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ABSTRACT 

 

Collagen is the most abundant protein in mammals and has special mechanical behavior 

that enables it to play an important role in the structural integrity of many tissues, e.g., 

skin, tendon, bone, cartilage and blood vessels. The mechanical properties of collagen are 

governed by hierarchical mechanisms in different length-scales from molecule to tissue 

level. Currently, there is no multi-scale model that can predict the mechanical properties 

of collagen at macroscopic length scales from the behavior of microstructural elements at 

smaller length scales. This dissertation aimed at developing a multi-scale model using a 

bottom-up approach to predict the elastic and viscoelastic behaviors of collagen at length 

scales spanning from nano to microscale. Creep simulations were performed using 

steered molecular dynamics (SMD) method on collagen molecules, cross-link, and micro-

fibrils with various lengths.  A micro-fibril is considered as a combination of two 

collagen molecules connected by a cross-link. The strain time histories for force levels in 

the range of 10 to 4000 pN were characterized using quasilinear viscoelastic models. 

These models were utilized to make a reduced model of a micro-fibril and the reduced 

models, in turn, were combined to make a model of a fibril up to 300 m in length. The 

micro-fibril and fibril models were validated with available experimental measurements. 

Hydrogen bonds rupture and formation of collagen molecule played a central role in its 
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viscoelastic behavior and were used to estimate the creep growth rate. The propagation of 

force wave in the molecule was shown to be an important factor in providing the time-

dependent properties of the fibrils. This propagation was modeled with delay elements 

and this allowed reducing the micro-fibril model to only three degrees of freedom. In 

conclusion, the results confirmed that the combination of molecular dynamics 

simulations and viscoelastic theory could be successfully utilized to investigate the 

viscoelastic behavior of collagen at small scales. The model reported in this dissertation, 

lays the groundwork for future studies on collagen, particularly in elucidating how each 

particular level of hierarchy affects the overall tissue behavior. 
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1. CHAPTER 1  

 

INTRODUCTION 

 

1.1. Overview 

Collagen is a key component of connective and structural tissues in mammals. It 

constitutes one-third of human proteins. Collagen is also a major part of the extracellular 

matrix and its stiffness facilitates cell differentiation, growth, and pathology. The goals of 

this dissertation were motivated by the fact that there is still no clear understanding of the 

underlying mechanisms behind the mechanical behavior of collagen and collagenous 

tissues in general. The development of constitutive models of connective tissues has been 

a primary focus in biomechanics. These models are mostly phenomenological and 

consider the tissue as a continuum with macroscopic mechanical models that are often 

nonlinear, rate dependent, and may also include directional dependence. Recent 

improvements in experimental methods accompanied by advances in computational 

algorithms and resources have shown that nanoscale mechanisms, from molecular to 

fibrillar level, play a vital role in the overall behavior of collagenous tissues 

The overall goal of this project was to develop a multi-scale computational model 

to describe the mechanical behavior of collagen. The multi-scale model crossed three 

levels of hierarchy, from collagen molecule to micro-fibril, i.e., an assembly of two 

collagen molecules and a cross-link, and eventually to a collagen fibril, which is made of 

several micro-fibrils.  Three specific aims were considered to describe the mechanical 
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properties of collagen the three levels of hierarchy and the findings at lower length scales 

were incorporated into the next level. The modeling at the molecular level was performed 

utilizing steered molecular dynamics (SMD) simulations using the newly developed 

Owlsnest cluster at Temple University. The details of SMD theory and applications are 

briefly explained in Appendix I. Initially, two modes of loading that were available, i.e., 

constant force and constant velocity, were investigated. Preliminary results showed that 

combining the results of these two types of loadings would be beyond the scope of this 

dissertation. For this dissertation, the constant force SMD simulation was chosen. These 

simulations represented in silico creep tests on collagen. Different viscoelastic models 

were characterized based on the SMD results. The characterized models were verified 

with additional SMD simulations, and finally the verified models were validated with 

comparable experimental studies. 

 

1.2. Specific Aims 

1.2.1. Aim 1: Investigation of the mechanical behavior of collagen segments, and 

characterization of a viscoelastic model to predict the mechanical properties of 

the molecule with different lengths. 

The hypothesis of this aim was that the QLV model could describe the 

viscoelastic behavior of collagen segments.  Additionally, the molecule viscoelasticity 

was assumed to be correlated with rupture and formation of hydrogen bonds.  A series of 

SMD simulations were carried out on collagen segments with different lengths and the 

results were utilized to characterize the viscoelastic models.  
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1.2.2. Aim 2: Investigation of the mechanical properties of the intermolecular 

cross-link, and characterization of a viscoelastic model of a micro-fibril. 

The hypothesis of this aim was that the QLV model could be used to predict the 

viscoelastic behavior of the cross-link and the micro-fibril. Additionally, it was 

hypothesized that the speed of force wave propagation in the molecule can be modeled 

with a delay in the reduced micro-fibril model. A series of SMD simulations were 

performed on micro-fibrils with different lengths and viscoelastic models were 

characterized based on the results. At this level, the model could be validated with 

experimental results.  

 

1.2.3. Aim 3: Development of the fibril model using the micro-fibril viscoelastic 

models. 

It was hypothesized that the creep time constant of a fibril model could be 

correlated with the length of the fibril. Discrete models of collagen fibrils with different 

lengths were developed based on the micro-fibril model developed in Aim 2. This model 

was validated based on several reported experimental studies including X-ray diffraction, 

AFM testing, and MEMS testing. 
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1.3. Organization of the Dissertation 

The organization of this dissertation includes three main chapters and an appendix 

that provides a brief description of the molecular dynamics method. Specific Aims 1 and 

2 are written in the form of stand-alone journal papers in Chapter 2 and 3.   

Chapter 2: Viscoelastic modeling of collagen molecule: In this chapter, SMD creep tests 

results for the collagen segments with different lengths are presented and modeled using 

a QLV constitutive model. The main feature of this work is that hydrogen bonds 

rupture/formation trend of the molecule was used to predict its viscoelastic behavior. A 

viscoelastic constitutive model was developed employing cross-disciplinary relationships 

between the mechanical and chemical mechanisms. In addition, the effect of temperature 

control methods in SMD simulations on the mechanical properties was studied. This 

Chapter is already submitted to the Journal of the Mechanical Behavior of Biomedical 

Materials and it is currently in the review process. 

 

Chapter 3: Collagen cross-link modeling: In this chapter, a series of SMD simulations on 

a micro-fibril model were carried out. The micro-fibril model was consisted of two 

collagen molecules that were connected with a cross-link. The atomic structure of a 

lysiononorleucine (LNL) cross-link was constructed to connect the two molecules. The 

QLV theory was employed to model the creep tests data and estimate the viscoelastic 

properties of cross-links. In addition, the theory of wave propagation in rods was used to 

model a delay element that was incorporated in the cross-link model.   

 



5 

 

Chapter 4: Collagen fibril Modeling: In this chapter, the models developed in Chapter 2 

and 3 were combined to develop a constitutive model for the collagen fibril with different 

lengths up to 300 m. Different creep tests were performed on the model, and the elastic 

and viscoelastic properties of the fibril were determined. These properties were compared 

with comparable experimental and computational studies.  

 

Appendix 1: Molecular Dynamics Method: In this appendix, the molecular dynamics 

method is briefly explained. The main formulation and its application in mechanical 

deformation of macromolecules are discussed. 
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2. CHAPTER 2 

 

VISCOELASTIC MODELING OF COLLAGEN MOLECULE 

 

2.1. Abstract 

Unique mechanical properties of collagen molecule make it one of the most 

important and abundant proteins in animals. Many tissues such as connective tissues rely 

on collagen mechanical properties to function properly. In the past decade, molecular 

dynamics (MD) simulations have been used extensively to study the mechanical behavior 

of molecules. For collagen, MD simulations were primarily used to determine its elastic 

properties. In this study, constant force steered MD simulations were used to perform 

creep tests on collagen molecule segments. The mechanical behavior of the segments, 

with lengths of approximately 20 (1X), 38 (2X), 74 (4X), and 290 nm (16X), was 

characterized using a quasi-linear model to describe the observed viscoelastic responses. 

