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Abstract: The anterior cruciate ligament’s (ACL) mechanics is an important factor governing the
ligament’s integrity and, hence, the knee joint’s response. Despite many investigations in this area,
the cause and effect of injuries remain unclear or unknown. This may be due to the complexity of the
direct link between macro- and micro-scale damage mechanisms. In the first part of this investigation,
a three-dimensional coarse-grained model of collagen fibril (type I) was developed using a bottom-up
approach to investigate deformation mechanisms under tensile testing. The output of this molecular
level was used later to calibrate the parameters of a hierarchical multi-scale fibril-reinforced hyper-
elastoplastic model of the ACL. Our model enabled us to determine the mechanical behavior of the
ACL as a function of the basic response of the collagen molecules. Modeled elastic response and
damage distribution were in good agreement with the reported measurements and computational
investigations. Our results suggest that degradation of crosslink content dictates the loss of the
stiffness of the fibrils and, hence, damage to the ACL. Therefore, the proposed computational frame
is a promising tool that will allow new insights into the biomechanics of the ACL.

Keywords: tropocollagen; fibrils; anterior cruciate ligament; finite elements; molecular dynamic

1. Introduction

Collagens type I that form fibrils are present as the main contributor to the integrity
of the joint ligaments via a hierarchical extension over many length scales. Collagen
is made up of amino-acid sequences organized in a polypeptide helix and combined
into a set of three supercoils that produce a molecule of tropocollagen (TC) [1,2]. An
X-ray diffraction experiment was employed to determine the topography of short peptide
fragments representing the collagen molecules. This molecule was characterized by a
weight of 300 KDa, length of 300 nm, and 1 to 2 nm diameter [3,4]. The TC molecules
aggregate into fibrils via intermolecular adhesion and covalent crosslinks at their ends with
respect to well-specified axial and center-to-center locations offset [5–7]. The mechanical
behavior of the collagenous structures has received significant attention from molecular to
aggregate level, either experimentally [8–13] or computationally via molecular dynamic
(MD) simulation [14–21]. A clear agreement has been reported that these superstructures
lead to helpful mechanical behavior characterized by high strength and extensibility of up
to 100% strain before breakage [22]. However, most previous investigations were limited
to nano- and micro-scales. The reasons behind this limitation were the intimate coupling
between chemistry, biology, and mechanical deformation and their structural texture that
involves specific implementation via different scales [20].

On the larger scale (millimeter and upscale), the soft tissues’ mechanical behavior was
considered either elastic, basic hyperelastic, hyperelastic, or viscoelastic fiber-reinforced
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composite materials [23]. Most of these constitutive models were limited to the elastic be-
havior and have been able to reproduce the mechanical response of the ligaments measured
during experimental tensile testing [24–29]. A very limited number of studies considered
softening elasticity behavior yet restricted to the macro-mechanical scale [30,31]. On the
side of the model application, the anterior cruciate ligament (ACL) was the focus of most
of the developed computational frames since it is more prone to injury than any other knee
soft tissue. Recent investigations have shown that around 50% of lower limb ligament
injuries involve the ACL [32]. ACL damage’s pathogenesis and pathophysiological under-
pinnings were well connected to the molecular level [33,34]. This process of damage was
described microscopely as collagen degradation [21]. Thereafter, exploring how molecular-
level interactions combine, including micro-degradation mechanism, to create a tissue-level
mechanical response of collagenous materials is a potential path for the advancement of
ACL injury or trauma treatments.

The principal aim of this work was to highlight the link between ACL molecular
structure and its aggregate mechanical behavior. At one extreme, such a link uses molecular
dynamic simulation to characterize the fibril structure properties as a function of crosslink
degradation. At the other extreme, the link uses a multilevel hyper-elastoplastic fibril-
reinforced model to simultaneously investigate how changes in the fibril structure are
manifested at the ligament level. We hypothesized that the integrity of the fibril plays a
remarkable role in the expression of ACL macro-damage.

2. Materials and Methods
2.1. Collagen Fibril Coarse-Grained Model

The purpose of the molecular dynamic simulation was to obtain stress–strain curves
for collagen fibrils in ligaments with different crosslink densities. The simulations were
based on a mesoscopic model first developed by Buehler [17]. The collagen molecule is a
triple-helical protein structure that consists of three chains of amino acids. Type I collagen is
the most abundant type and is present specifically in human ligaments. It has a diameter of
about 1.6 nm and a length of about 300 nm (Protein Data Bank entry 3HR2 experimentally
measured by X-ray crystallography [35]).

The concept of the mesoscopic model was to abbreviate the full molecular geometry
into a single chain of beads (or super atoms), where each bead represents several atoms in
the full atomistic model. This concept is fully explained in previous publications [17,36,37].
This approach allows molecular dynamics to reach time and length scales otherwise inac-
cessible by simulating full molecular structures. In fact, one to two orders of magnitude
on the size of the fibril or the strain rate used could be gained. We used tropocollagen
molecules of 218 beads [36], where the coordinates of the beads were obtained by averaging
the position of adjacent atoms. The resulting structure was a chain of quasi-equidistant
beads with equilibrium angles ranging from 164◦ to 180◦. Details on the molecular, meso-
scopic model parameters are given in Table 1. The fibril was then built by replicating the
above-described molecule orthogonally to its principal axis. We assumed that molecules
were hexagonally packed (with a lattice constant of 16.52 Å), forming a fibril of 21.5 nm
diameter and containing 151 molecules (32918 Beads). A gap length of 36 nm, and an
overlap length of 28.2 nm, were used [38–41].

Table 1. Mesoscopic structural properties.

Molecular Properties Fiber Properties

Parameter Value Parameter Value

Molecule number of atoms 3134 Gap [Å] 400
Molecule total mass [g/mol] 287,000 Overlap [Å] ~282

Number of beads per molecule 218 D-period [Å] ~682
Mass of each bead [g/mol] 1316 Length of fibril [Å] 3410

Length along principal axis [Å] 3011 Hex. lattice constant [Å] 16.52
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The formulation of the coarse-grained model of collagen molecules was implemented
in several studies [19,36,42] and was proven to mimic the actual behavior of the fibril
accurately. Three main energies govern the force field.

E = Einter + Ebond + Eangle (1)

The interatomic energy (Einter) is a pairwise Lennard-Jones (LJ) interaction between
beads from different molecules responsible for keeping the fibril together in the radial
direction. The LJ potential is given by:

Einter = 4ε

((σ

r

)12
−
(σ

r

)6
)

(2)

where σ and ε represent, respectively, the characteristic distance and the minimum energy
of the LJ potential. Parameters for pairwise potential are given in Table 3. The bond energy
is a hyperelastic interaction between two adjacent beads from the same molecule. It is
represented by three regimes of potential energy that are given by:

Fbond =
∂Ebond

∂r
=


KT0(r − r0) r < r1
KT1(r − r1) r1 < r < rb
0 r > rb

(3)

where KT0 and KT1 are spring constants, r1 is the distance at which the hyperelastic behavior
of the bond is triggered, rb is the bond-breaking distance, and r1 it is a constant calculated
to ensure the continuity of the force field. Parameters for the bond energy are given in
Table 2. The angular energy is a harmonic three-body interaction between three adjacent
super atoms from the same molecule to control the bending angle between the beads:

Eangle = Kθ(θ − θ0)
2 (4)

where Kθ represents the bending strength, θ0 represents the equilibrium angle, and θ
represents the actual angle between the three consecutive beads. Parameters for angle
energy are given in Table 3.

