-yield behavior after crosslink failure and surface degrada-
tion compared to intact cartilage, and the tissue-level aggregate behaviors are different from the fibrillar behaviors observed 
in the molecular dynamics simulations. We also compared the effect of fibrillar defects in terms of crosslink failure and 
surface degradation in different layers of cartilage within the macroscale tissue construct during a simulated nanoindenta-
tion test. Although the mechanical properties of cartilage tissue were largely contingent upon the mechanical properties of 
the fibril, the macroscale mechanics of cartilage tissue showed ~ 10% variation in yield strain (tissue yield strain: ~ 27 to 
~ 37%) compared to fibrillar yield strain (fibrillar yield strain: ~ 16 to ~ 26%) for crosslink failure and ~ 7% difference for 
the surface degradation (yield strain variations at the tissue: ~ 30 to ~ 37% and fibril: ~ 24 to ~ 26%) at the superficial layer. 
The yield strain was further delayed in middle layers at least up to 30% irrespective of the failure mechanisms. The cartilage 
tissue appeared to withstand more strain than the fibrils. The degeneration mechanisms of fibril differentially influenced the 
aggregate mechanics of cartilage, and the deviation may be attributed to fiber–matrix interplay, depth-dependent fiber orienta-
tion and fibrillar defects with different degradation mechanisms. The understanding of the aggregate stress–strain behavior 
of cartilage tissue, cartilage degradation and its underlying biomechanical factors is important for developing engineering 
approaches and therapeutic interventions for cartilage pathologies.
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1  Introduction

Recent studies show that knee joint and cartilage injuries 
and subsequent degenerative disease are leading sources 
of long-term disability in the USA (Centers for Disease 
Control and Prevention). Individuals who sustain knee 
injury are approximately 4.2 times more likely to develop 
osteoarthritis (OA) compared to those without a history 
of injury (Muthuri et al. 2011), and post-traumatic OA 
(PTOA) causes 10% of knee OA (Brown et  al. 2006). 
After an injury or trauma, pro-inflammatory molecules 
activate degradative enzymes in the cartilage, reducing its 
mechanical properties and wear resistance (Backus et al. 
2011; Haut et al. 1995; Lotz 2001; Newberry et al. 1998). 
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Trauma to the cartilage may also induce mechanical cracks 
and microstructural damage at the injury sites, originat-
ing on the cartilage surface and extending to superficial, 
middle and deep zones (Atkinson et al. 1998; Haut et al. 
1995; Repo and Finlay 1977; Thompson et al. 1991, 1993).

The process of OA progression is multifactorial and 
has been described microscopically in terms of the deple-
tion of proteoglycan and the breakdown of collagen fibrils 
networks, which leads to failure of the articular cartilage 
(Julkunen et al. 2013). Currently there are no effective 
treatments to slow down or cure articular cartilage deg-
radation in OA until the damaged joint is reconstructed 
surgically. Knowing the structures and functional mecha-
nisms associated with the relative contribution of the two 
key constituents (proteoglycan and collagen fibrils net-
work) could significantly influence intervention strategies 
and improve healthcare solutions.

Research indicates that transient increase in the nano-
stiffness of the collagen fibril network at the articular 
surface during OA initiation is expressed prior to loss of 
microarchitectural integrity of articular cartilage (Stolz 
et al. 2004). Using a guinea pigs OA model, Huebner et al. 
(2010) reported increased collagen fibril cleavage prior 
to proteoglycan loss and articular surface fibrillation in 
a cartilage with OA. Thus, it is likely that the change in 
collagen fibrils network stiffness in the initial stage of OA 
could be a result of alterations in the individual collagen 
fibril mechanics rather than proteoglycan loss (extracel-
lular matrix (ECM) degradation), as has been initially pro-
posed (Stolz et al. 2009). Investigations of the mechanical 
properties of individual collagen fibrils will allow for a 
better understanding of OA onset. Molecular dynamics 
(MD) simulations allow us to determine the contribu-
tion of the breakdown of collagen fibrils network and its 
complex microarchitecture that influences the cartilage 
mechanical response.

It has been proposed that cartilage stiffness is hierarchi-
cally contingent upon the collagen fibril, which demonstrates 
degeneration when loaded beyond yield point (Buehler 
2006, 2008). The structural properties are influenced by the 
surface quality of fibrils (Panwar et al. 2013, 2015) and by 
the amount of tropocollagen (TC) crosslink (Kaukinen et al. 
2005; Tang et al. 2010; Verzijl et al. 2002). However, how 
changes in these fibril structural properties are manifested 
in the mechanics at tissue-level, pre- and post-yield remains 
largely unexplored. Thus, the objective of this study was to 
characterize the connection between tissue- and fibril-level 
mechanics in articular cartilage. We hypothesized that the 
integrity of fiber plays a significant role in the expression of 
tissue-level yield in the absence of a degraded matrix. We 
further hypothesize that the stabilizing effect of a nonde-
graded ECM at the tissue level depends on the degradation 
type experience by the fibrils.

2 � Materials and methods

The current construct has been developed based on the hier-
archical morphology observed in collagenous tissue (Adouni 
and Dhaher 2016; Tang et al. 2009). The continuum-level 
response of cartilage tissue was modeled hierarchically 
allowing for a bottom-up formulation, whereby fibrils are 
embedded in bundle with neo-Hookean matrix to form fib-
ers, and aggregate fibers are embedded in neo-Hookean 
matrix to form the cartilage tissue (Fig. 7 in “Appendix A”). 
The cartilage is essentially a fiber-reinforced composite, 
while the fiber is a fibril-reinforced composite at smaller 
length scale. In the current modeling approach, we assumed 
that the properties of matrix within fibers or tissue do not 
change and the degradation selectively happened to the 
fibrils not in the matrix. To develop our computation model, 
we incorporated results from molecular dynamic (MD) sim-
ulations of fibril degradation (Malaspina et al. 2017) into 
a hyperelastoplastic fiber-reinforced model of the cartilage 
(Adouni and Dhaher 2016). Two plausible (microstructural) 
fibril degradation mechanisms were examined: tropocolla-
gen crosslink failure (β) such that � = 100 − �o , where βo 
denotes the percentage of intact crosslinks, and a general-
ized surface degradation (δ). An axisymmetric finite element 
(FE) model under indentation resembling cartilage samples 
(plug) used in the reported experimental testing paradigms 
(Kerin et al. 1998; Spahn et al. 2007) was simulated. The 
number of experiments targeting indentation-based failure 
mechanisms for cartilage specimens is limited. With the 
lonely two studies cited in the current manuscript, we opted 
to simulate both experiments since the indenter-to-plug 
size (radius) ratios were different. The rationality behind 
our attempt to simulate both experiments was to increase 
the fidelity of our model. Indentation induces nonuniform 
strain, where both the magnitude and spatial distribution of 
strain depend on a number of variables, including indenta-
tion depth and geometry, size of the cartilage plug (Bae et al. 
2007), shown experimentally (Bae et al. 2006; Oyen et al. 
2012) and computationally (Hayes et al. 1972). Using the 
different constructs allowed for interrogation of our model 
to predict result. In the model, fiber directions expressed 
depth-dependent spatial orientation, starting at the deep zone 
where collagen fibers are perpendicular to the subchondral 
bone and the curve gradually (mid zone) to merge parallel 
(superficial zone) to the surface (Bi et al. 2005; Julkunen 
et al. 2008). Due to the lack of experimental data linking 
changes in cartilage mechanics and the degradation-induced 
change in fibril mechanical properties, simulation results of 
the degraded cartilage model were compared with changes 
in the aggregate cartilage modulus post-collagenase treat-
ment (Laasanen et al. 2003).
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2.1 � Softening hyperelasticity approach