Hydrogen bonds rupture and formation time history of the segments were analyzed, to 

investigate the mechanisms of the viscoelastic behavior. It was shown that the formation 

growth rate of hydrogen bonds in the system was correlated with the creep growth rate of 

the segment (βH = 0.415β). In addition, a linear relationship between hydrogen bonds 

formation growth rate and the length of the segment was quantified. Based on these 

findings, a general viscoelastic model was developed and verified where, using the 

smallest segment as a building block, the viscoelastic properties of larger segments could 

be predicted.  In addition, the effect of temperature control methods on the mechanical 
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properties were studied, and it was shown that application of Langevin Dynamics had 

adverse effect on these properties while the Lowe-Anderson method was shown to be 

more appropriate for this application. This study provides information that is essential for 

multi-scale modeling of collagen fibrils using a bottom-up approach. 

 

2.2. Introduction 

Development of constitutive models for connective tissues has been a primary 

focus in biomechanics.  The approaches have been mostly phenomenological and 

consider the tissue as a continuum with macroscopic mechanical models that are often 

nonlinear, rate dependent and may include directional dependence. Understanding the 

mechanical characteristics of collagen molecule would provide a basis to investigate the 

micromechanics of connective tissues. This knowledge can, in turn, be used to study the 

effect of mutation or disease of collagen on tissue mechanical properties and to determine 

the initiation of micro-failure as a result of trauma among other applications. While 

several microstructural elements may interact in connective tissues, collagen, the main 

protein in their extracellular matrix (ECM), is generally believed to determine their 

structural integrity (Silver, Freeman, Horvath, & Bradica, 2006).  

Organization into a complex hierarchical structure is an important factor for the 

mechanical function of collagen. The first level of collagen structural hierarchy, 

Tropocollagen is a triple-helix protein with an approximate length of 290 nm and 

diameter of about 1.5 nm. This super helix is made up of three polypeptide left-handed 

chains (α chain). The common characteristic of each of these chains is a continuous 

amino acid motif (Gly – X – Y) repeat, where X and Y are mostly proline and 

hydroxyproline, but they can also be any amino acid (Uzel & Buehler, 2011). 
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Tropocollagens have a distinctive cross-striation with a periodicity of 67 nm and five of 

them organize into a micro-fibril. Micro-fibrils wind together to form a fibril (Shoulders 

& Raines, 2009). 

In addition to experimental studies that report elastic (Naoki Sasaki & Odajima, 

1996b; Shen, Dodge, Kahn, Ballarini, & Eppell, 2008; Shen, Kahn, Ballarini, & Eppell, 

2011; Svensson, Hassenkam, Grant, & Magnusson, 2010; van der Rijt, van der Werf, 

Bennink, Dijkstra, & Feijen, 2006; Wenger, Bozec, Horton, & Mesquida, 2007) and 

viscoelastic properties (Sun, Luo, Fertala, & An, 2002; Svensson, Hassenkam, Hansen, & 

Peter Magnusson, 2010) of collagen at the fibrillar scale, computational models at the 

molecular scale have recently become possible by the improvements in computational 

methods and resources.  In most computational models, the elastic properties of collagen 

molecule have been measured using molecular dynamics (MD) simulations (Bhowmik, 

Katti, & Katti, 2009; M. J. Buehler, 2006b, 2008; M. Buehler, 2006; Gautieri, Russo, 

Vesentini, Redaelli, & Buehler, 2010; Gautieri, Vesentini, Montevecchi, & Redaelli, 

2008; S. Pradhan, Katti, & Katti, 2011). There is almost no computational study to 

estimate the viscoelastic properties of collagen molecule except a study by Gautieri et al. 

(Gautieri, Vesentini, Redaelli, & Buehler, 2012) in which the viscoelastic properties of a 

molecule segment were measured using constant force (creep) steered molecular 

dynamics (SMD) simulations. The results were fitted using a linear Kelvin-Voigt (KV) 

viscoelastic model.  

Since the mechanical behavior of collagenous tissues is generally nonlinear 

viscoelastic, the objective of this study was to test the hypothesis that this behavior starts 

at the molecular scale.  A series of SMD creep tests were used to characterize the 

mechanical behavior of collagen homotrimer molecule segments with different lengths. 

Additionally, the underlying atomistic mechanisms of the viscoelastic behavior were 
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investigated based on the trend of rupture and formation of hydrogen bonds (hydrogen 

bonds).  The relationship between hydrogen bonds rupture and formation and significant 

changes in the elastic-plastic behavior of proteins has been demonstrated previously 

(Ghodsi & Kazemi, 2011; Keten & Buehler, 2008a; Lee, Gao, Pinotsis, Wilmanns, & 

Schulten, 2006). In comparison with the previous studies, this work provides more 

detailed viscoelastic modeling of collagen segments. In addition, effects of hydrogen 

bonds rupture/formation mechanims on the mechanical behavior of collagen was also 

investigated and implemented into the model.   

2.3. Materials and methods 

2.3.1. Overview 

We hypothesized that the quasi-linear viscoelastic (QLV) theory that has been 

extensively used to model collagenous tissues (Fung, 1993) could model the viscoelastic 

behavior of collagen molecule. Creep SMD simulations were performed on segments of 

collagen with different lengths, and strain responses were used to characterize the 

viscoelastic properties. The optimized viscoelastic model parameters are expressed mean 

± 95% confidence interval and the coefficient of determination R2 is used as a measure of 

the goodness of fit. 

 

2.3.2. Collagen molecule generation and SMD preparation 

Considering the abundance of proline (Pro – P) and hydroxyproline (Hyp –O) as 

the X and Y amino acids in the tropocollagen structure [24], they were chosen to 
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construct the collagen model. The molecule structure [Gly-Pro-Hyp or GPO] was built 

using the triple helical building script (The BuSCr) developed by Rainey et al. [25, 26]. 

Due to the symmetry, the total length of the molecule was divided into segments with 

different number of GPO building blocks. The fundamental segment with 21 building 

blocks or (GPO)21 was named 1X. The larger segments studied were with 2X, 4X, and 

16X building blocks. A summary of these segments and their characteristics is provided 

in Table 2-1.  

 

Table 2-1: Summary Collagen Segments Characteristics 

 

The SMD simulations were performed using NAMD 2.8 (Phillips et al., 2005), 

with CHARMM force field (MacKerell A. D. et al., 1998). The lack of hydroxyproline 

amino acid parameters in the CHARMM force field was resolved by manually adding its 

Name Structure Atoms 

Initial length 

of segment 

(nm) 

Equilibrated 

length of 

segment (nm) 

Water box size (nm) 

1X (GPO)21 
a 75000 19.4 17.24 25 × 7 × 7 

2X (GPO)41 210000 37.6 35.98 51 × 7 × 7 

4X (GPO)85 455000 74.2 70.66 108  × 7 × 7 

16X (GPO)338 1267000 289.3  257.68 350 × 7 × 7 

a denotes glycine-proline-hydroxyproline (GPO) 
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parameter to the force field using the procedure suggested by Anderson (Anderson, 

2006). The segments were solvated using TIP3P water molecule boxes, and potassium 

chloride (KCl) ions with the concentration of 0.5 mol/L were added to the system 

(Gautieri, Vesentini, et al., 2012) using Visual Molecular Dynamics (VMD) (Humphrey, 

Dalke, & Schulten, 1996). The size of the water box was chosen in a way to ensure that 

the entire protein was embedded in water during the entire simulation. Periodic boundary 

conditions were applied in the simulations, by surrounding the primary box with similar 

systems. An integration time step of 1 fs, which is typically used for simulations 

involving vibrating water molecules, was selected for the simulations. Initial energy 

minimization was carried out for 50000 steps using the conjugate gradient method 

(Phillips et al., 2005). In the next step, the system was equilibrated at the temperature of 

310 K (body temperature) and pressure of 1 atm for 20 ns (Phillips et al., 2005). This 

equilibration time was verified to be sufficient by monitoring the stabilization of the root 

mean square deviation (RMSD) of the alpha-carbons (Cα atoms). The solvated collagen 

molecule segments were used to carry out the creep simulations. The snapshots of 

simulations were rendered by POV-Ray software package (“Persistence of Vision 

Raytracer,” 2004). 