Table 2. Bond energy parameters.

Parameter Molecule Divalent Trivalent

r0—equilibrium distance [å] 14.00 10.00 8.60
r1—critical hyperplastic distance [å] 18.20 12.00 12.20
rb—bond-breaking distance [å] 21.00 14.68 14.89
kt0—stretching-strength constant [kcal/mol] 17.13 0.20 0.20
kt1—stretching-strength constant [kcal/mol] 97.66 41.84 54.60

Table 3. Pairwise and angle-energy parameters.

Parameter Value Parameter Value

ε—Lennard-Jones [Kcal/mol] 6.87 θ0—Equilibrium bending angle [degree] 164–180
σ—Lennard-Jones [Å] 14.72 Kθ—Equilibrium bending constant [Kcal/mol/rad2] 14.98

Enzymatic crosslinks are protein–protein bonds that make up most of the crosslinks
in collagen fibril. Enzymatic crosslinks are initially formed between telopeptide and helical
residues producing immature (divalent) crosslinks connecting the end of the tropocollagen
molecule to the nearest neighbor from an adjacent molecule. Then, this immature crosslink
may react with another telopeptide residue producing a mature (trivalent) crosslink joining
three collagen molecules by connecting the end of the molecule and the two nearest
neighbors from adjacent molecules. In this work, both divalent and trivalent crosslinks



Appl. Sci. 2021, 11, 8580 4 of 16

had a hyperelastic behavior (parameters in Table 2). The ratio of trivalent crosslinks to the
total number of enzymatic crosslinks was considered to be 33% [43]. Then, we varied the
crosslink content to simulate the senior of the collagen fibril degradation. The coefficient
β represents the density of molecule ends connected to beads from other molecules (a
coefficient β = 100% corresponds to two connected ends per molecule).

The fibril model was created using MatlabR2021A by averaging the geometric posi-
tions of the atoms in the 3HR2 PDB (Protein Data Bank) entry and replicating the molecule
in the radial directions. All MD simulations were performed using LAMMPS molecular
dynamics software [44]. A 10fs timestep was used. The fibril was relaxed at 300◦K for 1ns
using NPT (constant pressure/temperature), then NVT (constant volume/temperature)
to release the residual stress for 1ns. To model the tensile deformation of the fibril, an
axial velocity constraint was imposed on both ends of the fibril while keeping the periodic
boundary condition in the longitudinal direction to mitigate any surface energy effects. We
then used the virial stress and the fibril volume to compute the stress–strain curves. Finally,
the visualization of the results was performed using the OVITO package [45] (Figure 1).
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Figure 1. The collagen fibril coarse-grained model. (a) Schematic view of the hierarchical structure of
the simulation cell. (b) Three-dimensional coarse-grained model of a collagen fibril. (c) Divalent and
trivalent crosslinks in the coarse-grained model. (d) Cross-section of the collagen fibril.

2.2. Fibril Hyper-Elastoplastic Model

In this computational frame, the fibril was modeled via an edited version of general-
ized Neo-Hookean material, where the general expression of the strain energy function
takes the following form:

ψ f b
(

I1e, I4e
)
=

1
2

µ f b(I4e
)(

I1e − 3
)

(5)

where the total deformation gradient tensor F = FeFp, where e and p stand for elastic
and plastic deformation [46,47], I1e = tr (Ce = Fe Fe

T), and I4e = n0 Ce n0
t, with n0 being

the reference direction of the fibril in the initial configuration. The shear modulus µfb is a
function of the deformation of the elastic fibril:

µ f b(I4e
)
= µ0

(
tanh

(
a1
(

I4e − 1
))

− a2exp
(
a3
(

I4e − I0
)))

(6)

where µ0, ai, and I0 represent the shear modulus, dimensionless parameters, and the
secondary stiffening of the fibril, respectively. The hyperbolic form of the strain energy
function was beneficial to adapt to the evolution of the fibril stiffness predicted by the



Appl. Sci. 2021, 11, 8580 5 of 16

molecular dynamics model [48–52]. The strain energy function was then employed to
connect the effective stress (Σe f f ) of the fibril to the yield condition (Φ) as follows.

Σe f f =
4
3

I4e
∂ψ f b

∂I4e
= Φ (7)

Φ is considered a building block function of crosslink density (β) between the tropocollagen
molecules. The plastic strain rate (

.
ξ) in the fibril is driven by the single crystal plasticity

model [53–55]:
.
ξ =

.
ξ0

∣∣∣∣Σe f f

φ

∣∣∣∣1/k

sig
(

Σe f f

)
(8)

where
.
ξ0 is the initial plastic strain rate. The flow resistance of the fibril is given by the

following equation [54,55]:
.

Φ = χ
.
ξ

(
1 − Φ

Φs

)
(9)

where χ, Φ, and Φs are the hardening or softening rate, yield strength, and saturated-flow
strength of the fibril, respectively. Following, then, the fibril’s plastic velocity gradient
takes on a deviatoric shape, as seen below.

.
Fp F−1

p =
.
ξ dev(n0 ⊗ n0) (10)

Under the constraint of Karush–Kuhn–Tucker loading/unloading conditions, this
form was numerically integrated to calculate the uniaxial plastic deformation gradient (Fp)
and then the uniaxial elastic deformation gradient (Fe).

2.3. Connective Tissue Model

The fiber was considered as fibril-reinforced material with an incompressible neo-
Hookean matrix (Figure 2). The total elastic strain energy density of the fiber was the
summation of the elastic strain energies under extension (fit) and shear (fs), given by:

ψ f it
(

I4, I4e
)
= v f bψ f b

(
I1e f , I4e

)
+ vmb

(
µ f m

2

(
I1 f − 3

))
ψ f s

(
I1 f , I4, I4e

)
= 1

2 µ f m
(1+v f b)µ f b(I4e)+ µ0(1−v f b)
(1−v f b)µ f b(I4e)+µ0(1+v f b)

(
I1 f b − I1 f

)
ψ f i

(
I1 f , I4, I4e

)
= ψ f it

(
I4, I4e

)
+ ψ f s

(
I1 f , I4, I4e

) (11)

where I1 f b = tr
(

F f FT
f

)
and I1 f = I4 + 2I4

−1/2, vmb and v f b are volume fraction of
the fiber matrix and the fibrils, respectively, and µ f m is the shear moduli of the matrix of
the fiber.

The same process was employed to develop the tissue’s axial (tt), shear (ts), and total
strain energies where the collagen fiber reinforced the composite material (Figure 2). These
strain energy functions are given by:

ψtt

(
I1, I1 f , I4, I4e

)
= v f ψ f i

(
I1 f , I4, I4e

)
+ vm

( µm
2
(

I1 − 3
))

ψts

(
I1 f , I4, I4e

)
= 1

2 µm
(1+v f )µe f f f b(I4e)+µm(1−v f )
(1−v f )µe f f f b(I4e)+µm(1+v f )

(
I1 − I1 f

)
ψt

(
I1 f , I4, I4e

)
= ψtt

(
I4, I4e

)
+ ψts

(
I1 f , I4, I4e

)
+ ψvol

(
J
) (12)

where vm and v f are volume fraction of the tissue matrix and the fiber, respectively, and
µm is the shear moduli of the tissue matrix. We can further write the strain–energy function
of the tissue as:

ψt =
1
2

µm

(
I1 f − 3

)
+

1
2

µ f

(
I1 f e − 3

)
+

1
2

µe f f
(

I1 − I1 f

)
+

EK
2
(

J − 1
)2 (13)
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where µm =
(

v f vmlµ f m + vmµm

)
and µ f =

(
v f v f lµ f l

)
. The total stress Σt was represented

using fibrillar Σ f and nonfibrillar Σn f stress tensors by fulfilling both the Clausius–Duhem
dissipation inequality at the macroscopic continuum level and the constraint of soft tissue
incompressibility, as shown below.