The mechanical properties and stress–strain relationship of 
the native collagen fibril can be explored through either 
experimental methods (Bozec and Horton 2005; Miyazaki 
and Hayashi 1999) or through molecular dynamics (MD) 
simulations (Buehler 2006, 2008; Depalle et al. 2016). The 
connection between structural changes due to degradation 
and the mechanical properties of the native collagen fibrils 
are often elusive. In this context, MD simulations are advan-
tageous because the formulation allows for linking molecu-
lar details to macroscopic behavior under the normal and 
degraded states. Malaspina et al. have recently investigated 
the elastoplastic behavior of the fibril considering coarse-
graining approach to get insights into the basic mechanics at 
the fibril level in response to degradation (Malaspina et al. 
2017). The two degradation mechanisms investigated were 
crosslink failure and surface degradation. The failure of 
crosslink was simulated by the random removal of all pos-
sible enzymatic crosslinks from the native fibril containing 
100% crosslinks (βo). The surface degradation was imitated 
by cleaving tropocollagen beads at random from the intact 
fibril surface, emulating the aggregate effect of MMP-medi-
ated degradation. During the surface degradation, the num-
ber of crosslinks remained above 94% due to the large num-
ber of cleavable sites. Crosslink failure (β) was simulated by 
the random removal of crosslinks from 100% (native fibril) 
to 0% in intervals of 20% while keeping all tropocollagen 
beads intact. The surface was degraded up to 3.3%, where 
the percentage of surface degradation (δ) was represented as 
the ratio between the removed bead and the total beads in 
the fibril. Malaspina and colleagues MD coarse-grained 
model computed the fibril yield strengths 

(
�fl

y(�)
and �fl

y(�)

)
 at 

different crosslink failure (β) and generalized surface degra-
dation (δ) levels (Malaspina et al. 2017).

2.2 � Hierarchical constitutive model

The collagen fiber was modeled as the fiber (fibril)-rein-
forced composites, including the descriptions of fibril 
mechanics and incompressible neo-Hookean matrix, consist-
ent with the hierarchical presentation described by Adouni 
and Dhaher (2016). In this multiscale construct, the multi-
plicative decomposition of the deformation gradient, � , was 
utilized to describe the interplay between the elastic and 
plastic responses (Asaro and Rice 1977; Lee 1969), where 
� = �e�p ; e and p denote elastic and plastic components; 
and λfe and λfp denote elastic and plastic principal fibril 
stretch, respectively. The strain invariants in general are 
I1 = �2

1
+ 2�−1

1
 and I4 = � ∶ �o ⊗ �o = 𝜆2

f
= 𝜆2

1
= 𝜆2 . In 

the current hierarchical construct, it was assumed that λf is 

always directed toward the principle strain λ1 irrespective of 
hierarchical order, and therefore, λ is the stretch along the 
fiber direction. � = �

T
� is the right Cauchy–Green deforma-

tion tensor, and � is the fiber direction in deformed configu-
ration and is related to �o ; the fiber direction in reference 
configuration is such that � =

��o

�
 . At the fibril level, the 

multiplicative decomposition yields a generalized expression 
of the strain energy function (SEF) as

where I1e = �2
1e
+ 2�−1

1e
 and Ī4e = �̄e ∶ �o ⊗ �o . The shear 

modulus, �fl , is a function of elastic fibril deformation and 
is expressed by

Differentiating the strain energy with respect to �̄e , the 
fibril stress under uniaxial tension can be expressed as

where �̄ = �̄e�̄
T
e
 is the left Cauchy–Green tensor, numeri-

cally equal to �̄e.
The total strain energy for the fiber 

(
Wfb

)
 and tissue (Wt) 

formulation represented the combined axial and shear strains 
in both constituents. Satisfying the Clausius–Duhem dissipa-
tion inequality and the incompressibility constraint, the total 
stress σt was expressed with fibrillar σf and nonfibrillar σnf 
stress tensors as follows:

The hierarchical mathematical expressions for the strain 
energy are shown in “Appendix A,” and a more detailed 
description of the evolution of the constitutive model can 
be found in Adouni and Dhaher (2016), Tang et al. (2009).

2.3 � Elastoplastic modeling of fibril

A collagen fibril, either native or degraded, exhibits elas-
toplastic behavior (Buehler 2006, 2008; Malaspina et al. 
2017). One approach of representing the elastoplastic ener-
getics is by employing a softening hyperelasticity (Volokh 
2007a, b). Briefly, the softening of the fibril (plastic behav-
ior) is captured by a constant Ф, energy limiter, defined as 
the critical failure energy or the maximum strain energy an 
infinitesimal volume of material can sustain without failure. 
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Ī4e

)(
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𝜕Wfl

𝜕Ī4e
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The limiter automatically induces stress bounds in the con-
stitutive equations. Therefore, the fibril stress shown in 
Eq. (3) can be modified as follows:

where Φ and m are positive constants defined here in as 
tuning parameters and m is a dimensionless parameter that 
controls the sharpness of the transition from the elastic to 
the plastic behavior (softening).

The calibration process introduced in this work was 
strictly to map the MD simulation results to a continuum 
model of the fibril at different degradation levels using the 
formulation (Eq. 5) of fibril mechanics presented herein. 
The continuum-based formulation of the fibril mechanics 
was characterized by five parameters 

(
�o, Io, a1, a2, a3

)
 . 

The total description of the constitutive model (Eq. 4) led 
to 13 unknown material parameters (Adouni and Dhaher), 
including these unknown five fibril parameters. In that study, 
the authors previously employed a Bayesian calibration 
approach to predict the evolution of the elastic fibril mechan-
ical behavior (Adouni and Dhaher 2016; Salehghaffari and 
Dhaher 2015). The parameters were calibrated under the 
small axial strain (less than 10%) assumption, which could 
capture the elastic response of the native fibril. The plastic 
response of the native fibril expressed at large strains was 
characterized in terms of a single variable and was identified 
independent of the elastic response. However, the current 
study considered the degraded states of the fibrils, which 
resulted in simultaneous degradation-induced changes in 
the elastic and plastic responses (Malaspina et al. 2017). 
Hence, to capture the full range of strains and to capture 
the model parameters that will express both the elastic and 
plastic behaviors as a function of degradation, the soften-
ing hyperelasticity approached was employed and two more 
tuning variables were introduced as expressed in Eq. (5). A 
nonlinear optimization scheme was applied to compute the 
unknown fibril parameters from the modified fibril stress 
as shown in Eq. (5) for the mechanical response of both the 
native and degraded fibrils as computed by the MD simu-
lation. For the nonlinear optimization, the input was the 
dataset obtained by MD simulation (stress–strain data) for 
each level of degradation for the two degradation mecha-
nisms (surface and crosslink) considered in this study. The 
outputs of the optimization are the five fibril parameters: 
�o, Io, a1, a2, a3 . To ensure unbiased estimate of the fibril 
parameters 