 

2.3.3. System temperature control algorithm 

Since the viscoelastic behavior and temperature are closely related, it was 

necessary to keep the system temperature constant (isothermal deformation), so the 

constitutive model would depend only on force and displacement measures.  Several 

thermostat algorithms are available to keep the temperature constant in MD simulations 

by coupling the system to an external heat bath. Most of the studies in this field have used 
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Langevin dynamics (Gautieri, Vesentini, et al., 2012; Ghodsi & Kazemi, 2011; S. 

Pradhan et al., 2011; S. M. Pradhan, Katti, & Katti, 2012). In this method, additional 

damping and random forces are introduced to control the kinetic energy of the system 

(Kubo, Toda, & Hashitsume, 1991). In the creep tests, since obtaining viscosity and 

mechanical properties are the main objective, the recently implemented Lowe-Anderson 

thermostat that does not add viscosity to the system was used (Koopman & Lowe, 2006). 

This method is a variation of Anderson dynamics (Andersen, 1980) in which each atom 

at each integration time is subjected to a small probability of experiencing a collision 

with the heat bath. Therefore, there is a small probability that the velocity of each atom is 

reassigned during the integration. This method reassigns the velocity of pairs of particles 

located only within a particular distance. New velocities are imposed in a way that the 

angular and linear momentums are conserved. As a result, this thermostat is Galilean 

invariant and advantageous for non-equilibrium MD simulations (Soddemann, Dünweg, 

& Kremer, 2003). This method was recently implemented in the NAMD package.  The 

two thermostats and applying no temperature control were compared in representative 

creep simulations. 

2.3.4. In silico creep tests and modeling 

The creep test is commonly used to characterize the viscoelastic behavior of 

materials. In the classic creep test, the time-dependent displacement resulting from an 

instantaneously applied constant force to one end of the sample is measured while the 

other end is kept fixed. This is in contrast to the to the stress relaxation test in which the 

decreasing stress resulting from an instantaneously applied constant displacement is 

measured. Creep test is easier to implement in the NAMD molecular dynamics package 

and has been previously implemented for collagen molecule by Gautieri et al. (Gautieri, 
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Vesentini, et al., 2012). Their test method was closely followed to setup the model used 

in this study. The three Cα atoms of N-terminal were fixed and a constant force was 

directly applied to the center point of the three Cα atoms of C-terminal, to implement the 

boundary conditions,. Force levels of 500 pN, 1000 pN, 2000 pN, and 4000 pN were used 

on the four segment types. These force levels were selected based on previous studies on 

collagen at molecular and fibrillar scales (Gautieri, Vesentini, et al., 2012; Shen et al., 

2011). 

Figure 2-1: Collagen molecule creep test. (a) Equilibrated collagen molecule 1X segment 

solvated in water box. (b) Schematic view of SMD simulations. A constant force is 

applied to one end of the molecule while the other end is fixed. (c) Schematic plot of 

creep results. The applied force on the molecule is the input and measured increase of 

strain over time is the output of the system. (d) Schematic representation of larger 

segments of collagen molecule constructed from a series of 1X segments. 
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The engineering strain (change in length divided by the equilibrated length of the 

molecule) versus time curves for different levels of applied force were found and the 

creep behavior of the segments (strain vs. applied force) was modeled using the QLV 

theory. In this theory, the molecule strain response to an applied force is captured using 

two separable functions, a steady-state strain function and a reduced creep function. 

Based on the QLV assumption the steady-state strain is only a function of the applied 

force. An exponential form was assumed for the steady-state strain vs. force function 

using the following equation: 

𝜀∞
𝑐 (𝐹) = 𝐴1[1 − exp(−𝐴2𝐹)] 2-1 

in which A1 and A2 are parameters to be determined from the SMD simulations. The 

physical explanation of this curve was studied by considering the unwinding and 

deformation of the molecule and the number of steady-state hydrogen bonds at different 

force levels. The reduced (normalized) creep function was assumed to be a simple 

exponential function, written as:  

𝐽(𝑡) = 1 − exp(−𝛽𝑡) 2-2 

in which β is creep growth rate.  The creep time constant would be  = 1/. The total final 

creep response can be written as: 

𝜀(𝑡, 𝐹) = 𝐽(𝑡)𝜀∞
𝑐 (𝐹) 2-3 

Our objective was to find a model in which one can determine the creep behavior of a 

full-length collagen molecule by adding smaller building blocks. The smallest building 
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block in this study was the 1X segment.  We hypothesized that  for a given segment 

with length L is correlated with the number of hydrogen bonds in the system.   A 

hydrogen bond cut-off distance of 3.5 Å and a cut-off angle of 60° were employed to 

extract the number of hydrogen bonds during loading of the molecule (Ghodsi & Kazemi, 

2011). From the change in the total number of hydrogen bonds (protein-protein and 

protein-solvent) against time, a growth rate (βH) was determined for different lengths of 

the molecule using a simple exponential function similar to Equation 2-2. The hypothesis 

of this study was verified by finding a correlation between  and H.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2: Creep responses of 1X, 2X, 4X, and 16 X collagen segments 

under the applied force of (a) 500 pN, (b) 1000 pN, (c) 2000 pN, and (d) 

4000 pN. 
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2.4. Results 

2.4.1. Analysis of the steady-state response 

The strain of the segments for four force levels are shown in the Figure 2-2. Based 

on these curves and additional simulations with applied forces of 1500pN, 3000 pN, and 

5000 pN, the steady-state strain versus force function was plotted (Figure 2-3a) and the 

coefficients of Equation 2-1were determined as A1 = 0.4456 ± 0.024,  A2 = (6.094 ± 

0.816) × 10-4 pN-1 with R2 = 0.997. To further elucidate this nonlinear behavior, the 

number of collagen segment hydrogen bonds at the steady-state strain were drawn versus 

applied force (Figure 2-3b). Three main regions were detected on this graph. The first 

region (Region I) was for forces less than 1000 pN in which the amount of hydrogen 

bonds rupture increased slowly as the force increased. It was found that in this region, 

collagen segment became straight from its initial curved form. Thus, only a small portion 

of the triple-helix structure unwound and only a few hydrogen bonds ruptured. As the 

force increased from 1000 pN to about 2000 pN (Region II) a significantly larger number 

of hydrogen bonds ruptured as most of the unwinding of the triple-helix structure 

occurred in this region. At the end of Region II, the segment became almost a molecule 

with three straight and untwisted polypeptide chains. As the force passed 2000 pN 

(Region III), again fewer number of hydrogen bonds rupture was observed. In this region, 

individual polypeptide chains covalent bonds deformed and as a result, only small 

changes in strain occurred. To differentiate these regions further, the first derivative of 

the steady-state hydrogen bonds curve was calculated in Matlab (Figure 2-3b) .Region II, 

in which hydrogen bonds rupture is more pronounced, showed a significant drop in the 

first derivative curve with the minimum point occurring at 1250 pN. Steady state SMD 

simulations snapshots of 1X segment are provided in Figure 2-3c. It can be seen that the 
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triple-helix unwound as the force increased and in the case of 4000 pN applied force, 

there was almost no helix.  

 

Figure 2-3: Steady-state creep response. (a) Blue dots represent the steady-state strains 

obtained from MD simulations. Red dotted line is the nonlinear fitted model given in 

Equation 2-1. (b) The number of intramolecular hydrogen bonds at the steady-state 

strain against the applied force. Red dotted line shows the first derivative of the 

hydrogen bonds curve. (c) Snapshots of 1X segments at the steady-state strain. As 

seen, the triple-helix unwinds as the external force increases. In case of higher forces 

(3000 to 5000 pN), most of the collagen mechanical behavior comes from the 

individual polypeptide chains.   
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2.4.2. Viscoelastic modeling 

Reduced creep functions Equation 2-2 were determined and optimized using 

Microsoft Excel Solver. The QLV models are depicted as red lines in Figure 2-4. It was 

verified that the creep responses could be satisfactorily described (R2 > 0.974) using a 

single growth rate . In previous studies, linear elastic and linear viscoelastic models 

were used to describe the mechanical behavior of collagen molecule (M. Buehler, 2006; 

Cusack & Miller, 1979; Gautieri, Vesentini, et al., 2012; Harley, James, Miller, & White, 

1977; Naoki Sasaki & Odajima, 1996b; Sun et al., 2002).  In order to compare the 

nonlinear model developed in this study with the previous ones, a tangent Young’s 

modulus E (instantaneous slope of the stress-strain curve) and a corresponding 

instantaneous viscosity  = E/were calculated.  Region II and particularly force level of 

1500 pN, in which hydrogen bonds rupture and formation mainly determined the 

molecule deformation mechanism, was selected for evaluation of these values.  The 

molecule cross-sectional diameter for these calculations was considered to be 1.5 nm 

(Gautieri, Vesentini, et al., 2012). The tangent modulus was evaluated as E = 4.750 ± 

0.045 GPa. The creep parameters for the QLV model and approximate linear model for 

different segment lengths are summarized in Table 2-2. 
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Table 2-2: Viscoelastic creep parameters: growth rate β, time constant τ, and 

instantaneous viscosity μ. 