Σt = Σn f + Σ f

Σn f =
2
J

(
I1

∂ψt
∂I1

dev
(

B
)
+
(
Ek J
(

J − 1
))

I
)

Σ f =
2
J

(
I4

∂ψt
∂I4

dev(n ⊗ n) + I4e
∂ψt
∂I4e

dev(ne ⊗ ne)
)

i f I4i
∣∣> 1

∣∣
Σ f = 0 i f I4i

∣∣≤ 1

(14)

Tang et al. [50] published research that has further information regarding the suggested
constitutive model used in this study. A continuum element was employed to model the
fibrillar and nonfibrillar matrix. The proposed materials model’s numerical performance
and basic features were successfully tested with single and multiple elements. This model
was integrated then into the ACL structure.
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2.4. Molecular Dynamic-Softening Hyperelasticity Approach

By considering the above proposed model, 12 parameters (unknowns) were orches-
trating the micro- and macro-mechanical behavior of the ACL and most of them related
to the fibril and fiber properties. These parameters were divided into two sets, one for
the fibril response covering eight parameters x = (µ0, I0, ai(1,2,3), Φ,

.
ξ0, k) and another for

the rest of the hierarchical structure response covering four parameters (µm, µ f m, v f , v f l).
These four parameters were fixed based on the previous calibration process using the
Bayesian approach [30]. The first set of parameters (fibril parameters) were subsequently
determined by fitting them to the results of molecular dynamics simulations. The fitting
procedures were performed iteratively, using a non-linear optimization procedure available
in MATLAB (lsqnonlin). Within this procedure, Abaqus was called to simulate one-element
50% axial tensile strain. The axial fibril stresses were then transferred into MATLAB to
minimize the objective function f (x) in the least square sense:

f (x) =
σFE

f l (x)− σMDS
f l

σMDS
f l

(15)
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where σMDS
f l was fibril stress computed using molecular dynamics simulation under the

different scenarios of crosslink degradation, and σFE
f l (x) was fibril stress computed using

the hyperelastic model (finite-element model) as a function of the unknown fibril material
parameters (x).

2.5. ACL Model

The geometry of the ACL was derived from the Open Knee Public Domain Repository
at Simtk.org using an entire knee-joint model [56]. A right cadaveric knee of a 70-year-old
female subject with a mass of 77 kg and 170 cm height was employed to generate the knee
model. The cadaveric specimen was imaged to sensibly detect the contrast for articular
cartilage and connective tissues at the Biomechanics Laboratory of the Cleveland Clinic
using a 1.0 Tesla extremity MRI scanner. Thereafter, manual segmentation was performed
using 3D Slicer 4.8.1 to create bone and ACL structures. The ligament was represented
by reduced integration of eight-node hexahedral elements using Abaqus 6.14, a finite-
element package, with a 5% sensitivity analysis (difference in the axial stress). To accurately
integrate collagen networks through ligament structure, each element was characterized
by a local-system axis.

To examine the effect of the crosslink’s degradation mechanism on the aggregate
mechanics, additional simulations were carried out employing the above realistic geometry
of the ACL. The boundary conditions were applied when the knee joint was oriented at
full extension. The tibial bone pulled axially (parallel to the direction of the fibers) while
the femur was fixed (Figure 5).

3. Results

Figure 3 shows the obtained stress–strain curve for a single molecule. The curve can
be divided into three zones describing three different mechanisms. Zone I (form εi = 0
to ε1 = 1.3%): in this phase, the molecule was stretched along its principal axis. The
small resulting stress was due to the change of the angle energy. This phase is hardly
visible on the stress–strain curve since it needed an extremely slow strain rate to allow
for atoms to relax. Zone II (form ε1 = 1.3% to ε2 = 31.8%): in this phase, the molecule
was uniformly stretched. The elastic constant was ~7.9 GPa and resulted mainly from
the bond stretching below the hyperelastic critical distance r1. Zone III (form ε2 = 31.8%
to ε3 = 52%): in this phase, a sharp change in strength occurred as the bond distance
reached the hyperelastic critical distance r1 (elastic constant was ~47.1 GPa). The molecule
continued to stretch uniformly until reaching the breaking point. The molecule broke when
interatomic distances reached the breaking distance rb.
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Figure 4 shows the stress–strain curve for the collagen fibril for different crosslink
densities. The overall trend of the curves is consistent with previous work: increasing
crosslink densities increased both the ultimate tensile strength and the ultimate tensile strain
of the fibril. Similar to the single molecule, the angles on the fibril were first straightened
since the angle energy was much smaller than the bond and pairwise energies. Then, with
increasing strain, the internal stress started building up in the structure up to a threshold
where the pairwise forcefield could no longer resist the shear forces induced between
molecules. As a result, the molecules started sliding and stress started to decrease. When
crosslinks were present in the fibril, they provided additional resistance to the shearing
between molecules and, therefore, retarded the sliding threshold, increasing the ultimate
tensile strain and stress.
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predicted using the coarse-grained model under axial tensile testing.

Nonlinear curve fitting of our data collected from molecular dynamics simulation
was used to evaluate the material characteristics of the fibril for native and degraded
tropocollagen crosslinks. The goodness-of-fit (GOF) value (coefficient of determination,
given as mean, standard error (SE)) for the fitted data was 0.91 ± 0.04 for the crosslink
failures. For all cases, the fitted curves provided satisfactory fits to the MDS data. Table 4
shows the average optimal input fibril parameters for degradation processes. The me-
chanical properties of the fibrils influenced the aggregate behavior of the ACL at full
extension. Tropocollagen crosslinks degradation slightly influenced the elastic stress of
the ACL as observed during the axial tension that ranged between 0 and 6%. The effect
of this degradation became remarkable when the axial strain varied between 6 and 8%
(Figure 5). However, the ACL yield stress was substantially influenced by tropocollagen
crosslink failure. The yield stress was approximately reduced by 90% when β varied
gradually from 100% to 0 (Figures 5 and 6). However, a minimal variation was observed
on the elastoplastic behavior of the ACL when the amount of crosslink failure was more
than 80% (β = 20% or less). Under pre-yielding loading conditions (7.5% axial strain),
ligaments stresses distributions were nonuniform at all degradation stages (Figure 7). The
maximum axial stresses ranged from ~10MPa to ~20 MPa. The largest stress values were
located at the posterolateral side near the tibial junction, and the smallest values were at
the anteromedial area near the femoral junction (Figure 7).
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Table 4. Material parameters of the fibril found via the data-fitting procedure.