(
�o, Io, a1, a2, a3

)
 , multiple sets of the five fibril 

parameters selected from a plausible range of values were 
then used as the initial inputs to the optimization procedure. 
The multiple outcomes of the optimization process were 
then averaged to represent the best fit of the fibril parameters 

(5)

𝜎SEF
fl

= −p� +

(
2
𝜕Wfl

𝜕Ī1e
�
�
+ 2Ī4e

𝜕Wfl

𝜕I4e
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)
exp

(
−
Wm

fl

𝛷m

)

used to characterize the fibril continuum model employed in 
the subsequent FEA simulations. For each level of degrada-
tion (crosslink failure and surface degradation), a unique 
set of fibril parameters 

(
�o, Io, a1, a2, a3

)
 was estimated. Our 

choice of calibrating the “continuum-based” model of the 
fibril with data from MD simulation was due to the lack of 
experimental data on degraded fibril mechanics.

The incompressibility of the articular cartilage due 
to short-term (transient) biphasic response was imitated 
with an equivalent elastic response by using the equilib-
rium (drained) modulus of the tissue and Poisson’s ratio of 
0.5. The drained modulus was assumed to vary from 0.3 
to 1.2 MPa with varying depth, when descending from 
the cartilage surface to the lowest layer at the subchondral 
bone, respectively (Schinagl et al. 1997). This led to the 
reduction in the numbers of unknown material parameters 
of the multiscale construct from 13 to 10. In addition to 
the fibril-level material responses (informed by MD simu-
lation), we adopted the continuum-level material responses 
associated with the hierarchical composite model of the car-
tilage, which was calibrated using experimental data and 
was reported in a prior study from our group by Adouni and 
Dhaher (2016). The prior Adouni study leveraged experi-
mental data reported by Akizuki et al. (1986), Eppell et al. 
(2006), Schinagl et al. (1997). It is important to note that 
the experimentally based calibrated parameters adopted here 
from the Adouni et al. study were consistent with the range 
of data used by other modeling-based research reports (Shi-
razi and Shirazi 2008; Guo et al. 2006; Tang et al. 2009).

2.4 � Tissue‑level synthesis: axisymmetric model

Validated finite element models of articular cartilage sam-
ples (plug) used in the reported experimental testing para-
digms (Fig. 1a) were used here to facilitate cross-examining 
our results against experimentally similar indentation tests 
(Kerin et al. 1998; Spahn et al. 2007). In these simulations, 
the indenter was assumed to be a rigid body. The cylindrical 
plug of the articular cartilage was represented by an axisym-
metric model, where the depth-dependent fibril networks at 
different regions were analogously considered. This axisym-
metric parametric model resembles three-layered tissue 
morphology with depth-dependent orientation of fibers and 
its volume fractions, 15%, 18% and 21% in the superficial, 
transitional and deep zones, respectively, proposed in previ-
ous studies (Adouni et al. 2012; Shirazi et al. 2008; Wilson 
et al. 2004). We emulated enzyme-mediated degradation to 
collagen fibril in all layers to determine its aggregate effect 
on cartilage failure. The aggregate degradation due to the 
degenerated fibrils has been primarily evident at the super-
ficial layer even though the degraded fibrils are distributed 
throughout the cartilage. The FE model of the cartilage tis-
sue was constructed such that the hyperelastoplastic fibers 
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were embedded in the hyperelastic matrix. Mesh size of the 
axisymmetric model was subjected to a sensitivity analysis 
until 5% difference in the reaction force was achieved. 

3 � Results

The kinematics of both native and degenerated collagen 
fibrils obtained by MD simulation was considered to deter-
mine the fibril material properties by nonlinear curve fitting 
of the MD simulation results. The stress–strain plots of MD 
simulation and its corresponding fitted curves for the two 
degeneration mechanisms are shown in “Appendix B.” The 
mean values of the input parameters are summarized for 
both the degradation mechanisms in Table 1. The standard 
deviation resembles the spread of the parametric values.

The failure stress of the cartilage tissue with native fibril 
was ~ 31 MPa (Fig. 2a) when the specimen was exposed 
to an indentation force as reported by Kerin et al. (1998) 
(Fig. 1a), a value that was consistent with current simulation 
employing similar boundary conditions. Model predictions 
indicate that the failure stress progressively reduced with 
degradation, a near 50% reduction for a fibril void of any 
crosslinks and almost 52% for 3.3% of simulated surface 

degradation of the fibril. Spahn et al. (2007) experimental 
paradigm yielded a plastic damage initiation expressed near 
30 MPa (Fig. 2b), consistent with model outcomes using 
identical specimen size and experimental boundary condi-
tions. The model predictions indicated near 47% and 41% 
reduction in the tissue yield stress for a complete crosslink 
failure and maximum surface degradation for the conditions 
(Fig. 2b). The reduction in failure stress of the cartilage tis-
sue indicates a generalized effect of fibril degeneration on 
the tissue.

Figure 3 shows the depth-dependent variation in aggre-
gate cartilage damage for the degenerated fibrils. This fig-
ure represents the average von Mises stress across all ele-
ments for a given layer as a function of the bulk uniaxial 
applied compressive strain. While it is tempting to use the 
term “damage,” the figure only shows the stress–strain curve 
(elastoplastic behavior) of a specimen when the embedded 
fibrils have experienced varying levels of degradation. The 
simulated indentation tests for both crosslink failure and 
surface degradation showed differential behavior when sub-
jected to 40% axial strain. Figure 3a, b represents the von 
Mises stress at the superficial zone under the axial strain 
with degenerated fibril in terms of the percentage of intact 
crosslink (βo) and surface degradation (δ). Figure 3c, d 

Fig. 1   Finite element models used to simulate the different experimental testing paradigms considered during this investigation; two indentation 
tests were used for the plastic damage (Kerin et al. 1998; Spahn et al. 2007) (a) and validation (Laasanen et al. 2003) (b)

Table 1   Fibril material parameters (Mean ± SD) obtained from the data fitting process

Materials parameters Lower bound Upper bound Parametric values for 
crosslink failure

Parametric values for 
surface degradation

μo Shear modulus of the fibril (MPa) 1000 4000 2718.913 (610.74) 2141.295 (818.131)
Io Secondary stiffening of the fibril 1.6 2.8 2.053 (0.314) 2.085 (0.385)
a1 Dimensionless fibril parameter 1 0.1 2 0.938 (0.568) 1.16 (0.435)
a2 Dimensionless fibril parameter 2 100 1000 379.367 (181.54) 464.592 (204.724)
a3 Dimensionless fibril parameter 3 10 100 34.99 (10.084) 59.962 (20.238)
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mainly depicts the stress distribution at the middle zone for 
the two degeneration mechanisms. The gray vertical lines 
show the yield strains of fibrils varying between approxi-
mately 16% and 26% for crosslink failure and between ~ 24 
and ~ 26% for surface degradation. All the stress–strain 
plots show toe regions, ~ 16 and ~ 19% for the superficial 
and middle layers, respectively, and a gradual transition into 
the linear region of stress–strain at the end of the toe region 
irrespective of the considered layers. The tissue-level yield 
strains varied between ~ 27 and ~ 37% for crosslink failure 
and ~ 30 and ~ 37% for surface degradation in the superficial 
layer, whereas no failure was observed at least up to 30% in 
the middle layer irrespective of the level of degradation and 
its type. Failure occurred nearly at the end of linear zone 
and resembled the tissue’s ability to accommodate larger 
pre-yield strain. It was also evident that plastic deformation 
is less likely with depth. The cartilage tissue appeared to 
withstand more strain than the fibrils, and the middle and 
deep zones sustained even larger deformations before plastic 
changes took place.