 QLV model Linear model 

Segment (ns-¹) (ns)  (Pa.s) 

1X 76.41 0.0131 0.0622 ± 0.0005 

2X 32.13 0.0311 0.1478 ± 0.0014 

4X 13.39 0.0747 0.3547 ± 0.0034 

16X 2.87 0.3484 1.6551 ± 0.0158 

Figure 2-4: Reduced creep functions (Red lines) fitted to the MD creep responses. Note 

that, the time axis is drawn in the logarithmic scale 
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2.4.3. Relationship between creep and hydrogen bonds growth rates 

Representative time history of protein-solvent and collagen intramolecular 

hydrogen bonds for the 4X segment pulled by 2000 pN force are shown in 

Figure 2-6Figure 2-6a and Figure 2-3b. The intramolecular hydrogen bonds decreased as 

the molecule was stretched. However, as the triple-helix unwound and the length of the 

molecule increased there was more accessible surface area for water molecules to form 

new hydrogen bonds with the collagen molecule and this resulted in an increase in the 

number of intermolecular hydrogen bonds. The overall effect was a net increase in the 

number of hydrogen bonds. The overall curve was normalized as represented in 

Figure 2-6c. The overall normalized hydrogen bonds formation curves behaved similarly 

to the reduced creep functions.  The results of exponential fits are summarized in 

Table 2-3.  

The initial hydrogen bonds state of 1X segment is shown in Figure 2-5a. It can be 

seen that hydrogen bonds are distributed over the length of the segment. The total number 

of hydrogen bonds that were extracted included all different types of hydrogen bonds 

examples of which are depicted in Figure 2-5b. 
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Figure 2-5: (a) A snapshot of the segment 1X. The intramolecular hydrogen 

bonds are shown in red lines. (b) A detailed view of hydrogen bonds 

configurations showing examples of bonds between different chains and in one 

chain. 
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Figure 2-6. Representative hydrogen bonds analysis in creep simulations 

extracted from the 4X collagen segment under 2000 pN force. (a) Time 

history of number of collagen-solvent hydrogen bonds. (b) Number of 

collagen intramolecular hydrogen bonds over time. (c) Total number of 

hydrogen bonds (normalized) in the system. A net hydrogen bonds formation 

can be seen in the entire system as a result of the applied force.  
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Table 2-3: Hydrogen bonds growth rates βH (ns-1) for different force levels. 

Segment     500 pN 1000 pN 2000 pN 4000 pN Mean ± SD 

1X 29.1 31.2 33.2 35.1 32.2 ± 2.23 

2X 9.9 11.5 12.9 14.8 12.3 ± 1.80 

4X 4.8 4.9 5.2 6.9 5.50 ± 0.85 

16X 1.1 1.2 1.4 1.5 1.30 ± 0.16 

 

A strong linear correlation was found between the creep and hydrogen bonds 

growth rates (Figure 2-7a) which can be written as:  

𝛽𝐻 = (0.4149 ± 0.0221)𝛽 2-4 

Additionally, a strong linear correlation was found between the hydrogen bonds growth 

rate and the length of the segments on the log scale (Figure 2-7b).  This relationship can 

be written as: 

𝐿𝑜𝑔(𝛽𝐻 𝛽𝐻
1𝑋⁄ ) = (−1.281 ± 0.059)𝐿𝑜𝑔(𝐿 𝐿1𝑋⁄ ) 2-5 

in which βH
1X and L1X are the 1X segment hydrogen bonds growth rate and length, 

respectively. By combining 2-4 and 2-5, for a given L the value of  can be estimated. 

The estimated  was compared with the original ’s measured from SMD simulation, and 

their ratio was found to be 1.01 ± 0.07, which confirmed the applicability of the proposed 

model. 
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2.5. Discussion 

We reported findings from SMD simulations on different collagen molecule 

segments. The SMD simulations revealed that applying a constant force on the segments, 

resulted in exponentially increasing strain until an asymptotic value was reached. The 

Figure 2-7: Hydrogen bonds analysis. (a) Creep growth rate versus hydrogen 

bonds formation growth rate. Different points at each  correspond to 

different force levels. (b) Decrease in hydrogen bonds growth rate as the 

length of the molecule increases. R2 values for linear regression lines (blue 

dashed lines) are provided. 
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quasi-linear viscoelastic theory was utilized to model the creep response of the segments. 

The QLV model has the advantage of decoupling the creep response into a force-

dependent nonlinear elastic response and a time-dependent reduced creep function.  This 

is an improvement to previous studies where only linear elastic (S. Pradhan et al., 2011) 

or linear viscoelastic (Gautieri, Vesentini, et al., 2012) models were implemented. The 

estimated tangent elastic (Young’s) modulus at the force level of 1500 pN is comparable 

with the values obtained from different experimental measurements and computational 

studies as summarized in Table 2-4. The variability in the Young’s modulus seen in this 

table can be attributed to the fact that the mechanical behavior is nonlinear and rate 

dependent.  As a result, depending on the loading range and rate of the test protocol, 

different values were obtained.  The value selected for this study is the steady-state 

Young’s modulus in a region where the mechanical behavior is primarily determined by 

the hydrogen bonds rupture/formation. 

 

Table 2-4: Comparison of the Young’s modulus of collagen molecule 

Approach 
Young’s modulus 

(GPa) 

Brillouin light scattering (Harley et al., 1977) 9.0 

Brillouin light scattering (Cusack & Miller, 1979) 5.1 

Optical trap (Sun et al., 2002) 0.35 – 12 

Atomistic simulation (Gautieri, Vesentini, et al., 2012) 5.4 

Atomistic simulation (S. Pradhan et al., 2011) 4 - 14 

Present work 4.75 ± 0.045 

 

Before the QLV model was implemented, it was verified that the reduced creep 

function was independent of the applied force level. Initially, a separate reduced creep 
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function was fitted to each force level. It was observed that the creep growth rate 

increased at higher force levels. However, since this increase was less than 5% for the 

range of forces applied in this study, it was concluded that the QLV assumption is 

acceptable.  The highest force level applied in this study (4000 pN) is already 

significantly higher than the forces measured in experiments (Cusack & Miller, 1979; 

Shen et al., 2011; Sun et al., 2002).  Therefore, it was concluded that a viscoelastic model 

that can describe the mechanical behavior of the molecule to this force level is sufficient.  

The QLV growth rate for each segment together with the estimated tangent 

Young’s modulus were used to calculate an instantaneous viscosity for the segments. The 

values were in the range of 0.062 ± 0.001 (16X) to 1.66 ± 0.016 (1X) Pa.s.  The 1X value 

is significantly smaller than the only corresponding value reported in the literature (3.84 

± 0.38 GPa (Gautieri, Vesentini, et al., 2012)).  This difference can be attributed to the 

temperature control used in the SMD simulations.  

In this study, the Lowe-Anderson thermostat was used in contrast to the Langevin 

dynamics that was used in (Gautieri, Vesentini, et al., 2012). To investigate the effect of 

the different thermostat algorithms on the viscoelastic properties, a series of SMD 

simulations with no temperature control and Langevin dynamics with different damping 

coefficient (k = 1, 5, 10 ps-1) were carried out on the 1X segment of 1000 pN force and 

the results were compared with the result obtained using the Lowe-Anderson thermostat. 