Parameters Lower Bound Upper Bound Crosslink Failure
Parametric Values

µ0 Shear modulus of the fibril (MPa) 1250 4250 2703.050 (724.298)
I0 Secondary stiffening of the fibril 1.5 2.9 2.35 (0.238)
a1 Dimensionless fibril parameter 1 0.05 2 1.651 (0.249)
a2 Dimensionless fibril parameter 2 250 1000 731.002 (93.156)
a3 Dimensionless fibril parameter 3 20 110 50.842 (18.981)
Φ Yield strength of fibril 411 2500 985.833 (550.556)
.
ξ0 Initial plastic strain rate 0.01 0.025 0.016 (0.003)
k Rate sensitivity 0.04 0.09 0.064 (0.014)
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Plastic elongation was used as a plastic-change indicator in this study (λp). This
variable specified when and where the plastic change occurred. Damage propagation
(plastic change) of ligament structures was restricted to the collagen fiber’s surface layers
(Figure 8). The maximum stress distribution was typically related to damage initiations
and distributions. In most cases, the damage began in the highest stressed element and
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spread in the same direction of the stress distribution (Figure 8). ACL damage started
between 8 and 17% axial strain with an associated range of axial stress varying between
13 MPa and 58 MPa when tropocollagen crosslinks failure ranged from no crosslink to
100% crosslink. The maximum plastic elongation computed ranged from 29% (100%) to
34% (0%). The increase in the crosslink’s failure between the tropocollagen molecules
significantly increased the area of damage.
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4. Discussion

This paper presents a comprehensive work incorporating the degradation mechanism
of the type I collagen on the nano-scale into a description of the mechanical behavior of the
ACL. The developed framework connects a meso-scale molecular dynamics-simulation
model to a continuum fibril-reinforced hyper-elastoplastic model. The degradation mech-
anism was presented by the elimination of the enzymatical crosslinks. This was later
well documented as a key element in the collagen’s integrity and thereafter expressing a
significant role in the yielding tissue level, and serves as an internal control for the integrity
of our modeling approach. The proposed engineering frame was validated at two levels,
molecular and continuum, by comparing the predictions with reported results in the litera-
ture. At the micro-level, the degradation in the enzymatical crosslinks affected the elastic
stiffness of the second and third deformation regimes and the collagen failure strain. A
higher crosslink density generated a well-connected structure of the collagen fibril. On the
macro-scale and by means of the hierarchical model, a limited zone of the elastic and the
complete plastic responses were influenced by the degradation of enzymatical crosslinks.

In this work, our calculated elastic modulus of the fully crosslinked collagen fibrils
at low and high strains levels were about 3.6 GPa and 8.8 GPa, respectively. The mod-
uli decreased significantly with the degradation in the enzymatical crosslinks, reaching
3.2 GPa and 4.8 GPa at small and large strains levels. These predictions are corroborated
by experimental measurements of the small and large strain elastic modulus via nanoin-
dentation testing using an atomic-force microscope [57], where the values ranged from 5 to
11.5 GPa. On the computational side, the proposed model in this investigation was able
to reproduce the same mechanical behavior of the fully divalent and trivalent crosslinked
fibril [36]. Despite the clear agreement in the predicted elasticity of a single TC molecule
(Figure 3), a higher estimation of the elastoplastic behavior of the fibrils has been predicted
via the 2D meso-scale models of the collagen fibril compared to the current results [21,42].
The overestimation of the fibril 2D model may be explained by a combination of size
effects, entropic effects, and model parameterization errors [58–61]. The yield strain of the
collagen fibril was in the range 0.07–0.38 for different crosslink densities, which is in the
same range of experimental and computational investigation [12,52]. At the same time, our
predicted yield strength in all cases was beyond the experimental findings [12], and this
was due to the difference in the considered volume and absence of any molecular defect of
the collagen fibrils [21]. Our results support the earlier observation of the importance of
the crosslinks content in the yielding stress and post-yield energy absorption [52]. As an
extreme example, substantial increases of 3.2 and 4.5 times in the fibril strength and yield
strain, respectively, were computed between un-crosslinked and fully crosslinked fibrils.
This substantial increase may be explained by the mechanism of the interaction between the
TC molecules. As the molecules were pulled away from each other in uniaxial tension, the
crosslinks, connecting adjacent molecules, prevented the sliding between molecules. The
strength of the crosslink bonds was much stronger than the Lennard-Jones pair interaction
keeping the pack of molecules together, resulting in increased yield strength and strain.

On the aggregate side, the effect of the crosslink degradation was almost negligible in
the range of ACL axial strain, varying from 0 to 6% (Figure 5). However, the supported
elastic stresses by the ACL decreased significantly with the degradation of the crosslinks,
reaching its maximum of 53% from the native (100%) to fully degraded (0%) fibrils at
8.4% axial strain. In comparing the simulated cases between the different deformation
regimes, the degradation of the crosslinks content decreased the range of the elasticity of
the ACL significantly. For example, an almost 50% decrease in elastic strain capacity has
been observed between the native and fully degraded fibrils. At very low crosslink content
(0 to 20%), the ACL lost the typical stress–strain behavior in which the three different
regimes of deformation before the failure can be observed [23]. Here, the ACL behavior
switched directly from the gradual transition regime to the failure regime, ignoring the
linear regime (Figure 5). Direct comparison with published studies is difficult due to
differences in ACL geometry/constitutive formulation and the parameters examined.
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The general mechanical behavior of the ACL model reported here, where the crosslinks
content ranged from 80 to 100%, is very similar to that of Butler et al. [62] and Bull [63],
where the estimated tangent modulus, tensile strength, and the ultimate strain fall in
their reported range of measurements. In the fully crosslinked fibril, the elastic stress
distribution of the ACL reached its peak of 22 MPa near the tibial junction at 7.5% of axial
strain (Figure 7). However, this stress dwindled in magnitude and distribution by almost
50% with degradation of the collagen crosslinks. The stress concentration was located
in the ACL posterolateral bundle in all simulated cases, an observation consistent with
earlier published experiments [64–66]. The above results supported first the validity of the
proposed model to predict the physiological stress of the ACL and the reported importance
of the crosslinks content on the elasticity of the ligaments [22]. An alteration of this content
may clearly affect the principal role of the ACL in preventing laxity or stiffness of the
kinematics of the knee joint during human activities [67].

The ACL yield strength and strain were influenced by the degradation of the enzymat-
ical crosslinks (Figure 6). The range of the stiffness of the ligament decreased significantly
with the decrease in the crosslink content, owing to the relative diminution of the yield
stress. These results support the earlier-reported positive correlations between crosslinks
content and ligament strength [20,68]. The current prediction showed that the spatial
distribution of the macro-damage also depended on the crosslinks content (Figure 8). The
degradation of the enzymatical crosslinks substantially contributed to explaining the dam-
age patterns (plastic change). The plastic change covered most of the superficial layer
of the ACL middle zone with the absence of any crosslinks between the TC molecules.
At the same time, a mature structure of the collagen fibril led to a very limited area of
ACL damage. The predicted damage patterns from the proposed model in the current
investigation are in line with previously reported ACL-failure patterns [69–73]. These
studies have shown a mixed mode of failures occurring at the mid-substance and near
the ligaments–bone junction. These results clearly endorse the validity of the proposed
computational frame in predicting aggregate mechanical damage of the ACL using a
combined formula between molecular dynamics and finite-element simulations. Hence,
this toolbox could be used to study some clinical aspects treating the female gender bias
in ACL damage. Longitudinal studies have provided few clues about how altering sex
hormones by modulating collagenases and gelatinase may lead to cleaving and denature
the fibrillar collagen in the ACL before and after the menses period [74–77]. However,
it is unclear how the hormonally modulated enzymes act at the nano-scale, leading to
visible damage to the aggregate collagen structures in the ACL. In addition, other collagen
molecular defects, such as advanced glycation end-products (AGEs) and their effects on the
aggregate mechanics of the ligament, could be targeted by the proposed frame [78]. Finally,
by incorporating this proposed model into a fully anatomical knee model, the deferential
and combined effects of the surgical and musculoskeletal factors contributing to normal or
reconstructed ACL damage due to an aberrant load may be identified [79,80].