Figure 4 shows the spatial distribution (propagation) of 
plastic changes (failure) of cartilage tissue in terms of fiber 
stretch, λfp, at yield during the simulated indentation test 
(Spahn et al. 2007) for both crosslink failure (Fig. 4a–f) and 

surface degradation (Fig. 4g–l). The stretch, λfp, is unity up 
to the yield point and only comes into play beyond the fiber 
yield strength. Plastic changes start at the superficial zone 
and propagate to the middle and deep zones, regardless of 
degradation mechanisms. The plastic change of the tissue 
with intact fibril is mostly confined within the superficial and 
partially in middle zones (Fig. 4a, b) but propagates to the 
deep zone partially as well with increasing fibril degenera-
tion. The degradation was initiated from the central zone on 
the surface to the deep zone and spanned ~ 35% away from 
the axis of symmetry of the indenter for the native state 
and extended up to along the indenter edge with increasing 
degradation. However, the degradation extended ~ 10% more 
(Fig. 4f) beyond the indenter edge during crosslink failure. 
Our model simulations indicated that the spatial distribution 
of the plastic response of collagen fiber networks starts at 
superficial layer and then propagates to deep zone as well. 
However, the spatial distribution between the two types of 
degenerated fibrils resembles difference around the middle 
and (partially) in deep layers in comparison with the super-
ficial layer. Figure 5 shows the von Mises stress map at the 
tissue level for both degradation mechanisms at different 
degradation levels and at the 40% applied bulk strain, with 
similar boundary condition used in the experiments car-
ried by Spahn et al. (2007). In that experiment, the authors 
reported the failure stress in the surface layers of the speci-
mens used. The maps shown in Fig. 5 indicate that, in some 
regions, the von Misses stress reaches the levels of “failure” 
stress reported in the aforementioned experiments, tradi-
tionally defined as a bulk level damage. It is important to 
note that while the local kinematics of fiber (stretch, Fig. 4) 
were significantly different when comparing the two types of 
degradation mechanisms, the tissue-level stress was nearly 
similar (Fig. 5). This also demonstrates that the mechanics 
of the matrix play a detrimental role and highlights the need 
for future work that incorporates ECM degradation models 
to evaluate the relative role of degradation of the two con-
stituents on cartilage mechanics.

The aggregate behavior of the degraded cartilage model 
was compared to experimental data on modulus change 
post-collagenase—VII treatment (Laasanen et al. 2003). 
Laasanen et al. reported an average 70% change in cartilage 
equilibrium modulus after a treatment of collagenase applied 
to the surface layer of a cartilage sample. Translating the 
concentration of collagenase used by Laasanen et al. to the 
number of cleaved sites [expressed in terms of degradation 
percentages (δ)] at the fibril level used in the current model 
is not straightforward and required the introduction of basic 
assumptions. We employed a Langmuir surface adsorption 
model to the experimental data to compute fibril surface 
degradation associated with the collagenase treatment. We 
assumed an equal probability of enzyme adsorption to any 
fibril due to the high fibril density in the surface layer of 

Fig. 2   Failure stress (experimental) of the articular cartilage (Kerin 
et al. 1998; Spahn et al. 2007) along with FE model prediction during 
simulated indentation test without degeneration (Adouni and Dhaher 
2016) and with degeneration in terms of crosslink failure and surface 
degradation
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the cartilage. A detailed description of the surface degrada-
tion estimation is presented in “Appendix C.” Our estimate 
resulted in 1.75 ± 1.48 of surface degradation associated 
with the reported change in cartilage modulus (Laasanen 
et al. 2003) as shown in Fig. 6. Also shown in the figure is 
the computational model-based change in cartilage modu-
lus (53.3 ± 11.4) for a theoretical surface degradation (δ) 
ranging from 0.02 to 3%. The range of the model predicted 
modulus falls within the spread of the estimated experimen-
tal change in equilibrium modulus.

4 � Discussions

The objective of this study was to characterize the theoreti-
cal connection between tissue- and fibril-level mechanics in 
cartilage. We hypothesized that the integrity of fiber plays a 
significant role in the expression of tissue-level yield in the 
absence of a degraded matrix and the stabilizing effect of a 
nondegraded ECM at the tissue level depends on the deg-
radation type experience by the fibrils. Our results indicate 
depth-dependent differences in the connection between fibril 
and tissue mechanical responses when a tissue specimen is 

subjected to an indentation load. While yield was expressed 
at the native fibril level at or near 25% strain (Malaspina 
et al. 2017), the yield strain was either larger (superficial 
layer) or absent (middle layer) at the tissue level. Our results 
indicate that plastic change was initiated at the superficial 
zone and subsequently propagated to the middle and deep 
zones. The ability of the cartilage to resist compressive load 
without failure reduced as the fibril degraded state increased 
independent of the degradation mechanism, surface (δ) or 
crosslink (β). Our degradation-based simulation results 
showed a change in the cartilage modulus consistent with 
the only experimentally reported change observed from a 
collagenase-treated cartilage samples (Laasanen et al. 2003). 
The study provided new insights into the role of fibrillar 
network and changes in its mechanics arising from the 
degenerative cascade at the fibril level that influences the 
aggregate tissue behavior. From a modeling prospective, the 
current model predicts the aggregate mechanics of the tissue 
due to an intrinsic to the tissue change, while most of the 
recent studies model cartilage response due to load-induced 
changes (Gardiner et al. 2016; Hosseini et al. 2014). Our 
interest has been to explore changes in the cartilage mechan-
ics when fibrils undergo an enzymatically induced change 

Fig. 3   Depth-dependent stress variation in articular cartilage as per 
the simulated indentation test (Spahn et  al. 2007). Variation in von 
Mises stress at the superficial zone (a, b) and middle zone (c, d) 

with degeneration in terms of crosslink failure and surface degra-
dation, respectively. Gray vertical lines denote fibril strain at yield 
(Malaspina et al. 2017)
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in mechanics. The enzymatic effect employed here was 
emulated with an MD simulation process reported earlier 
from this group. In this work, we tried to explore if under an 
aggregate cartilage load, the degraded fibrils will experience 
a plastic state (post-yield). From an outcome prospective, 
our work signifies the key role ECM play in stabilizing the 
tissue even when the mechanics of the key constituent, col-
lagen fibril, have been enzymatically compromised. While 
having a detrimental effect, the nature of the stabilizing role 
of the ECM varies depending on the nature of degradation 
(surface vs. crosslink). However, it remains to be seen if our 
findings are corroborated with experimental data explored 
simultaneously at the micro- and macroscales—data cur-
rently lacking in the literature. The differential response 
between collagen fibril and aggregate cartilage will help 

us to further explore the pathophysiological underpinnings 
of post-traumatic osteoarthritis and other forms of joint 
degeneration.