The creep responses and changes in temperature are depicted in the Figure 2-8a and 

Figure 2-8b respectively. It can be seen that with no temperature control, the temperature 

rises approximately 20 K while all temperature control algorithms keep the temperature 

approximately constant at 310 K. Regarding the  mechanical behavior, however, the 

creep response with no temperature control and Lowe-Anderson thermostat are almost 

the same while the results with Langevin dynamics are notably different.  The creep 
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response with Langevin dynamics reaches the steady-state at a longer time and may 

exhibit significantly smaller grow rates or higher viscosity (depending on the damping 

coefficient k).  

 

 

Figure 2-8: Temperature control is demonstrated in MD simulation of 1X segment 

with 1000 pN force. Langevin dynamics with different damping coefficient (k = 1, 

5, and 10 ps-1) is compared with the Lowe-Anderson thermostat approach and no 

temperature control. (a) The creep response of collagen using Lowe-Anderson 

temperature control is almost the same as when the temperature control is disabled. 

On the contrary, using Langevin dynamics adds viscosity to the system. (b) 

Temperature control ability is the same for different thermostats and the 

temperature is kept approximately at 310K. 
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While the QLV model does not have an exact discrete representation, an 

approximate discrete model, as shown in Figure 2-9, is helpful to better demonstrate the 

mechanism of deformation of the segments.   The 1X segment can be considered as a 

Voigt model with a spring (with instantaneous stiffness E(F)) in parallel with a dashpot. 

In the actual QLV model, the dashpot coefficient is variable so that the growth rate stays 

constant. As the length of the segment is increased, its effective viscosity is also 

increased, which is represented by additional dashpots in parallel with the original Voigt 

model. The additional viscosity is a result of net formation (increase in the number) of 

hydrogen bonds.  Nevertheless, the steady state creep strain of the model, as was 

observed in SMD simulations, is independent of the number of dashpots (length of the 

molecule).  
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Due to high occurrence of amino acid motif of (Gly-Pro-Hyp or GPH) (Miles, 

Sims, Camacho, & Bailey, 2002), (GPH) motif was used as the only amino acids triplet 

in this study for simplification. While the physiological collagen molecules are not 

constructed by ideal triple-helix chains and their mechanical properties could be different 

from what we found in this study, the same methodology can be applied to a wider range 

of amino acid motifs. The length of the 1X segment may need to be adjusted based on the 

type of the motif.  The presented methodology could be particularly applicable to studies 

Figure 2-9: Schematic of discrete representation of viscoelastic model of collagen 

segments. A single spring represents the steady state elastic behavior and is in parallel 

with several dashpots depending on the length of the segment. As the length of the 

segment is increased, more dashpots are added to account for the observed increased 

viscosity. 
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investigating the effect mutated motifs in small segments and predict their effects on the 

mechanical behavior of the whole collagen molecule.  

We emphasize the significance of Equation 2-4,which is a relationship between 

two essentially different quantities. The creep growth rate (β) describes the deformation 

of the molecule whereas the hydrogen bonds growth rate (βH) describes the rate at which 

hydrogen bonds are formed. Therefore, a quantity that is chemical is related to a quantity 

that is mechanical. As more hydrogen bonds are formed, they slow down the deformation 

and, therefore, a creep behavior is observed. The form of this cross-disciplinary 

relationship is expected to be dependent on the geometry of the molecule and the 

chemical composition of the molecule and the solvent. In this study, a linear relationship 

was determined, which showed that the mechanical growth rate was almost twice of the 

chemical growth rate. The linear dependence of these two quantities could mean that for 

collagen molecule, the hydrogen bonds rupture/formation is the primary mechanism of 

the viscoelastic behavior.  

It should be noted that the hydrogen bonds analysis in this study was focused on 

the total number of hydrogen bonds. A more detail investigation on the effects of 

different types of hydrogen bonds and the energies associated with them could provide 

additional insight into the origins of the viscoelastic behavior of the molecule.  

2.6. Conclusions 

The creep response of 20 nm collagen segment and larger segments with 2X, 4X, 

and 16X in size were studied. Utilizing the hydrogen bonds rupture/formation 

mechanisms and a correlation between the net formation of hydrogen bonds and creep 

behavior, a QLV model for collagen segment with different lengths was developed. The 

growth rates, calculated from this model, were verified by those obtained directly from 
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SMD simulations. Overall, it was shown that the growth rate of hydrogen bonds net 

formation has a linear relationship with the creep growth rate. In addition, it was found 

that hydrogen bonds formation growth rate could be quantified based on the length of the 

segment.  

Different thermostats were compared, and it was concluded that utilizing 

Langevin dynamics in studies focused on determining the mechanical properties, could 

disturb the results, and result in high viscosities. On the contrary, Lowe-Anderson 

thermostat did not affect the mechanical behavior of the creep response.   

Future studies, using the described model, could investigate further the 

dependence of the mechanical properties of collagen molecule on the amino acid 

sequence. The results reported in this article, would be an important part of more general 

multi-scale models, in which several collagen molecules organize into a fibril.  
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3. CHAPTER 3 

 

COLLAGEN CROSS-LINK MODELING 

 

3.1. Abstract 

Collagen fibril is a major component of structural tissues such as bone, tendon, 

blood vessels, and skin. The mechanical properties of this highly hierarchical structure 

are greatly influenced by the presence of covalent cross-links between individual 

collagen molecules.  This study investigates the viscoelastic behavior of collagen cross-

link based on creep tests simulations with steered molecular dynamics (SMD) and 

applied forces in the range or 10 to 2000 pN.  The viscoelastic model of the cross-link 

was combined with a previously derived model of the molecule to develop a simplified 

viscoelastic model for collagen micro-fibril consisting of two collagen segments with 

varying lengths and a cross-link region between them. The observed viscoelastic 

responses were characterized using a quasi-linear model. It was found that the collagen 

fibril assembly had a Young’s modulus ranging from 2.24 to 3.27 GPa, which is in 

agreement with experimental measurements.  The propagation of longitudinal force wave 

along the molecule was implemented by adding delay elements to the viscoelastic model 

of the micro-fibril.  The wave speed was found to be correlated with the speed of one-

dimensional elastic waves in rods.  The presented reduced model with three degrees of 

freedom can serve as a building block for developing longer models of collagen fibril. 
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3.2. Introduction 

Structural and connective tissues in mammals are mainly comprised of collagen-

rich materials, and therefore a comprehensive understanding of collagen mechanical 

characteristics would provide a basis to investigate many physiological problems 

affecting these tissues (Peter Fratzl, 2008; Haut & Little, 1972). A well-organized 

hierarchical structure can be distinguished in most of the collagenous tissues such as 

bone, tendon, cartilage or blood vessels (P Fratzl & Weinkamer, 2007; Uzel & Buehler, 

2011). In tendon, for example, five distinct structural levels can be recognized as: the 

collagen molecule, the collagen fibril, the fibril bundle, the fascicle, and the whole tendon 

(Shen et al., 2011).  This complex hierarchical structure and, in general, interactions 

between distinct sub-structures have a fundamental effect on the mechanical behavior of 

collagenous tissues. Additionally, viscoelasticity is an important feature of connective 

tissues (Fung, 1993), however, the force transmission between these levels and 

contribution of each level on the overall viscoelastic behavior are not fully understood 

(Silver et al., 2006).  

At the tissue and fiber level, investigations on the viscoelastic behavior have been 

reported for last few decades. Creep and relaxation tests have been performed on tendons 

(Haut & Little, 1972; Johnson et al., 1994; N Sasaki, Shukunami, Matsushima, & Izumi, 

1999; Wang & Ker, 1995; Wren, Lindsey, Beaupré, & Carter, 2003; Wu, 2006), 

ligaments (Abramowitch & Woo, 2004), and cartilage (Egan, 1987; Huang, Mow, & 

Ateshian, 2001). Phenomenological constitutive models were developed to describe the 

viscoelastic behavior of collagenous tissues and collagen fibers (Puxkandl et al., 2002; 

Woo, Johnson, & Smith, 1993). At the fibrillar level, direct mechanical measurements 

using atomic force microscopy (AFM) (Heim, Koob, & Matthews, 2007; van der Rijt et 

al., 2006) and micromechanical systems (MEMS) (Eppell, Smith, Kahn, & Ballarini, 
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2006; Shen et al., 2008; Shen, Dodge, Kahn, Ballarini, & Eppell, 2010) were performed 

to investigate the elastic modulus and strength of a single fibril. Recently, a few 

investigations on viscoelastic properties of collagen fibrils were reported (Shen et al., 

2011; Svensson, Hassenkam, Hansen, et al., 2010). At the lowest hierarchical (molecular) 

scale, experimental and computational procedures were employed to explore the elastic 

(M. J. Buehler, 2006a; Cusack & Miller, 1979; Gautieri et al., 2008; Sun et al., 2002) and 

viscoelastic (Gautieri, Vesentini, et al., 2012) properties of collagen molecule. 