Nonetheless, these results must be interpreted with caution, and there are some
limitations that could be addressed in future research. Only one type of crosslink was
considered in the fibril model. In nature, the crosslink distribution is more complex, with
varying compositions and defects simultaneously [81,82]. Here, one of the considered
assumptions was that the mechanical properties of the fibril were insensitive to atomic
structure, which contradicted some experimental results where the atomic structure of the
crosslink may have affected the mechanical properties of the fibrils [83]. Non-collagenous
proteins (NCPs) were not considered in this investigation since this component may play
a more critical role in the inter-fibril matrix [84]. At the aggregate level, the plasticity
was limited only to the collagen fiber, a hypothesis that has been well documented under
experimental and computational investigation [31]. The current findings remain limited to
the transient response of the ligaments.

In conclusion, the current computational frame opens the possibility to explore the
relationship between two different syntheses (molecular and continuum) to determine the
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transient stress–strain behavior of the ACL. To the best of our knowledge, this is the first
engineering frame in which the ligaments’ elasticity and micro-damage were predicted
as a function of the crosslink content by combining the molecular dynamics with the
finite-element simulations in one toolbox. Furthermore, this approach can help to elucidate
the basic building block of the ACL, which is crucial for determining a unique mechanical
property with a high level of realism. Thus, defining a more meaningful mechanism
towards disease affects the integrity of the ACL. Finally, the techniques used in this study
are easily adaptable to the study of additional ligamentous structures and other soft tissues.

Author Contributions: All authors have read and approved this submission; the Corresponding
author (M.A.) carried out the definition and design of the work, the development and analysis of the
work, F.A.K., A.G., A.E., M.A.; writing—original draft preparation, F.A.K., A.G., A.E., M.A.; writing—
review and editing, F.A.K., A.G., A.E., M.A. All authors have read and agreed to the published
version of the manuscript.

Funding: The research is funded by the Kuwait Foundation for the Advancement of Sciences (KFAS-
PR19-15EM01) and the Australian College of Kuwait research and development center (ACK).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: There authors declare no conflict of interest.

References
1. Kadler, K.E.; Holmes, D.F.; Trotter, J.A.; Chapman, J.A. Collagen fibril formation. Biochem. J. 1996, 316, 1–11. [CrossRef] [PubMed]
2. Parry, D.A. The molecular fibrillar structure of collagen and its relationship to the mechanical properties of connective tissue.

Biophys. Chem. 1988, 29, 195–209. [CrossRef]
3. Kramer, R.Z.; Venugopal, M.G.; Bella, J.; Mayville, P.; Brodsky, B.; Berman, H. Staggered molecular packing in crystals of a

collagen-like peptide with a single charged pair. J. Mol. Biol. 2000, 301, 1191–1205. [CrossRef]
4. Bella, J.; Eaton, M.; Brodsky, B.; Berman, H. Crystal and molecular structure of a collagen-like peptide at 1.9 A resolution. Science

1994, 266, 75–81. [CrossRef] [PubMed]
5. Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Walter, P.; Roberts, K. Cell Chemistry and Biosynthesis. In Molecular Biology of the Cell;

Garland Science: New York, NY, USA, 2002.
6. Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Walter, P.; Roberts, K. Cell Junctions, Cell Adhesion, and the Extracellular Matrix. In

Molecular Biology of the Cell, 4th ed.; Garland Science: New York, NY, USA, 2002.
7. Bailey, A.J. Molecular mechanisms of ageing in connective tissues. Mech. Ageing Dev. 2001, 122, 735–755. [CrossRef]
8. Catanese III, J.; Iverson, E.P.; Ng, R.K.; Keaveny, T.M. Heterogeneity of the mechanical properties of demineralized bone. J.

Biomech. 1999, 32, 1365–1369. [CrossRef]
9. Akizuki, S.; Mow, V.C.; Muller, F.; Pita, J.C.; Howell, D.S.; Manicourt, D.H. Tensile properties of human knee joint cartilage: I.

Influence of ionic conditions, weight bearing, and fibrillation on the tensile modulus. J. Orthop. Res. 1986, 4, 379–392. [CrossRef]
[PubMed]

10. Diamant, J.; Keller, A.; Baer, E.; Litt, M.; Arridge, R.G.C. Collagen; ultrastructure and its relation to mechanical properties as a
function of ageing. Proc. R. Soc. Ser. B Boil. Sci. 1972, 180, 293–315. [CrossRef]

11. Abrahams, M. Mechanical behaviour of tendonIn vitro. Med. Biol. Eng. Comput. 1967, 5, 433–443. [CrossRef]
12. Shen, Z.L.; Dodge, M.R.; Kahn, H.; Ballarini, R.; Eppell, S. Stress-strain Experiments on Individual Collagen Fibrils. Biophys. J.

2008, 95, 3956–3963. [CrossRef]
13. Shen, Z.L.; Kahn, H.; Ballarini, R.; Eppell, S.J. Viscoelastic Properties of Isolated Collagen Fibrils. Biophys. J. 2011, 100, 3008–3015.

[CrossRef]
14. Lorenzo, A.C.; Caffarena, E.R. Elastic properties, Young’s modulus determination and structural stability of the tropocollagen

molecule: A computational study by steered molecular dynamics. J. Biomech. 2004, 38, 1527–1533. [CrossRef] [PubMed]
15. Nikolov, S.; Raabe, D. Hierarchical modeling of the elastic properties of bone at submicron scales: The role of extrafibrillar

mineralization. Biophys. J. 2008, 94, 4220–4232. [CrossRef] [PubMed]
16. Veld, P.J.I.; Stevens, M.J. Simulation of the Mechanical Strength of a Single Collagen Molecule. Biophys. J. 2008, 95, 33–39.

