
 

 

 
Abstract—Knee collateral ligaments play a significant role in 

restraining excessive frontal motion (varus/valgus rotations). In this 
investigation, a multiscale frame was developed based on structural 
hierarchies of the collateral ligaments starting from the bottom 
(tropocollagen molecule) to up where the fibred reinforced structure 
established. Experimental data of failure tensile test were considered 
as the principal driver of the developed model. This model was 
calibrated statistically using Bayesian calibration due to the high 
number of unknown parameters. Then the model is scaled up to fit 
the real structure of the collateral ligaments and simulated under 
realistic boundary conditions. Predications have been successful in 
describing the observed transient response of the collateral ligaments 
during tensile test under pre- and post-damage loading conditions. 
Collateral ligaments maximum stresses and strengths were observed 
near to the femoral insertions, a results that is in good agreement with 
experimental investigations. Also for the first time, damage initiation 
and propagation were documented with this model as a function of 
the cross-link density between tropocollagen molecules. 
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I. INTRODUCTION 

HE knee collateral ligaments are mainly dominated by 
parallel-fibered collagen structure (type I) and a small 

percentage of proteoglycan and elastin (less than 20% of the 
solid) [1], [2]. The medial and lateral collateral ligaments 
(MCL and LCL) are considered part of the most frequently 
injured ligamentous structures of the knee joint [3]-[5]. The 
training activities involving varus/valgus knee loading such as 
football, hockey, and skiing, have contributed to the common 
occurrence of collateral ligaments injuries [6]-[8]. The 
biomechanical properties of the collateral ligaments have been 
studied in both human and animal models. In vitro study using 
cadaveric knees, MCL provided 60% of the restraining valgus 
moment at 5 degrees of knee flexion and provided 80% of the 
moment at 25 degrees of knee flexion [9], [10]. This was 
explained by the retrieved energy of the posterior capsule 
during knee flexion. The most intense interest in collateral 
ligament investigation included the structural properties, 
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mechanical behavior, effects of immobilization, and 
ligamentous healing. On the mechanical behavior, MCL and 
anterior cruciate ligaments were characterized by the highest 
yield strength while LCL was the lowest in the tibiofemoral 
joint [10].  

Several theories of increasing complexity have been 
proposed and used to quantitatively assess the temporal 
response of the collateral ligaments, especially MCL. These 
studies were driven by the measured data reported on these 
tissues. Starting from the simple monophasic linear elastic 
model (one-dimensional representation of the ligaments) [11] 
to macro nonlinear porous viscoelastic/elastic fibrils 
reinforced finite elements models (three-dimensional 
representation of the ligaments) [12] were used. These models 
have been quite successful in delivering the measured 
response under low or regular loading rate, but no single 
model has yet been able to describe the real complexity of the 
connective tissue by including the full path from elasticity to 
plasticity (damage). This later was linked to the fibril capacity 
in supporting tensile loading [1], [2]. A clear connection 
between fibrils micro defect and aggregate mechanics of the 
collateral ligaments, if identified, can help to create a clear 
framework for a joint loading under safe physiological 
conditions.  

In this study, we developed a multi-scale constitutive model 
which considers the structural hierarchies of soft tissues [13]. 
This model creates a relationship driven the aggregate 
mechanical behavior of the soft tissues as a function of the 
basic nanoscale properties predicted by molecular simulations. 
We hypothesize that (1) multiscale fibril reinforced hyper-
elastoplastic model may accurately be used to estimate 
transient nonlinear collateral ligaments response and (2) 
nonlinear properties of the ligaments alter substantially with 
the molecular properties changes.  