It is generally believed that intermolecular covalent cross-links between collagen 

molecules play a fundamental role in the fibril mechanical behavior as cross-links 

transfer force from one molecule to another. To the best of our knowledge, only two 

studies were focused on the mechanical behavior of intermolecular cross-link (M. J. 

Buehler, 2008; Uzel & Buehler, 2011). Buehler et al. (M. J. Buehler, 2008)  investigated 

the effect of the number of cross-links on the elastic and fracture properties of the micro-

fibril. Uzel et al. (Uzel & Buehler, 2011) developed a molecular model of the cross-link 

in a fibril of type I collagen and reported the force response of the fibril model to constant 

velocity input. In their paper, they did not develop a constitutive model. In this study, the 

viscoelastic behavior of the cross-link in a collagen fibril is characterized, for the first 

time, based on constant force inputs. The results are summarized into a reduced 

constitutive model to describe the viscoelastic behavior of a fibril fundamental unit 

(micro-fibril) consisting of two collagen molecules and a cross link. 
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3.3. Materials and Methods 

3.3.1. Overview 

To investigate the mechanical response of a micro-fibril, a series of constant force 

SMD simulations were carried out. The micro-fibril consisted of two collagen molecules 

connected with one cross-link. The quasi-linear viscoelastic (QLV) theory (Fung, 1993) 

was employed to model the viscoelastic behavior of collagen and cross-link molecules. 

The creep strain responses obtained from SMD simulations were used to characterize the 

viscoelastic material properties. Three fibril models with different lengths (Cases I, II and 

III) were constructed and studied to understand the influence of the cross-link on the 

deformation mechanisms of the micro-fibril. These length were chosen to make 

simulations more computationally affordable, however they didn’t have any 

physiological importance. The derived cross-link viscoelastic properties were, in turn, 

employed together with the viscoelastic models of collagen molecule derived in Chapter 

two, to develop a constitutive model for the whole micro-fibril. Particular attention was 

paid to the wave propagation in the molecules and its effects on the time-dependent 

behavior of the micro-fibril. 

 

3.3.2. Collagen and cross-link molecular structure – simulations preparation 

To construct the atomic structure of a micro-fibril, collagen segments [(Gly-Pro-

Hyp) 85]3 , [(GPO)170]3, and [(GPO)338]3  were generated for Cases I, II, and III 

respectively. Identical molecules were used as N-terminal and C-terminal molecules. 

Case III represents a micro-fibril with two full-length collagen molecules.  The collagen 
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molecule structures were built using the triple helical building script (The BuSCr) 

developed by Rainey et al. (Rainey & Goh, 2004). Telopeptides that are the non-helical 

domains were only considered for the C-terminus region of the triple-helix structure for 

the purpose of forming the cross-link. The C-telopeptides sequences of human were 

obtained from Genbank RegSeq NM_000088.3 (SAGFDFSFL PQPPQEKAH 

DGGRYYRA) and NM_00089.3 (GGGYDFGYD GDFYRA) that are reported in 

www.le.ac.uk/ge/collagen/COL1A1_numbering.pdf and 

www.le.ac.uk/ge/collagen/COL1A2_numbering.pdf (Uzel & Buehler, 2011). Using the 

Molefacture plugin from the Visual Molecular Dynamics (VMD) (Humphrey et al., 

1996), these sequences were added to the two α1 chains and the α2 chain. The two 

collagen molecules were positioned in a way to mimic the overlap zone of a micro-fibril. 

This zone has an approximate length of 0.46D where D is the D-spacing distance of 67 

nm. Two α1 chains telopeptides were manipulated in a hair-pin/hook shape to match the 

particular structure suggested in a previous study (Orgel, Wess, & Miller, 2000) 

(Figure 3-1a and b) . Lysyl oxidase and lysyl hydroxylase are intra- and extracellular 

enzymes that mediate the convert of specific lysines to allysyl residue, and the side chain 

ε-amino group of telopeptide lysines and hydroxylysines into aldehyde groups (Kwansa, 

De Vita, & Freeman, 2014). The focus of this study is on allysine-based lysinonorleucine 

(LNL) cross-link. A similar approach to that as explained in (Uzel & Buehler, 2011) was 

used to develop a molecular model of the cross-link in a micro-fibril. Lysine (K) in the C-

terminal telopeptide react to lysyl oxidase to form allysine and ultimately result in the 

LNL cross-link. It has been shown that the cross-link occurs between lysine 17 and lysine 

87 of C-terminal telopeptide and N-terminus region of the triple helix of the adjacent 

molecule respectively (Orgel et al., 2000). In the present study, the atomic structure of 

collagen was in the simplified form of (GPO). The 87 residue of N-terminal triple helix, 

http://www.le.ac.uk/ge/collagen/COL1A1_numbering.pdf
http://www.le.ac.uk/ge/collagen/COL1A2_numbering.pdf
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which was a hydroxyproline residue (O), was manually changed to a lysine residue (K). 

To implement the chemical structure of the LNL cross-link, the amino group of the C-

telopeptide K17 together with all the hydrogen atoms of the other amino group of N-

terminus triple-helix 87 were removed. A covalent bond between N and C atoms of NH 

and Methylene (CH2) groups was manually added to the molecular structure file (PSF 

file) (Eyre, Weis, & Wu, 2008; Uzel & Buehler, 2011) (Figure 3-1c and d). It should be 

noted that the type of cross-link that was used in this study is in fact an immature cross-

link structure (Eyre, Weis, & Wu, 2008).  

 

Figure 3-1: (a) Cross-link assembly representations. (b) Schematic representation of the 

cross-link region. (c) The allysine cross-linking pathway. (d) Chemical structure of the 

constructed cross-link.  
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The SMD simulations were performed using NAMD 2.8 (Phillips et al., 2005), 

with CHARMM force field (MacKerell A. D. et al., 1998). Hydroxyproline amino acid 

parameters were manually added to the CHARMM force field using the procedure 

suggested by Anderson (Anderson, 2006). The molecules were solvated using TIP3P 

water molecule box and potassium chloride (KCl) ions, with the concentration of 0.5 

mol/L, were incorporated into the system (Ghodsi & Kazemi, 2011). The size of the 

water box was chosen in a way to ensure that the entire protein was embedded in water 

during the entire simulation. An integration time step of 1 fs that is common for this type 

of simulations was used. Energy minimization for 50000 conjugate gradient steps were 

performed to achieve a local minimum in the energy landscape of the system (Phillips et 

al., 2005). Subsequently, the system was equilibrated in order to reach a relaxed state. 

During the equilibrium process, the system temperature was gradually raised to 310K 

(body temperature) and was kept constant this temperature during the SMD simulation. 

The Lowe-Andersen thermostat with a cut-off distance of 2.7 Å and collision rate of 50 

ps-1 was employed to control the kinematic energy of the system (Koopman & Lowe, 

2006). The equilibrium time of 20 ns was verified to be sufficient by monitoring the root 

mean square deviation (RMSD) of the alpha-carbons (Cα-atoms) to reach a constant 

value with fluctuations of less than 3.0 Å. 

 

3.3.3. In silico creep test and modeling 

In order to mimic a creep test, constant force SMD simulations were performed 

on the three cases of micro-fibrils. To implement the boundary conditions, the three Cα-

atoms of the top molecule N-terminal were fixed and a constant force was directly 

applied to the center point of the three Cα-atoms of the bottom collagen C-terminal. 



39 

 

Force levels of 50, 100, 250, 500, 1000, and 2000 pN were used. These forces were 

selected based on previous studies (Gautieri, Vesentini, et al., 2012) and based on the fact 

that higher forces would cause exessive deformation in the cross-link.  

The measures of strain are depicted in Figure 3-2. For the entire micro-fibril, an 

overall tensile-type strain was considered.  