The spatial characteristics of the fibril network play a 
significant role in the expression of failure in the cartilage. 
While the yield strain at the native fiber level, as predicted by 
the MD simulation, was near ~ 25%, tissue-level simulation 
showed no yield behavior over the range of the applied strain 
in this layer. The randomness of the network in the middle 
layer makes the failure in this layer of the articular cartilage 
complicated and difficult to predict (Hong et al. 2015). Due 
to the randomized nature of the middle-layered fibers, the 
indentation load will likely not translate at the local level to 
axial loads long the fibrils. In the superficial layer, however, 
the tangential orientation of the fibrils exposes the fibrils to 

Fig. 4   Spatial distribution of cartilage tissue failure during the 
simulated indentation test (Spahn et  al. 2007) with crosslink fail-
ure percentage of intact crosslink, �

o
 (a–f), where crosslink failure 

� = 100 − �
o
 and surface degradation (g–l) subjected 40% of applied 

bulk strain. The spatial propagation was represented by the distribu-
tions of the maximum plastic fiber principal stretch (λfp), and a com-
mon legend is used for comparison. Gray horizontal lines show the 
divisions between the layers
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axial strains due to the transverse loading of indentation. 
Indeed, failure strain of the tissue at the superficial layer 
with the network of native tangentially oriented fibrils was 
37%; in comparison, failure strain of the isolated native fibril 
under axial load was ~ 25%. However, the biomechanical 
function of cartilage is attributable to the tissue’s extracel-
lular matrix (ECM) (Maroudas 1976). Degradation of the 
ECM components and changes in their nanoscale structures 
significantly influence the macroscale behavior of the tissue 
and can ultimately result in loss of function with age and dis-
ease (Bonassar et al. 1995). While it is true that the mecha-
nism of degradation at the fibril level (crosslink vs. surface) 
resulted in a uniquely different elastoplastic behavior (please 

see Fig. 8 in appendix), the general trends at the tissue level 
were similar. However, the notion of “a similar response” 
at the tissue level across the two different fibril degradation 
mechanisms may be misleading. The key difference between 
the two figures is related to the relative stabilizing role the 
ECM has on the tissue response when the collagen network 
is being degraded. For example, in the surface layer, the 
stabilizing effect of ECM resulted in a consistent shift in 
the expression of yield strain across degradation levels from 
what was computed at the fibril level for the crosslink case 
(~ 10%). Conversely, this effect changed as a function of the 
degradation level when the fibril underwent surface degra-
dation (ranging from ~ 5 to ~ 12%). The observed stabilizing 

Fig. 5   Von Mises stress map 
(computed at the finite element 
level) for both crosslink failure 
(a–f) and surface degradation 
(g–l) mechanisms at different 
degradation levels and at the 
40% applied bulk strain. The 
loading boundary condition is 
similar to the loading boundary 
condition used in the experi-
ment by Spahn et al. (2007). 
While the geometric dimension 
is similar to Fig. 4, one-half of 
the model from the center of 
indentation has been shown for 
each case to clearly view the 
stress map
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effect of ECM and its connection to the degradation type 
was consistent across layers. This observation demonstrates 
that the mechanics of the matrix play a detrimental role 
and highlights the need for future work that incorporates 
ECM degradation models (keeping with the theme of our 
approach, an enzymatically induced degradation model of 
the ECM) to evaluate the relative role of degradation of the 
two constituents on cartilage mechanics.

Our simulation results indicated a consistent shift in yield 
strain across degradation levels from what was computed 
at the fibril level for the crosslink failure. This may be due 
in part to the fact that removal of crosslinks (β) between 
the terminal ends of tropocollagen has limited effect on the 
elastic modulus of the fibril at the cartilage surface. In con-
trast, cleaving of tropocollagen molecules due to surface 
degradation (δ) of fibril results in a significant lowering of 
the yield strength of the fibrils (Panwar et al. 2013, 2015). 
One explanation may be that during surface degradation, the 
tropocollagen molecules are assumed to be mainly cleaved 
on the surface, which may result in irregular or asymmetric 
bonding between the surface molecules, with the load being 
carried out primarily by the intact core significantly compro-
mising the fibril stiffness.

For both degradation types, yield strains were consist-
ently higher in the middle layer compared to the superficial 
layer. Past studies support this finding, as prior experiments 
indicated that the middle layer of the cartilage requires the 
application of a larger bulk strain to express similar strain 
levels seen in the superficial layer when the tissue sample 
is exposed to lower levels of bulk strain (Chan et al. 2009, 

2016; Neu and Walton 2008). However, while the effect 
on yield strain on the superficial layer was dependent on 
the degradation type, the type of degradation resulted in 
minimal differences in the yield behavior of the middle 
layer. Since load-bearing capacity of fibrils decreases with 
increasing degradation, the stiffness of fibrils reduces and 
concomitantly, superficial layer collapses under the indenter, 
transmitting plastic change (degradation) to the subsequent 
middle and deep zones. The spatial distribution of the plastic 
response seen herein is consistent with previous experiments 
that indicated fibrillation; clefts and disintegration of the 
collagen meshwork typically start at the superficial layer 
and then propagate to the deep layer (Clarke 1971; Saxena 
et al. 1991).

In this study, we employed a bottom-up approach to 
understand the effect of degradation of fibril network on 
cartilage failure. In the current context of this work, we 
assumed that all fibrils experience similar degradation state 
within and across layers, a limiting assumption of our model. 
Recall that any fibril degradation mediated by enzymatic 
processes depends on many factors including the diffusion 
of the enzymes into the cartilaginous tissue—a diffusion 
that may have spatial characteristics (Arbabi et al. 2015; 
Kar et al. 2016a; Li et al. 2015). However, our main goal 
was to express (aggregate) cartilage mechanics in response 
to mechanical changes at the fibril level as a result of enzy-
matic exposure. Driven by the need to understand OA dis-
eases progression, limited computational attempts to model 
cartilage degradations have been reported in the literature 
(Adouni et al. 2012; Gardiner et al. 2016; Hosseini et al. 
2014; Korhonen et al. 2015; Mononen et al. 2016). Unlike 
the current study, the degradation models proposed by the 
aforementioned studies focused primarily on load-induced 
degradation of the cartilage, reporting cartilage failure char-
acteristics. Hosseini et al. (2014) presented a damage pro-
gression model of articular cartilage over time with repeated 
loading, defined by a set of degradation parameters. In the 
Hosseini and colleague model, a complete fiber failure was 
assumed at 18% strain, a value lower than the native fibril 
yield strain (~ 26%) derived from our earlier MD simulations 
and employed in the current model (Malaspina et al. 2017). 
Furthermore, Hosseini et al. (2014) reported that damage 
initiation was expressed at the deep layers prior to superficial 
layer expressed as a local strain of lower than 30%. In our 
examination, degradation started in the superficial layer at 
tissue strains ranging from 35% with native fibrils to ~ 25% 
for the degraded fibril, located underneath the indenter con-
tact surface. Variations in predictions between the two mod-
els may be attributed in part to the different indenter shapes 
(flat vs. round), the inclusion of matrix failure model and the 
difference in the modeling paradigm. It can be construed that 
the primary contributor to the differences in the predicted 
failure patterns is due to the differences in the mechanism of 