II. METHOD  

Constitutive model: A multiplicative decomposition of the 
deformation gradient (F) into elastic (Fe) and plastic (Fp) parts 
is considered here to create the fiber reinforced composites 
model of collateral ligaments. Due to the structure and the 
deformation mechanisms of the soft tissues, the plastic flow is 
associated only with the uniaxial deformation of the fibrils (Ff

 

= FP). Therefore, the tissue is considered as hierarchical hyper-
elastoplastic composite material starting from the fibril level 
(1 μm) to continuum macro tissue level (+100 μm). Neo-
Hookean generalized strain energy is used to model the fibril 
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behavior as follows: 
 

ψ I , I μ I I 3   
 

where 𝐼1e = tr (𝐶e = 𝐹e 𝐹eT) and 𝐼4e= n0 𝐶
e n0

t with n0 is the 
fiber direction at the initial configuration. The shear moduli µfl 
is considered as a function of the elastic fibrils deformations 
with  
 

𝜇 𝐼 𝜇 𝑡𝑎𝑛ℎ 𝑎 𝐼 1 𝑎 𝑒𝑥 𝑝 𝑎 𝐼 𝐼   

 
where 𝜇  is the shear modulus of the fibril and ai is 
dimensionless fibril parameters, this hyperbolic function used 
to fit the stiffness evolution of the fibril predicted by 
molecular dynamic simulations during atomistic analyses [13], 
[14]. Moreover, it is postulated that the yield condition (1), the 
plastic strain rate (2) and the flow resistance (3) of the tissue 
are directly related to the effective stress of the fibrils with 
[15]. 
 

𝜎 𝐼 𝑔 𝑐𝛽                         (1) 

 

𝛾 𝛾
/

𝑠𝑖𝑔 𝜎                            (2) 

 
𝛼 𝑡 ℎ𝛾𝑓 𝛼                                   (3) 

 
Here gi +cβ2 represent the yield strength of the fibril which 

is a function of the cross-link density between tropocollagen 

molecules (Fig. 1). This relationship serves as the basis for the 
multi-scale coupling between nanoscale collagen features and 
materials properties at large tissues scales (Fig. 1). 

The fiber of collagen (10 μm) and then the collateral 
ligaments (+100 μm) are modeled as depth-dependent fibril 
reinforced composite material with an incompressible neo-
Hookean total strain energy function as follow:  

 

𝜓 𝐼 , 𝐼 , 𝐼 𝜇 𝐼 3 𝜇 𝐼 3  𝜇 𝐼

𝐼   
 

where 𝐼1f = 𝐼4 + 2 𝐼4
-1/2, 𝐼1ef = 𝐼e4 + 2 𝐼e4

-1/2, µm=vf vfm µm,+vm 
µm , µfl=vf vfl µfl , µ

eff is the effective shear moduli of fibril, vf 
and vfl are volume fraction of the fiber and fibril, respectively, 
µm and µfm are the shear moduli of the matrix of the fiber and 
the matrix of the collateral ligaments, respectively.  

By satisfying both the Clausius-Duhem dissipation 
inequality at the macroscopic continuum level and the 
constraint of the incompressibility of soft tissue, the total 
stress σt can be expressed with fibril σf and no-fibril σnf stress 
tensors as follows:  

 

⎩
⎪
⎨

⎪
⎧

𝜎 𝜎 𝜎  

𝜎
2
𝐽

𝐼
𝜕𝜓

𝜕𝐼
𝑑𝑒𝑣 𝑛 ⊗ 𝑛 𝐼

𝜕𝜓

𝜕𝐼
𝑑𝑒𝑣 𝑛 ⊗ 𝑛  𝑖𝑓 𝐼 1

𝜎 0 𝑖𝑓 𝐼 1

 

 

where n = 𝐹 𝑛  / 𝐹 𝑛   

 

 