𝜀𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 = ∆𝐿1 𝐿⁄  3-1 

in which ∆𝐿1 and L are the change in length and the initial length of the micro-fibril 

respectively. For the cross-link, however, due to the nature of its deformation, a shear-

type strain was defined. 

𝜀𝑐𝑟𝑜𝑠𝑠−𝑙𝑖𝑛𝑘 = ∆𝐿2 ℎ⁄  3-2 

in which ∆𝐿2 is the change in length of the cross-link parallel to the molecule and h is the 

length of the cross-link that is perpendicular to the direction of the molecule. The region 

consisting of the three C-telopeptide chains and the cross-link itself were considered as 

the cross-link region for the purpose of measuring εcross-link.  

Figure 3-2: Definitions of strain in micro-fibril [(GPO)85]. (a) A tensile strain 

was considered for the whole micro-fibril (b) A shearing strain was used for the 

cross-link. 
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Based on the QLV theory, the molecule strain was assumed to consist of two 

separable functions, a steady-state strain which was only a function of force 𝜀∞
𝑐 (𝐹) and a 

reduced creep function of time 𝐽(𝑡) which added time-dependancy to the model. 

𝜀(𝑡, 𝐹) = 𝐽(𝑡)𝜀∞
𝑐 (𝐹) 3-3 

The QLV assumption was verified by comparing 𝐽(𝑡) for different input force levels. The 

optimized viscoelastic model parameters are expressed as mean ± 95% confidence 

interval and the coefficient of determination R2 is used as a measure of the goodness of 

fit.  

3.4. Results 

3.4.1.  Creep responses of micro-fibril and cross-link 

The strain-time response of Case I micro-fibril under all force levels is depicted in 

the Figure 3-3. As can be seen, the steady-state response is reached after the 0.2 – 0.8 ns 

range. It is also evident that the compliance is decreased as the input force is increased 

which is an indication of a nonlinear creep response. A comparison of micro-fibril 

responses for Cases I, II, and III is given in Figure 3-4.  For simplicity, three force levels 

of 100, 500, and 1000 pN were selected for this comparison. It can be seen that, similar to 

Figure 3-3, the steady-state strain increased for higher input forces. However, it 

decreased for larger molecule sizes. The creep responses of only the cross-link region for 

the six input force levels are shown in Figure 3-5. These curves were obtained from the 

Case I micro-fibril. However, it is expected that other cases would give the same results.  
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Figure 3-4: Creep response of the Cases I, II, and III. 

Figure 3-3: Creep responses of the micro-fibril (Case I) under 

application of all the force levels. 
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3.4.2. Cross-link creep behavior 

Based on the curves in Figure 3-5, the steady-state strain versus force was plotted 

(Figure 3-6) and a bilinear function, in form of Equation 3-4, was fitted to the results with 

500 pN force considered to be the cut-off force. 

𝜀∞
𝑐 (𝐹) = {

𝐴1𝐹𝐹 ≤ 500𝑝𝑁
𝐴2𝐹 + 𝐴3𝐹 > 500𝑝𝑁

  3-4 

in which the coefficients were determined as: A1 = (3.383 ± 0.188) × 10-3 pN-1 for the first 

slope, A2 = (7.741 ± 9.019) × 10-4 pN-1 for the second slope, and A3 = 1.325 ± 1.194 with 

R2 = 0.997 and 0.992, respectively. 

 

 

Figure 3-5: Creep response of the cross-link region 
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The strain-time curves from Figure 3-5 were normalized based on their maximum 

value (Figure 3-7). As can be seen, after about 0.7 ns the steady-state strain was reached. 

It was found that the growth of the creep response started after some delay that was more 

pronounced at lower forces. This delay could be partly attributed to the time that was 

required for the force wave to propagate from one end of the molecule (C-terminal) to the 

other end (N-terminal). Another contributing factor to the delay could be the curved 

structure of the molecule that partially unwound due to the applied force. In order to 

isolate the creep response from the wave propagation effect, the delay times were 

determined and removed to align the reduced creep functions for different force levels 

Figure 3-6: Steady-state creep response of cross-link region. As shown, 

a bilinear function was found to be sufficient to capture the steady-state 

strain.  
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(Figure 3-7). A single reduced creep function was assumed (Equation 3-5) and the growth 

rate β was determined based least square minimization using Microsoft Excel Solver.  

𝐽(𝑡) = 1 − exp(−𝛽𝑡) 3-5 

Equation 3-5 was found to be a good representative of the creep behavior (R2 = 0.994) 

and the obtained value for  was 6.286 ± 0.695 ns-1. 
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Figure 3-7: Normalized creep response (Case I) (a) The delay time prior to the 

main response is visible for lower force levels (b) The creep response after 

removing the delay. Reduced creep functions were fitted on the results. 
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3.4.3. Micro-fibril model 

In order to characterize the creep behavior of the micro-fibril, the creep responses 

of the three components (N-terminal molecule, cross-link, and C-terminal molecule) were 

added in a serial fashion. The viscoelastic constitutive model of collagen molecule 

developed chapter 2 was utilized for the N-terminal and C-terminal molecules. The 

material parameters of the micro-fibril model are summarized in Table 3.1. The growth 

rates in the molecules in Cases I, II, and III depended on their lengths while the growth 

rate of the cross-link was the same as determined in the previous section. The steady state 

strains in molecules and cross-link depended on the applied force and are shown for three 

force levels of 100, 500, and 1000 pN. The delay that was removed when determining the 

cross-link growth rate was added to the cross-link and the C-terminal molecule responses. 

Comparison between the creep behaviors determined from SMD simulations and 

viscoelastic model for the three selected force levels are shown in Figure 3-8. A good 

agreement is evident between the two results with R2 > 0.988. 
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To investigate the factors contributing to the delay in the viscoelastic response, a 

series of SMD simulations on collagen segments of with different lengths ([(GPO)21]3, 

[(GPO)42]3, [(GPO)85]3, [(GPO)150]3, and [(GPO)338]3) were performed. In these SMD 

simulations, one end of the molecule was not fixed and it could freely move. A constant 

force of 10, 50, 100, 250, 500, 1000 pN was applied at the other end. Figure 3-9 depicts 

snapshots of the SMD simulation on segment [(GPO)85]3 under the application of 50 pN 

force. The time (delay) required for the deformation to reach the other end of the 

molecule, i.e., when the free end started to move, was determined.  This time found by 

comparing the displacement of the center of masses of the three Cα-atoms at the C-

terminal where force initially acted, and at the N-terminal where the delayed 

Figure 3-8: Strains calculated from the micro-fibril model (red lines), comparing with the 
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displacement started. A moving average scheme with ten bins was employed to remove 

the noise. Figure 3-10 depicts the displacements at the ends of [(GPO)85]3. 

It was shown in an earlier work (Young, Edwards, & Gräter, 2013), that the 

velocity of propagation of longitudinal waves in proteins could be estimated by the 

Newton-Laplace equation 𝑣𝑡 =√𝐸/𝜌, where E is the Young’s modulus and ρ is the 

Figure 3-9: Snapshots of the collagen segment [(GPO)85]3 while being stretched 

by 50 pN force. In this case, it took about 0.1 ns for the force wave to travel through the 

molecule and reach the free end. 

 

Figure 3-10: The displacements at the two end of the collagen segment. The 

blue and green dots are the observed displacement at the 3 rightmost and leftmost Cα-

atoms, respectively. Solid lines represent the moving average of the respective 

displacement. 
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density of the molecule. This equation results from the solution of one-dimensional wave 

propagation in rods. From the MD program, the density was determined as ρ = 1.00204 × 

10+3 Kg/m3. The quasi-static Young’s modulus was estimated based on the steady-state 

elastic response (Equation 2-1) and the applied force. The growth rate was estimated 

based on the size of the molecule (Equations 2-4 and 2-5) and based on the observed 

delay and the reduced creep function (Equation 2-2), the quasi-static Young’s modulus 

was scaled to obtain the effective dynamic Young’s modulus. The theoretical wave 

velocity 𝑣𝑡 was compared with the velocity measured in the molecule 𝑣𝑚 based on the 

measured delays as shown in Fig. 11.  