[CrossRef]
17. Buehler, M.J. Nature designs tough collagen: Explaining the nanostructure of collagen fibrils. Proc. Natl. Acad. Sci. USA 2006, 103,

12285–12290. [CrossRef]
18. Chang, S.-W.; Shefelbine, S.J.; Buehler, M.J. Structural and Mechanical Differences between Collagen Homo-and Heterotrimers:

Relevance for the Molecular Origin of Brittle Bone Disease. Biophys. J. 2012, 102, 640–648. [CrossRef] [PubMed]

http://doi.org/10.1042/bj3160001
http://www.ncbi.nlm.nih.gov/pubmed/8645190
http://doi.org/10.1016/0301-4622(88)87039-X
http://doi.org/10.1006/jmbi.2000.4017
http://doi.org/10.1126/science.7695699
http://www.ncbi.nlm.nih.gov/pubmed/7695699
http://doi.org/10.1016/S0047-6374(01)00225-1
http://doi.org/10.1016/S0021-9290(99)00128-1
http://doi.org/10.1002/jor.1100040401
http://www.ncbi.nlm.nih.gov/pubmed/3783297
http://doi.org/10.1098/rspb.1972.0019
http://doi.org/10.1007/BF02479137
http://doi.org/10.1529/biophysj.107.124602
http://doi.org/10.1016/j.bpj.2011.04.052
http://doi.org/10.1016/j.jbiomech.2004.07.011
http://www.ncbi.nlm.nih.gov/pubmed/15922764
http://doi.org/10.1529/biophysj.107.125567
http://www.ncbi.nlm.nih.gov/pubmed/18310256
http://doi.org/10.1529/biophysj.107.120659
http://doi.org/10.1073/pnas.0603216103
http://doi.org/10.1016/j.bpj.2011.11.3999
http://www.ncbi.nlm.nih.gov/pubmed/22325288


Appl. Sci. 2021, 11, 8580 14 of 16

19. Depalle, B.; Qin, Z.; Shefelbine, S.J.; Buehler, M.J. Large Deformation Mechanisms, Plasticity, and Failure of an Individual Collagen
Fibril with Different Mineral Content. J. Bone Miner. Res. 2015, 31, 380–390. [CrossRef]

20. Liu, Y.; Thomopoulos, S.; Chen, C.; Birman, V.; Buehler, M.; Genin, G.M. Modelling the mechanics of partially mineralized
collagen fibrils, fibres and tissue. J. R. Soc. Interface 2014, 11, 20130835. [CrossRef]

21. Tang, Y.; Ballarini, R.; Buehler, M.J.; Eppell, S. Deformation micromechanisms of collagen fibrils under uniaxial tension. J. R. Soc.
Interface 2009, 7, 839–850. [CrossRef]

22. Buehler, M.J.; Ballarini, R. Microelectromechanical Systems (MEMS) Platforms for Testing the Mechanical Properties of Collagen Fibrils.
Materiomics: Multiscale Mechanics of Biological Materials and Structures; Springer: Berlin, Germany, 2013.

23. Weiss, J.A.; Gardiner, J.C. Computational Modeling of Ligament Mechanics. Crit. Rev. Biomed. Eng. 2001, 29, 303–371. [CrossRef]
24. Ateshian, G.A.; Ellis, B.J.; Weiss, J.A. Equivalence Between Short-Time Biphasic and Incompressible Elastic Material Responses. J.

Biomech. Eng. 2006, 129, 405–412. [CrossRef]
25. Gardiner, J.C.; Weiss, J.A. Subject-specific finite element analysis of the human medial collateral ligament during valgus knee

loading. J. Orthop. Res. 2003, 21, 1098–1106. [CrossRef]
26. Gardiner, J.C.; Weiss, J.A.; Rosenberg, T.D. Strain in the Human Medial Collateral Ligament During Valgus Loading of the Knee.

Clin. Orthop. Relat. Res. 2001, 391, 266–274. [CrossRef] [PubMed]
27. Quapp, K.M.; Weiss, J.A. Material Characterization of Human Medial Collateral Ligament. J. Biomech. Eng. 1998, 120, 757–763.

[CrossRef]
28. Limbert, G.; Middleton, J. A transversely isotropic viscohyperelastic material—Application to the modeling of biological soft

connective tissues. Int. J. Solids Struct. 2004, 41, 4237–4260. [CrossRef]
29. Limbert, G.; Taylor, M.; Middleton, J. Three-dimensional finite element modelling of the human ACL: Simulation of passive knee

flexion with a stressed and stress-free ACL. J. Biomech. 2004, 37, 1723–1731. [CrossRef]
30. Adouni, M.; Mbarki, R.; Al Khatib, F.; Eilaghi, A. Multiscale modeling of knee ligament biomechanics. Int. J. Numer. Methods

Biomed. Eng. 2021, 37, e3413. [CrossRef] [PubMed]
31. Fratzl, P. Collagen: Structure and Mechanics; Springer Science & Business Media: Berlin, Germany, 2008.
32. Nessler, T.; Denney, L.; Sampley, J. ACL Injury Prevention: What Does Research Tell Us? Curr. Rev. Musculoskelet. Med. 2017, 10,

281–288. [CrossRef]
33. Kiapour, A.M.; Murray, M.M. Basic science of anterior cruciate ligament injury and repair. Bone Jt. Res. 2014, 3, 20–31. [CrossRef]
34. Boorman, R.S.; Thornton, G.M.; Shrive, N.G.; Frank, C.B. Ligament grafts become more susceptible to creep within days after

surgery: Evidence for early enzymatic deg-radation of a ligament graft in a rabbit model. Acta Orthop. Scand. 2002, 73, 568–574.
[CrossRef] [PubMed]

35. Orgel, J.P.R.O.; Irving, T.C.; Miller, A.; Wess, T.J. Microfibrillar structure of type I collagen in situ. Proc. Natl. Acad. Sci. USA 2006,
103, 9001–9005. [CrossRef]

36. Depalle, B.; Qin, Z.; Shefelbine, S.J.; Buehler, M.J. Influence of cross-link structure, density and mechanical properties in the
mesoscale deformation mechanisms of collagen fibrils. J. Mech. Behav. Biomed. Mater. 2014, 52, 1–13. [CrossRef] [PubMed]

37. Dépalle, B.; Duarte, A.G.; Fiedler, I.A.; Pujo-Menjouet, L.; Buehler, M.J.; Berteau, J.-P. The different distribution of enzymatic
collagen cross-links found in adult and children bone result in different mechanical behavior of collagen. Bone 2018, 110, 107–114.
[CrossRef]

38. Sweeney, S.M.; Orgel, J.P.; Fertala, A.; McAuliffe, J.D.; Turner, K.R.; Di Lullo, G.A.; Chen, S.; Antipova, O.; Perumal, S.; Ala-Kokko,
L.; et al. Candidate Cell and Matrix Interaction Domains on the Collagen Fibril, the Predominant Protein of Vertebrates. J. Biol.
Chem. 2008, 283, 21187–21197. [CrossRef] [PubMed]

39. Fang, M.; Holl, M.B. Variation in type I collagen fibril nanomorphology: The significance and origin. Bone Key Rep. 2013, 2, 394.
[CrossRef] [PubMed]

40. Gautieri, A.; Vesentini, S.; Redaelli, A.; Buehler, M. Hierarchical Structure and Nanomechanics of Collagen Microfibrils from the
Atomistic Scale Up. Nano Lett. 2011, 11, 757–766. [CrossRef]

41. Watanabe-Nakayama, T.; Itami, M.; Kodera, N.; Ando, T.; Konno, H. High-speed atomic force microscopy reveals strongly
polarized movement of clostridial collagenase along collagen fibrils. Sci. Rep. 2016, 6, 28975. [CrossRef]

42. Buehler, M.J. Nanomechanics of collagen fibrils under varying cross-link densities: Atomistic and continuum studies. J. Mech.
Behav. Biomed. Mater. 2008, 1, 59–67. [CrossRef]

43. Saito, M.; Marumo, K.; Fujii, K.; Ishioka, N. Single-column high-performance liquid chromatographic–fluorescence detection of
immature, mature, and senescent cross-links of collagen. Anal. Biochem. 1997, 253, 26–32. [CrossRef]

44. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys. 1995, 117, 1–19. [CrossRef]
45. Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO—The Open Visualization Tool. Model. Simul.