Fig. 1 Schematic view of the Hierarchical features of the multi-scale model of the articular cartilage. (AA) Amino acids, (TC) tropocollagen, 
(FL) Fibrils, (FB) Fibers, (MT) Macro tissue, (MCL and LCL) collateral ligaments of the knee model 
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Fig. 2 Posterior probability distribution function (PO-PDF) and mean of calibrated material parameters (Bayesian calibration with 10000 
MCMC). 𝜇  (MUM) Shear modulus of the ligament matrix, 𝜇  (MU0) Shear modulus of the fibril, 𝜇  (MUFM) Shear modulus of the fiber 

matrix, 𝑣  Volume fraction of the fibre, 𝑣  Volume fraction of the fibril, 𝐼  Secondary stiffening of the fibril, 𝑎  Dimensionless fibril 
parameters 
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Model calibration: By considering the above-proposed 
model, 13 parameters (unknowns) were orchestrating the 
micro and macro mechanical behavior of the knee connective 
tissues and most of them related to fibril and fiber properties. 
A statistical calibration is followed to find the unknown 
probability distribution function (PDF) of these parameters 
(MATLAB 2017a, the MathWorks, Natick, 2017). The 
experimental data (normal stresses) used in this study are 
taken from the mean (STD) data of in vitro measurements 
uniaxial tensile failure test [16]. In the Butler study, each 
sample consist of Bone-Ligament-Bone (BLB) structure was 
mounted in a test chamber, to reduce the water loss, of an 
Instron testing machine where the failure test was conducted at 
high strain rate (100% and 50% s-1). Thereafter, the nominal 
stress was measured using an axial load cell. From the above 
experimental data, only four equidistant points are considered 
here as the targeted calibration data with D = (d1 (𝜇 , 𝜎 ), d2 
(𝜇 , 𝜎 ), d3 (𝜇 , 𝜎 ), d4 (𝜇 , 𝜎 )), where μ  and σ  refers to the 
mean and the standard deviation of the nominal stress.  

In order to permit extensive exploration of the parameters, 
space radial basis function (RBF) was considered as an 
approximation of simulation responses (a Meta model created 
based on FE simulation). In this investigation, 𝐺 → 𝜽  
refers to the RBF approximation of the nominal stress as a 
function of the unknown material parameters. The difference 
between the RBF approximation and the experimental target 
points were considered as the likelihood function driven 
Markov Chain Monte Carlo (MCMC) approach, which is used 
numerically to figure out the posterior distribution (PDF); 
representing the Bayesian formulation used during this 
investigation to calibrate the proposed model.  

Collateral ligaments model: The MCL and LCL geometry 
was obtained from a three dimensional whole knee-joint 
model from the OpenKnee public domain repository at 
Simtk.org [17]. The model generated from a right cadaveric 
knee of a female subject, 70 years old, 170 cm height and 77 
kg. The knee specimen was imaged at the Biomechanics 
laboratory of the Cleveland Clinic using a 1.0 Tesla extremity 
MRI scanner. This geometry was then imported into Ansys 19 
(Ansys, Inc, Pennsylvania, United States) a finite element 
package in which an extensive mesh was implemented. 
Continuum- 

based reduced integration eight-node hexahedral elements 
were used to represent the ligaments (5837 elements). A local 
elements system axes were created to allow accurate 
incorporation of collagen networks through ligament 
structures. To examine the validity of the calibrated material 
model, additional simulations were carried out using the above 
realistic geometry of the knee ligaments. The boundary 
conditions were considered here to mimic a realistic map of 
loading. Here, LCL and MCL experienced a regular failure 
tensile testing where the axial load was paralleled to the axis 
of the ligament. 

III. RESULTS 

To figure out the unknown parameters of the multiscale 

ligaments model, nominal stress and yielding stress during 
failure tensile test were competed to fit the experimental data 
[16] statistically. Under low or regular loading condition (max 
10% applied strain), the resulting mean and standard deviation 
of the parameters, governing the material model of the 
ligaments, derived from the 10000 MCMC simulations are 
shown in Fig. 2. With the maximum likelihood set of material 
parameters and those for the selected set of data used during 
the Bayesian calibration (4 points), the computed nominal 
stresses lie well with the experimental measurement. Thus, the 
rest of the measured nominal stresses were fitted well by our 
prediction (Fig. 3). The coefficients of determination (R2) 
were 0.96 and 0.93 for the selected set of data used during 
calibration and the all experimental data considered as a 
reference during the tensile test, respectively.  