Fig. 6   Changes in equilibrium modulus of articular cartilage 
(mean ± SD) with respect to surface degradation due to the cleav-
age of collagen (by collagenase) during experiment (Laasanen et al. 
2003) and computation. The vertical error bars represent the range of 
change of equilibrium modulus across specimens as reported by dur-
ing the experiment. The horizontal bars indicate the estimated maxi-
mum and minimum bounds of degraded surface due to the collagen 
cleavage sites on the surface due to its exposure to collagenase
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failure modeled, enzymatically mediated (current study) ver-
sus mechanically induced (Hosseini study). However, it may 
be argued that the inclusion of matrix degradation model 
will have a significant effect on the current model predic-
tions of failure. Hosseini et al. suggest that both the intact 
fibrillar network and matrix may protect each other from 
developing damage, and that damage to either can promote 
cartilage failure. In the context of the bottom-up approach 
proposed herein, including MD-based characterization of 
failure of the proteoglycan network (matrix) is computa-
tional intractable. Key parameters of the energy potentials 
required for such simulations are unknown. It remains to be 
seen, however, if a future hybrid model of matrix (phenom-
enological) and fibril (MD) degradation will lead to different 
results.

Variation in failure stress in cartilage depends on many 
factors such as maturation, aging, location, collagen types 
and composition (Danso et  al. 2014; Eleswarapu et  al. 
2011; Williamson et al. 2003). For example, tensile fail-
ure stress cartilage has been reported to range from 4.7 to 
9 MPa (Danso et al. 2014; Williamson et al. 2003). Kerin 
et  al. (1998) observed failure stress under compressive 
indentation ranging from 14 to 59 MPa, and Spahn et al. 
(2007) observed failure stress from 15.3 to 36.5 MPa. These 
variations are also seen across the different computational 
studies largely due to differences in the modeling approach 
used (Klets et al. 2016; Mononen et al. 2016; Peters et al. 
2018). Mononen et al. (2016) computed fiber damage/sof-
tening when the tensile stress exceeds a threshold limit of 
5–7 MPa. Hong et al. (2015) predicted collagen network 
damage near 45 MPa in the superficial layer. In the current 
work, the failure stress (under indentation) of the cartilage 
tissue varied from 31 MPa with native fibrils to 14.9 MPa for 
degraded fibrils. The variations in the predicted failure stress 
across these models may be attributed to model assumptions 
including fibrils buckling (Buckley et al. 2008; Nötzli and 
Clark 1997; Schinagl et al. 1997), fibril–fibril interactions 
(Broom and Silyn-Roberts 1989), fibril–matrix interac-
tions (Maroudas 1976) and fluid pressurization (Ateshian 
2009). In addition, fibril morphology and architecture, inclu-
sion of secondary fibril, types of material modeling (i.e., 
hyperelasticity, viscoelasticity, poroelasticity) and collagen 
type-dependent mechanics may cause the differences in the 
mechanical properties and failure characteristics predicted 
by the current model with that of others.

The fibrillar mechanics used in this model was informed 
by MD simulations of collagen-I, typically found in liga-
ments (Buehler 2006, 2008; Malaspina et al. 2017). Colla-
gen-II, on the other hand, is the main load-bearing collagen-
ous component of cartilage (Mow et al. 1980). Although 
both types of collagen exhibit a similar, but not identical, 
nonlinear response to axial loading, experimental evidence 
demonstrates higher axial stiffness of heterotrimeric fibers 

(collagen-I) in comparison with homotrimeric fibers (col-
lagen-II) (Kempson et al. 1968; Proctor et al. 1989). The 
difference in stiffness between these two types of fibers is 
attributed to the fibrillar architecture between the hetero- and 
homotrimeric TC molecules (Chang et al. 2012). Therefore, 
the model simulated in this study integrated the parameters 
trends that should be interpreted with care due to the differ-
ences in the collagen structure.

Conclusions derived herein depend on the validity of the 
model, and the presented model has not yet been validated 
thoroughly against experimental data. It is an extension of a 
prior model of a cartilage with intact fibril that was success-
fully cross-examined against data obtained using unconfined 
compression of cartilage specimens (see Fig. 2). Exploring 
the effect of degraded fibril on cartilage mechanics, on the 
other hand, is experimentally challenging. Our degradation-
based simulation results, however, showed a change in the 
cartilage modulus consistent with the only experimentally 
reported change observed from a collagenase-treated carti-
lage samples (Laasanen et al. 2003). Translating the concen-
tration of collagenase used by Laasanen et al. to the number 
of cleaved sites at the fibril level used in the current model 
for validation is, however, not straightforward and required 
the introduction of basic unverified assumptions. For exam-
ple, we assumed that fibers are completely accessible to the 
enzyme (collagenases) and that the degradation percentages 
were uniformly distributed within and across the three layers 
of the cartilage. It has been reported that fibril degenera-
tion is higher and localized to the tissue experienced exces-
sive stress (Mononen et al. 2016). In addition, a number of 
reports indicate that collagen fibrils in cartilage are protected 
by the matrix (aggrecan) and the degradation of aggrecan 
with aggrecanase is a required precursor for the exposure of 
the fibrils to the collagenase (Kar et al. 2016b; Li et al. 2015; 
Pratta et al. 2003). In addition, both diffusion simulation and 
experiment verify that deep layer remains unaffected when 
a cartilage is treated with enzymes (Arbabi et al. 2015), 
and the fiber network may be mechanically compromised 
in the middle and deep level before any visible degrada-
tion becomes apparent at the surface (Hosseini et al. 2014). 
Future examinations incorporating a model for the matrix 
degradation and enzymatic diffusion into the cartilage will 
prove critical to our understanding of cartilage failure.