Mater. Sci. Eng. 2009, 18. [CrossRef]
46. Asaro, R.; Rice, J.R. Strain localization in ductile single crystals. J. Mech. Phys. Solids 1977, 25, 309–338. [CrossRef]
47. Lee, E.H. Elastic-Plastic Deformation at Finite Strains. J. Appl. Mech. 1969, 36, 1–6. [CrossRef]
48. Buehler, M.J.; Ballarini, R. Multiscale Modeling of Biomaterials and Tissues. In Materiomics: Multiscale Mechanics of Biological

Materials and Structures; Springer: Berlin/Heidelberg, Germany, 2013.

http://doi.org/10.1002/jbmr.2705
http://doi.org/10.1098/rsif.2013.0835
http://doi.org/10.1098/rsif.2009.0390
http://doi.org/10.1615/CritRevBiomedEng.v29.i3.20
http://doi.org/10.1115/1.2720918
http://doi.org/10.1016/S0736-0266(03)00113-X
http://doi.org/10.1097/00003086-200110000-00031
http://www.ncbi.nlm.nih.gov/pubmed/11603680
http://doi.org/10.1115/1.2834890
http://doi.org/10.1016/j.ijsolstr.2004.02.057
http://doi.org/10.1016/j.jbiomech.2004.01.030
http://doi.org/10.1002/cnm.3413
http://www.ncbi.nlm.nih.gov/pubmed/33174350
http://doi.org/10.1007/s12178-017-9416-5
http://doi.org/10.1302/2046-3758.32.2000241
http://doi.org/10.1080/000164702321022866
http://www.ncbi.nlm.nih.gov/pubmed/12440502
http://doi.org/10.1073/pnas.0502718103
http://doi.org/10.1016/j.jmbbm.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25153614
http://doi.org/10.1016/j.bone.2018.01.024
http://doi.org/10.1074/jbc.M709319200
http://www.ncbi.nlm.nih.gov/pubmed/18487200
http://doi.org/10.1038/bonekey.2013.128
http://www.ncbi.nlm.nih.gov/pubmed/24422113
http://doi.org/10.1021/nl103943u
http://doi.org/10.1038/srep28975
http://doi.org/10.1016/j.jmbbm.2007.04.001
http://doi.org/10.1006/abio.1997.2350
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1088/0965-0393/18/1/015012
http://doi.org/10.1016/0022-5096(77)90001-1
http://doi.org/10.1115/1.3564580


Appl. Sci. 2021, 11, 8580 15 of 16

49. Yeo, J.; Jung, G.; Tarakanova, A.; Martín-Martínez, F.J.; Qin, Z.; Cheng, Y.; Zhang, Y.-W.; Buehler, M.J. Multiscale modeling
of keratin, collagen, elastin and related human diseases: Perspectives from atomistic to coarse-grained molecular dynamics
simulations. Extrem. Mech. Lett. 2018, 20, 112–124. [CrossRef]

50. Tang, H.; Buehler, M.J.; Moran, B. A Constitutive Model of Soft Tissue: From Nanoscale Collagen to Tissue Continuum. Ann.
Biomed. Eng. 2009, 37, 1117–1130. [CrossRef] [PubMed]

51. Ganesan, Y.; Lu, Y.; Peng, C.; Lu, H.; Ballarini, R.; Lou, J. Development and application of a novel microfabricated device for the
in situ tensile testing of 1-D nanomaterials. J. Microelectromech. Syst. 2010, 19, 675–682. [CrossRef]

52. Malaspina, D.C.; Szleifer, I.; Dhaher, Y. Mechanical properties of a collagen fibril under simulated degradation. J. Mech. Behav.
Biomed. Mater. 2017, 75, 549–557. [CrossRef] [PubMed]

53. Bessa, M.; Elkhodary, K.I.; Liu, W.K.; Belytschko, T.; Moran, B. Nonlinear Finite Elements for Continua and Structures, 2nd ed.;
Solution Manual; John Wiley & Sons: Hoboken, NJ, USA, 2013. [CrossRef]

54. Gasser, T.C.; Holzapfel, G.A. A rate-independent elastoplastic constitutive model for biological fiber-reinforced composites at
finite strains: Continuum basis, algorithmic formulation and finite element implementation. Comput. Mech. 2002, 29, 340–360.
[CrossRef]

55. Martin-Martinez, F.J.; Qin, Z.; Jung, G.; Buehler, M. Multi-scale modeling of nanomaterials: From DFT to molecular dynamics
simulations. In Abstracts of Papers of the American Chemical Society; Amer Chemical Soc: Washington, DC, USA, 2017.

56. Erdemir, A. Open knee: Open source modeling & simulation to enable scientific discovery and clinical care in knee biomechanics.
J. Knee Surg. 2016, 29, 107.

57. Wenger, M.P.; Bozec, L.; Horton, M.A.; Mesquida, P. Mechanical Properties of Collagen Fibrils. Biophys. J. 2007, 93, 1255–1263.
[CrossRef]

58. Misof, K.; Rapp, G.; Fratzl, P. A new molecular model for collagen elasticity based on synchrotron X-ray scattering evidence.
Biophys. J. 1997, 72, 1376–1381. [CrossRef]

59. Gupta, H.S.; Messmer, P.; Roschger, P.; Bernstorff, S.; Klaushofer, K.; Fratzl, P. Synchrotron Diffraction Study of Deformation
Mechanisms in Mineralized Tendon. Phys. Rev. Lett. 2004, 93, 158101. [CrossRef]

60. Brodsky, B.; Persikov, A.V. Molecular Structure of the Collagen Triple Helix. Adv. Protein Chem. 2005, 70, 301–339. [CrossRef]
61. Uzel, S.G.M.; Buehler, M. Nanomechanical sequencing of collagen: Tropocollagen features heterogeneous elastic properties at the

nanoscale. Integr. Biol. 2009, 1, 452–459. [CrossRef] [PubMed]
62. Butler, D.L.; Kay, M.D.; Stouffer, D.C. Comparison of material properties in fascicle-bone units from human patellar tendon and

knee ligaments. J. Biomech. 1986, 19, 425–432. [CrossRef]
63. Bull, A.M.J. Measurement and Computer Simulation of Knee Kinematics; Imperial College London: London, UK, 1999.
64. Bach, J.M.; Hull, M.L. Strain Inhomogeneity in the Anterior Cruciate Ligament Under Application of External and Muscular

Loads. J. Biomech. Eng. 1998, 120, 497–503. [CrossRef] [PubMed]
65. Bach, J.; Hull, M.; Patterson, H. Direct measurement of strain in the posterolateral bundle of the anterior cruciate ligament. J.

Biomech. 1997, 30, 281–283. [CrossRef]
66. Woo, S.L.-Y.; Fox, R.J.; Sakane, M.; Livesay, G.A.; Rudy, T.W.; Fu, F.H. Biomechanics of the ACL: Measurements of in situ force in

the ACL and knee kinematics. Knee 1998, 5, 267–288. [CrossRef]
67. Adouni, M.; Faisal, T.R.; Dhaher, Y.Y. Computational frame of ligament in situ strain in a full knee model. Comput. Biol. Med.