At full extension and under pre-yielding loading condition 
(max 10% axial load), the ligaments stress/strain was 
nonuniform at all loading stages (Fig. 4). MCL tensile 
stress/strain reaches their maximal value of 22 MPa at 10% in 
the anterior femoral insertion. The middle bundle supported 
most of the load carried by the LCL. During the failure test 
and when the cross-link density β run between seven and nine, 
the predicted yielding stress/strain match the experimental 
measurement (Figs. 3 and 5). The stiffness of the ligaments 
under axial tension increased significantly by increasing the 
cross link-density between the tropocollagen molecules (Fig. 
5). The stress-strain behavior of the maximal ligaments stress 
showed three different regions before fiber failure. The toe 
region is characterized by small stiffness followed by gradual 
transition and a linear stiffer region.  

 

 

Fig. 3 The total set of experimental data of nominal stress measured 
from the tensile test (EXP) [16], along with FE model predictions 
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(FEP) 

 

Fig. 4 Von Mises stress distribution in the collateral ligaments at 10% 
axial tensile test 

 

 

Fig. 5 Collateral ligaments yield strength prediction under varied 
cross-link density (β) of the tropocollagen molecules 

IV. DISCUSSION  

This work was performed as a first step to delineate the 
interaction between the micro- and macro-scale properties of 
the collateral ligaments (MCL and LCL) under isolated and 
physiological loading conditions. For this purpose, a 
multiscale fibril reinforced hyper-elastoplastic model 
accounting for the structural architecture of the soft tissue, 
starting from tropocollagen molecule that forms fibril to whole 
soft tissue [13], was developed, while driven by reported 
experimental data of failure tensile test [16]. Unknown 

material parameters and ligaments detailed response are 
computed following a statistical calibration procedure yielding 
results that satisfied experimental data measured during failure 
tensile tests while accounting nonlinear properties as a 
function of molecular characteristic. 

The employed ligaments FE model was characterized by a 
set of defined material parameters. Some of these parameters 
were obtained directly from the literature, while others were 
computed from a statistical procedure to fit experimental data 
[16]. The parameters taken from previously published works 
were related directly to the micro- and macro-scale behavior 
of the connectives tissues and widely validated from 
experimental to modeling investigations [13]-[15], [18]. For 
the rest of the determined parameters, only a few or no data 
were available in the literature. These calibrated parameters 
led to a stress-strain curve of the collagen fiber in satisfactory 
agreement with the former experimental and modeling 
investigations [19]-[22]. For the cross-link density parameter 
(β), no published data are available. The lowest value of cross-
link density between the tropocollagen molecules was 
computed for the lateral collateral ligaments (7.5 equivalent 
strength 1018 MPa). This density increased with MCL and 
reached 9.5 (equivalent strength 1392 MPa). After that, the 
predicted posterior distributions (PDF) of the model 
parameters were in good qualitative and quantitative 
agreement with published studies. 

MCL and LCL Ligaments yield strength, as well as 
stiffness, are influenced by the cross-link density between 
tropocollagen molecules (Fig. 5). The range of elasticity of the 
connective tissues substantially increases when the cross-link 
density becomes greater than six, this is due to the relative 
augmentation in the fibrils yield strength. Former observations 
were reported in the literature to explain the slight increase of 
the tendon stiffness and strength with aging by the relative 
elevation in the cross-link density [23], [24]. Our predicted 
patterns of microdamage (plastic change) are in line with 
previously reported ligaments failure patterns [25], [26]. 

In conclusion, the current novel multiscale fibril reinforced 
hyper elastoplastic FE model that accounts for the synergy 
between atomistic and continuum syntheses was used to 
determine the short-term stress/strain collateral ligaments 
response. To the best of our knowledge, this is the first attempt 
to model a ligament from the bottom up, in which prediction is 
dependent on tropocollagen cross-link density. We argue that 
such a modeling effort can be extended to explore and 
understand some pathologies and can be used to guide 
contemporary tissue engineering principles. 
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