5 � Conclusions

In this work, we explored the mechanical response of aggre-
gate cartilage by introducing MD simulated degradation at 
the fibril level. Although the properties of cartilage tissue 
were largely contingent upon the mechanical properties of 
the depth-dependent fiber network, a distinctive deviation of 
the macroscale mechanics of the tissue was observed in the 
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simulated indentation tests. The aggregate behavior of tissue 
with native/intact fibril was nearly identical, but the fibril-
level degradation mechanisms (crosslink failure and surface 
degradation) substantially and differentially influenced the 
kinematics of the aggregate cartilage. The magnitude and 
failure characteristics of the aggregate tissue noticeably dif-
fered from the micromechanical properties of fiber network. 
We found that fibril micromechanics are not the only predic-
tor of aggregate tissue mechanics.
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Appendix A

Multiscale modeling of cartilage strain energy

In this study, the evolution of plastic stress in the fibril is 
triggered by the effective fibril yield stress derived from 
fibril strain energy (Tang et al. 2009). The yield stress is 
connected to the fibril yield condition as obtained from MDS 
(i), the plastic strain rate (ii) and the flow resistance (iii) of 
the tissues as follows:

These relationships help describe the hierarchical cou-
pling between nanoscale collagen degradation and mate-
rial properties of fibrils (Fig. 6). The plastic parameters, 
𝛾̇ = 0.01∕s and p = 0.05, are fixed due to wide agreement 
in the literature with respect to cartilage’s plastic rate of 
deformation (Gasser and Holzapfel 2002). A collagen fiber, 
which is modeled as the fiber-reinforced composite, includes 
the descriptions of fibril and incompressible neo-Hookean 
matrix. The elastic strain energy of the fiber can eventually 
be expressed under extension as

The total elastic strain energy density of the fiber is there-
fore expressed as

(6)
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The framework is hierarchically used to model the soft tis-
sue (cartilage) as the fiber-reinforced composite material as 
well, and the corresponding axial and shear strain energy are 
written as

The total strain energy of the tissue is defined by

The noticeable feature of the strain energy function is its 
dependence on both elastic stretch and the total deformation. 
This is due to the assumption that the plastic deformation 
occurs only in the fiber while the matrix materials always 
remain elastic. The total strain energy for the fiber (Wfb) and 
tissue (Wt) were therefore formulated mathematically com-
bining axial and shear strains for the both, and eventually, the 
total stress σt was expressed with fibrillar σf and nonfibrillar 
�nf stress tensors as shown in Eq. (4) in the main article. The 
plastic stress in Eq. (4) becomes dominant when the effective 
stress, �eff

y
 , is more than the fibril yield strength, which in this 

case varies depending on the crosslink failure and surface deg-
radation. The elastic part of the deformation gradient is deter-
mined by �e = ��

−1
p

 , where the plastic deformation gradient is 
f
(
�fp

)
 . The stretch, λfp, is unity up to the yield point and only 

comes into play beyond the fiber yield strength. The plastic 
stretch depends on the plastic strain rate 𝛾̇ , which ultimately 
controls the plastic part of the deformation gradient (Fig. 7).

Appendix B

Nonlinear optimization of degenerated fibril

The nonlinear optimization function lsqnonlin in MATLAB 
(The MathWorks Inc., Natick, MA, USA) was employed with 
the trust region reflective algorithm, which minimized an 
objective function f (�) in a least square sense 
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n

�
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where � is a vector of the unknown fibril parameters (
�o, Io, a1, a2, a3

)
 with each parameter confined by reason-

able bounds as provided in earlier studies (Adouni and 
Dhaher 2016; Tang et al. 2009). To ensure unbiased estimate 
of the fibril parameters 

(
�o, Io, a1, a2, a3

)
 , multiple sets of 

the five fibril parameters selected from a plausible range of 
values were then used (MultiStart MATLAB function) as 
the initial inputs to the optimization procedure. The mul-
tiple outcomes of the optimization process were then aver-
aged to represent the best fit of the fibril parameters used 
to characterize the fibril continuum model employed in the 
subsequent FEA simulations.

Figure 8a displays the fibril stress–strain plot of MD 
data (solid line) and its corresponding fitted curve (dotted 
line) for the TC crosslink failure (β), varying from native 
fibril (100% crosslink) to no crosslink. Figure 8b shows 
the stress–strain curves (MD data and fitted curve) of a 
fibril at different levels of surface degradation (δ) varying 
from an intact fibril.

For the fitted data, the goodness-of-fit (GOF) val-
ues—coefficient of determination, R2 (presented as 
mean ± standard error (SE))—were found 0.983 ± 0.04 
for the crosslink failure and 0.978 ± 0.02 for the surface 

degradation. The fitted curves exhibit acceptable fits to the 
MDS data for the two degeneration mechanisms.

Appendix C

Estimation of surface degradation

The enzymatic surface degradation can be estimated 
based on the fraction of surface occupied by the adsorb-
ate (enzyme). The accumulation of the adsorbate on a 
surface (adsorbent or substrate) is therefore known as 
adsorption. In the experiment carried out by Laasanen 
et al. (2003), collagenase type VII (C 0773, Sigma Chem-
ical Co., St. Louis, MO, USA) was applied to degrade 
the surface of collagen-II in which surface degradation 
was estimated considering the binding of collagenase 
molecules on the collagen surface (Fig. 9). The incuba-
tion time (in 37 °C, 5% CO2 atmosphere) for collagenase 
(30 U/ml)-treated samples was 44 h (Laasanen et al. 2003). 
Because of unavailability of specific parametric values, 
the surface coverage (degradation) was calculated using 
Langmuir adsorption isotherm for a range of physical 

Fig. 7   Multiscale hierarchical organization of articular cartilage
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and mechanical properties widely used for collagen and 
collagenase enzyme. The Langmuir adsorption isotherm 
provides one of the simplest and most direct methods to 
quantify the adsorption process. Since the Langmuir iso-
therm model typically well suited with isotherm data from 

protein/enzyme adsorption studies, the model is often used 
to estimate the protein binding affinity (Metzmacher et al. 
2007a, b; Wilson et al. 2005).

Surface coverage

Surface coverage as per Langmuir Isotherm equation is

where θ is the fractional surface coverage, C is the molar 
concentration of the solution (here collagenase VII), ka is the 
association constant and kd is the dissociation or binding 
constant. ka and kd are related as ka =

1

kd
.

The Collagen Digestion Unit (CDU) of the collagenase 
varies between 1000 and 3000 CDU/mg, and its molecular 
weight is between 68 and 125 kDa (Sigma-Aldrich; Webb 
1992). For the ranges of CDU and molecular weight, the 
concentration, C, of collagenase (30 U/ml) was estimated in 
the range of C = 0.08 × 10−6 ∼ 0.44 × 10−6 mol∕L.

The binding constant, kd , between collagenase VII 
and collagen varies widely (O(10−5) to O(10−7)) whether 
determined experimentally and computationally (Addi 
et al. 2016; Bella et al. 1994; Matsushita et al. 1998, 2001; 
Toyoshima et al. 2001). However, in most of the reported 
literature, kd was estimated to be in the order of O(10−6) 
(Bella et al. 1994; Evans 1981; Matsushita et al. 1998, 2001; 
Toyoshima et al. 2001; Wilson et al. 2003) and was used to 
calculate the surface coverage using Eq. (12). Considering 
kd = 4.99 × 10−6 (Wilson et al. 2003), the fraction of binding 
sites on collagen occupied by collagenase was estimated to 
�min ≅ 0.016 and �max ≅ 0.081.

(12)� =
kaC

1 + kaC

Fig. 8   Curve fitting by nonlinear optimization to MD simulation data 
to estimate input fibril parameters for a tropocollagen crosslink fail-
ure and b generalized surface degradation

Fig. 9   Schematic of the estimation of surface degradation
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Estimation of collagen fibrils in cartilage

The number of collagen fibril needs to estimate for the car-
tilage tissue used in the experiment (Laasanen et al. 2003). 
The following assumptions are rationally considered to 
calculate the amount of collagen fibrils in cartilage tissue:

1.	 Superficial layer or zone is typically 15% of articular 
cartilage tissue height 

(
htissue

)
(Adouni et al. 2012; Hol-

lander et al. 1994; Shirazi et al. 2008; Shirazi and Shi-
razi-Adl 2008).