2020, 126, 104012. [CrossRef]
68. Hansen, P.; Kovanen, V.; Hölmich, P.; Krogsgaard, M.; Hansson, P.; Dahl, M.; Hald, M.; Aagaard, P.; Kjaer, M.; Magnusson,

S.P. Micromechanical Properties and Collagen Composition of Ruptured Human Achilles Tendon. Am. J. Sports Med. 2012, 41,
437–443. [CrossRef]

69. Noyes, F.R.; Delucas, J.L.; Torvik, P.J. Biomechanics of Anterior Cruciate Ligament Failure. J. Bone Jt. Surg.-Am. 1974, 56, 236–253.
[CrossRef]

70. Noyes, F.R.; Torvik, P.J.; Hyde, W.B.; DeLucas, J.L. Biomechanics of ligament failure. II. An analysis of immobilization, exercise,
and reconditioning effects in primates. J. Bone Jt. Surg.-Am. 1974, 56, 1406–1418. [CrossRef]

71. Viidik, A. Elasticity and tensile strength of the anterior cruciate ligament in rabbits as influenced by training. Acta Physiol. Scand.
1968, 74, 372–380. [CrossRef]

72. Schenck, R.C., Jr.; Kovach, I.S.; Agarwal, A.; Brummett, R.; Ward, R.A.; Lanctot, D.; Athanasiou, K.A. Cruciate injury patterns in
knee hyperextension: A cadaveric model. Arthroscopy 1999, 15, 489–495. [CrossRef] [PubMed]

73. Hsu, H.S.R. Patellar Tendon Rupture. In StatPearls; 2019. Available online: https://www.ncbi.nlm.nih.gov/books/NBK513275/
(accessed on 12 January 2019).

74. Aalbersberg, S.; Kingma, I.; Ronsky, J.L.; Frayne, R.; Van Dieën, J.H. Orientation of tendons in vivo with active and passive knee
muscles. J. Biomech. 2005, 38, 1780–1788. [CrossRef]

75. Ireland, M.L. The female ACL: Why is it more prone to injury? Orthop. Clin. 2002, 33, 637–651. [CrossRef]
76. Powell, B.S.; Dhaher, Y.Y.; Szleifer, I.G. Review of the Multiscale Effects of Female Sex Hormones on Matrix Metalloprotein-

ase−Mediated Collagen Degradation. Crit. Rev. Biomed. Eng. 2015, 43, 401–428. [CrossRef]
77. Slauterbeck, J.; Hardy, D. Sex Hormones and Knee Ligament Injuries in Female Athletes. Am. J. Med. Sci. 2001, 322, 196–199.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.eml.2018.01.009
http://doi.org/10.1007/s10439-009-9679-0
http://www.ncbi.nlm.nih.gov/pubmed/19353270
http://doi.org/10.1109/JMEMS.2010.2046014
http://doi.org/10.1016/j.jmbbm.2017.08.020
http://www.ncbi.nlm.nih.gov/pubmed/28850925
http://doi.org/10.13140/rg.2.1.2800.0089
http://doi.org/10.1007/s00466-002-0347-6
http://doi.org/10.1529/biophysj.106.103192
http://doi.org/10.1016/S0006-3495(97)78783-6
http://doi.org/10.1103/PhysRevLett.93.158101
http://doi.org/10.1016/s0065-3233(05)70009-7
http://doi.org/10.1039/b906864c
http://www.ncbi.nlm.nih.gov/pubmed/20023755
http://doi.org/10.1016/0021-9290(86)90019-9
http://doi.org/10.1115/1.2798020
http://www.ncbi.nlm.nih.gov/pubmed/10412421
http://doi.org/10.1016/S0021-9290(96)00132-7
http://doi.org/10.1016/S0968-0160(98)00014-3
http://doi.org/10.1016/j.compbiomed.2020.104012
http://doi.org/10.1177/0363546512470617
http://doi.org/10.2106/00004623-197456020-00002
http://doi.org/10.2106/00004623-197456070-00009
http://doi.org/10.1111/j.1365-201X.1968.tb10930.x
http://doi.org/10.1053/ar.1999.v15.0150481
http://www.ncbi.nlm.nih.gov/pubmed/10424552
https://www.ncbi.nlm.nih.gov/books/NBK513275/
http://doi.org/10.1016/j.jbiomech.2004.09.003
http://doi.org/10.1016/S0030-5898(02)00028-7
http://doi.org/10.1615/CritRevBiomedEng.2016016590
http://doi.org/10.1097/00000441-200110000-00008
http://www.ncbi.nlm.nih.gov/pubmed/11678515


Appl. Sci. 2021, 11, 8580 16 of 16

78. Couppe, C.; Hansen, P.; Kongsgaard, M.; Kovanen, V.; Suetta, C.; Aagaard, P.; Kjær, M.; Magnusson, S.P. Mechanical properties
and collagen cross-linking of the patellar tendon in old and young men. J. Appl. Physiol. 2009, 107, 880–886. [CrossRef]

79. Adouni, M.; Shirazi-Adl, A.; Shirazi, R. Computational biodynamics of human knee joint in gait: From muscle forces to cartilage
stresses. J. Biomech. 2012, 45, 2149–2156. [CrossRef] [PubMed]

80. Dhaher, Y.Y.; Salehghaffari, S.; Adouni, M. Anterior laxity, graft-tunnel interaction and surgical design variations during anterior
cruciate ligament reconstruction: A probabilistic simulation of the surgery. J. Biomech. 2016, 49, 3009–3016. [CrossRef] [PubMed]

81. Eyre, D.R.; Wu, J.-J. Collagen Cross-Links. In Collagen: Primer in Structure, Processing and Assembly; Brinckmann, J., Notbohm, H.,
Müller, P.K., Eds.; Springer: Berlin/Heidelberg, Germany, 2005; pp. 207–229.

82. Viguet-Carrin, S.; Garnero, P.; Delmas, P.D. The role of collagen in bone strength. Osteoporos. Int. 2005, 17, 319–336. [CrossRef]
[PubMed]

83. Banse, X.; Sims, T.J.; Bailey, A.J. Mechanical Properties of Adult Vertebral Cancellous Bone: Correlation with Collagen Intermo-
lecular Cross-Links. J. Bone Min. Res. 2002, 17, 1621–1628. [CrossRef]

84. Nanci, A. Content and Distribution of Noncollagenous Matrix Proteins in Bone and Cementum: Relationship to Speed of
Formation and Collagen Packing Density. J. Struct. Biol. 1999, 126, 256–269. [CrossRef] [PubMed]

http://doi.org/10.1152/japplphysiol.00291.2009
http://doi.org/10.1016/j.jbiomech.2012.05.040
http://www.ncbi.nlm.nih.gov/pubmed/22721726
http://doi.org/10.1016/j.jbiomech.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27521187
http://doi.org/10.1007/s00198-005-2035-9
http://www.ncbi.nlm.nih.gov/pubmed/16341622
http://doi.org/10.1359/jbmr.2002.17.9.1621
http://doi.org/10.1006/jsbi.1999.4137
http://www.ncbi.nlm.nih.gov/pubmed/10441531

	Introduction 
	Materials and Methods 
	Collagen Fibril Coarse-Grained Model 
	Fibril Hyper-Elastoplastic Model 
	Connective Tissue Model 
	Molecular Dynamic-Softening Hyperelasticity Approach 
	ACL Model 

	Results 
	Discussion 
	References