2.	 Amount of collagen fibers in the superficial layer is 
approximately 15% (Adouni et al. 2012; Shirazi and 
Shirazi-Adl 2009; Shirazi et al. 2008).

3.	 Fibers are idealized as perfect cylinders of tightly packed 
monomeric fibrils

4.	 The fiber diameter is larger than the fibril diameter, 
dfb ≫ dfl.

5.	 Diameter of a fiber 
(
dfb

)
 in cartilage generally in the 

range of 15.2 ± 8.3 ∼ 29.2 ± 5.4 nm (Halberg et al. 1988; 
Holmes and Kadler 2006; Moskowitz 2007; Mweni-
fumbo et al. 2007; Silver and Siperko 2003; Watanabe 
et al. 1994)

6.	 Length of the fiber is assumed to 1 µm (Domene et al. 
2016; Gautieri et al. 2011; Liu et al. 2015)

An idealized fiber of tightly packed fibrils is shown 
in Fig. 10. This idealization is valid as long as the fiber 
diameter, dfb , is much larger than the diameter of the fibril, 
dfl . When the collagen fibrils come in contact with the 
enzyme solution, the enzyme diffuses into the fibers and 
binds to specific sites on fibrils located at the surface of 
the fibers. Due to the size and organization of the fibrils, 
the enzyme molecules cannot penetrate the tightly packed 
(crosslinked) fibrils that make up an individual fiber. The 
fibrils are also assumed to be incompressible and nonover-
lapping (small circles in Fig. 10b).

Volume of sample cartilage plug, Vtissue = �r2h
|||tissue ≈ 17.6mm3

Volume of the fibers in the superficial layer of the cartilage plug ≈ 0.4mm3

Total number of collagen fibers is assumed to be nfb that 
contribute to the total fiber volume. However, the fiber dim-
eter is variable depending on its young or mature state, and 
consequently, the diameters of fibers in the superficial layer 
vary widely (Moskowitz 2007; Mwenifumbo et al. 2007; Sil-
ver and Siperko 2003). Taking into account the minimum and 
maximum mean values of the fiber diameter, the minimum 
fiber volume, Vmin

fb
 , and maximum fiber volume, Vmax

fb
 , of a 

single collagen fiber have been estimated. Thus, based on the 
Vmin
fb

 and Vmax
fb

 , the minimum and maximum number of 
collagen fibers was estimated to nmin

fb
= 5.913 × 1011 and 

nmax
fb

= 2.216 × 1012 , respectively.

Estimation of tropocollagen molecules 
on the surface

During the surface degradation process, enzymes bind and 
cleave the tropocollagen molecules on the surface (along 
the circumference of the fibril) and are schematically 
shown in Fig. 11. The TC molecules were assumed to be 
arranged tightly around the circumference of the fibrils. 
The dimensions of each TC molecule are dTC = 1.5 nm , 
lTC = 300 nm , with a (D-periodic) gap of 67 nm between 
the TC molecules (Chen et al. 1995; Franchi et al. 2007; 
Graham et al. 2004; Shoulders and Raines 2009).

Fig. 10   Schematics of a fiber 
(a) and its cross section (b) 
perpendicular to the axis of the 
fiber [based on (Tzafriri et al. 
2002)]

Fig. 11   Schematic of a fiber cross section perpendicular to the axis of 
the fibril showing TC molecules on the surface
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Considering the minimum and maximum circumference 
of the fibers, staggered organization of TC molecules with 
the periodicity of 67 nm and (collagen type II) fiber length 
of 1 μm (Domene et al. 2016; Gautieri et al. 2011; Liu et al. 
2015), the minimum and maximum number of TC mole-
cules around the circumferential was estimated to 
nmin
TCsurf

= 5.68 × 1013 and nmax
TCsurf

= 3.89 × 1014.

Estimation of surface degradation

The collagenase type VII used in the Laasanen et al. exper-
iments is bacterial collagenase, which acts both as a col-
lagenase and a gelatinase. Collagenases can only cleave at 
one site on collagen molecules, but gelatinases can cleave 
the rest of the sites on the collagen once collagenase has 
made an initial cut. The bacterial collagenase can cut in 
multiple places on collagen and was accounted here for 
estimating the number of binding sites (Fig. 12). Thus, in 
the current estimation, we considered up to three binding 
sites/TC (Piluso et al. 2017; Riley and Herman 2005; Xu 
et al. 2000; Zderic 1995). Hence, the total number of col-
lagenases on cartilage surface was estimated in the range 
of nsurface

Collagenase
≈ 2.726 × 1012 ∼ 9.453 × 1013 molecules.

To the best of our knowledge (with extensive litera-
ture search), two different rates of collagen cleavage by 
the bacterial collagenase have been found and considered 
here in the estimation process. These are: (i) 22 molecules 
of collagen are degraded per molecule of collagenase per 
hour (Barrett et al. 2012; Welgus et al. 1980) and (ii) a unit 
of collagenase activity is defined to produce 10% cleavage 
of collagen in 2.5 h at 37o C (Zderic 1995).

Considering cleavage rate as per (i), the number of 
degraded molecules for 44 h of incubation time (Laasanen 

e t   a l .  2 0 0 3 )  w a s  i n  t h e  r a n g e  o f 
n
degradedmol

collagen
≈ 4.67 × 1016 ∼ 2.565 × 1017 molecules. With 

this, the minimum and maximum surface degradation was 
estimated to 0.01% and 0.201%, respectively. According to 
cleavage rate as per (ii), the number of degraded molecules 
for the same incubation time (Laasanen et al. 2003) was in 
the range of ndegradedmol

collagen
≈ 3.0 × 1015 ∼ 2.054 × 1016 mole-

cules. With this, the minimum and maximum surface degra-
dation was estimated to be 0.013% and 3.51%, respectively.

Although Langmuir adsorption isotherm is often consid-
ered to estimate the protein binding affinity, the Langmuir 
model does not take into account the interactions between 
enzymes—especially when the enzymes (considered as 
voluminous objects) are charged exhibiting enzyme-to-
enzyme interactions and, in a context of a joint, exhibiting 
interactions with other molecules in the synovial fluid. Thus, 
the Langmuir model neglects any type of chemical interac-
tion with the surroundings except the surface. Moreover, a 
fixed number of adsorption sites are typically approximated 
on a static surface under equilibrium conditions as per the 
Langmuir model. But, experimentally the surface of a col-
lagen fibril is dynamic in nature since the number of adsorp-
tion sites changes with time as the degradation progresses, 
and thus, equilibrium is difficult to achieve. The Langmuir 
model, however, phenomenologically seems to capture the 
behavior of surface degradation and the associated adsorp-
tion sites that not only give a gross estimation of the amount 
of surface degradation but provide an insight into the degra-
dation mechanisms as well.
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