 

 

Figure 3-11: Comparison between force propagation velocities obtained from the 

theory (vt) and direct MD simulations (vm) for different applied forces. 
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 A linear relationship was found between these quantities that can be written as: 

𝑣𝑚 = (0.803 ± 0.073)𝑣𝑡 − (1080.1 ± 305.2) 3-6 

Based on the molecule velocity given in Eq. 5, the predicted delay at the cross-

link (wave propagation through the N-terminal molecule) for Case I and the delay that 

was determined from MD simulations for different applied forces were compared 

(Figure 3-12). It is evident in the figure that the two measures of the delay are almost 

equal (p < 0.0001 for paired t-test), which further verifies the viscoelastic model of the 

micro-fibril. 

 

Figure 3-12: The actual delay time (δa) observed in the SMD 

simulations on fibril model [(GPO)85]3 versus the delay time 

approximated from the force propagation theory δm. 
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3.5. Discussion 

3.5.1. Micro-fibril model 

A multiscale viscoelastic model of a simplified collagen micro-fibril was 

developed that to the best of our knowledge has not been reported previously. This model 

was based on a viscoelastic model of the molecule (Chapter 2) and a viscoelastic model 

of the cross-link. The combined model was verified based on creep SMD simulations of 

micro-fibrils with different lengths. The combined model revealed that considering the 

propagation of force was important and it was modeled by adding a delay to the model.  

Comparison of the steady-state Young’s modulus of the micro-fibril with 

available experimental data showed good agreement. The steady Young’s modulus 

showed a linear relationship with the applied force (Figure 3-13) and was in the range of 

2.24 – 3.27 GPa. The range of experimental values reported for collagen fibrils using a 

variety of methods is summarized in Table 3-2. It is evident that the values determined 

from AFM testing are closer to the values found in this study.  It is important to note that 

the micro-fibril in this study consisted of only two idealized collagen segments and a 

cross-link while in the experimental studies longer fibrils extracted from real tissues were 

used. 

 



53 

 

 

Table 3-2: Comparison of the Young’s modulus of collagen fibrils 

Approach Young’s modulus 

(GPa) 

X-ray diffraction (Naoki Sasaki & Odajima, 1996a) 0.43 

MEMS testing (Shen et al., 2008) 0.86 ± 0.45 

AFM testing (Svensson, Hassenkam, Grant, et al., 2010) 2.89 ± 0.23 

AFM testing (Svensson, Hassenkam, Hansen, et al., 2010) 1.87 – 1.94 

Present work  2.24 – 3.27 

 

A discrete model representation of the micro-fibril (Figure 3-14) can better 

demonstrate the mechanisms of its deformation. The discrete representations of the N-

terminal molecule, the cross-link region, and the C-terminal molecule were connected in 

series (they share the same force). As discussed in Section 2.5, a collagen molecule 

segment can be represented approximately by a Voigt model. As the length of the 

segment is increased, the effective viscosity is increased, which is represented by 

additional dashpots in parallel with the Voigt model. The cross-link region can be 

Figure 3-13: Steady state Young's modulus of 

micro-fibril as a function of the applied force. 
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represented by a Voigt model. The delay due to wave propagation was represented by  

elements that were added to the cross-link region and C-terminal collagen molecule. It 

should be noted that, as an alternative approach, the observed delay could be modeled by 

adding discrete masses along the length of the molecule. However, this approach would 

result in higher number of degrees of freedom (DOF) and, therefore, would add to the 

computational time especially for longer molecule lengths. Therefore, utilization of the 

delay resulted in a reduced model with only three DOF for the micro-fibril. 

 

Figure 3-14: Schematic discrete representation of the micro-fibril model.  

represents the delay due to propagation of force wave (from right to left) 

along the molecule. 
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3.5.2. Force propagation  

The molecule force wave propagation speed given in Eq. 5 showed that 𝑣𝑚 was 

0.3 – 0.7 times𝑣𝑡. The fact that 𝑣𝑚 was less than 𝑣𝑡 can be attributed to two reasons.  

First, a 1D bar model for wave propagation is idealized and does not include the three-

dimensional intertwined triple helix of collagen. It has been shown that different 

structures in proteins may provide different pathways for the force wave to propagate, 

resulting in different wave speeds (Young et al., 2013). Secondly, there is damping in the 

system that is not included in 𝑣𝑡. As collagen molecule elongates, formation and rupture 

of hydrogen bonds may occur between the surrounding water molecules and collagen 

chains. This mechanism may results in an effective viscous force that could slow down 

the propagating wave.  For higher forces, the rate of rupture may be higher (Ghodsi & 

Kazemi, 2011; Keten & Buehler, 2008a) that could explain why the effective viscous 

force would become smaller and as result vm would become closer to vt. It has been 

shown that hydrogen bonds can play a significant role in the propagation of force waves 

in proteins (Leitner, 2001; Xu & Buehler, 2010).   

 

3.6. Conclusions 

 

The creep response of a simple micro-fibril model was studied by performing 

SMD simulations. From the strain growth curves, the time-dependent behavior of the 

cross-link region was modeled using a QLV model. The optimized viscoelastic 

parameters were added to our previously developed model for collagen molecule, to 

describe the viscoelastic behavior of the micro-fibril. The micro-fibril effective Young’s 
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modulus was found to be in the range of 1.98 to 3.47 GPa which is in agreement with 

previous experimental studies. It was shown that understanding the propagation of force 

wave in the molecule is essential to expanding the QLV theory from molecule to a micro-

fibril.  The speed of wave propagation was determined to be less than the theoretical 

value utilizing the theory of wave propagation in rods.  The effect of wave propagation 

was added as delays in the QLV model of the micro-fibril.  As a result, a reduced model 

of the micro-fibril was developed with only three degrees of freedom. 

It should be noted that initially hydrogen bond analysis was performed on the 

cross-link region to further investigate its deformation mechanism. However, no 

conclusive results could be found to relate hydrogen bonds rupture/formation trend to the 

cross-link region creep behavior. Therefore, no further analysis on hydrogen bonds 

rupture and formation for the cross-link region were performed.  

The reduced model reported here would open up several possibilities for future 

work, particularly at the fibrillar scale. The proposed model can be expanded to the fibril 

geometry at the length scale of a few micrometers, at which, several experimental studies 

are available for model validation. Additionally, there are other types of cross-links 

reported in collagen fibrils and the same methodology used in this study may be applied 

to model them. 
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4. CHAPTER 4 

 

COLLAGEN FIBRIL MODELING 

 

 

 

4.1. Introduction 

The mechanical properties of collagenous tissues are mainly related to their 

complex hierarchical structures. This hierarchical structure begins with the triple helical 

collagens that are positioned in staggering fashion with a shift (D-space) of 67 nm (Wess, 

2005). Assemblies of the neighboring molecules are connected by intermolecular cross-

links to form a fibril structure (Peter Fratzl, 2008; Lakes, 1993). The collagen fibril is 

considered to be the basic force-transmitting element of connective tissues (Parry, 1988; 

Svensson et al., 2012). These fibrils, in turn, bundle together to form the tissue fibers. 

Earlier studies have been mostly focused on the investigation of the mechanical 

properties of collagenous tissues at the macroscopic level, such as viscoelastic 

characterization of cartilage (Egan, 1987; Huang et al., 2001), ligaments (Abramowitch 

& Woo, 2004), and tendons (Haut & Little, 1972; Wren et al., 2003; Wu, 2006).  

On the other hand, several studies have been performed to explore the viscoelastic 

properties of collagen at the fibril level. AFM-based tensile (Svensson, Hassenkam, 

Hansen, et al., 2010) and MEMS-based tensile (Shen et al., 2011) tests have been on 

collagen fibrils. Svensson et al. used an AFM setup to exert deformation to a fibril. 

Different strain rates were applied two human patellar tendon fibrils to obtain the stress-
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strain curves. Shen et al. developed a MEMS-based technique to perform large-strain 

uniaxial tensile test of collagen fibrils. Type I collagen fibrils were isolated form the 

dermis of sea cucumber. The stress-relaxation tests were carried out on the fibril samples 

and the viscoelastic properties were reported.  

More recently, studies have been attempted to elucidate the mechanical behavior 

of collagen at the molecular level. These studies have been mostly computational and 

considered partial segments of the tropocollagen molecule (M. J. Buehler, 2011; M. 

Buehler, 2006; Gautieri, Buehler, & Redaelli, 2009; Gautieri, Vesentini, et al., 2012; S. 

Pradhan et al., 2011). Despite the importance of the interactions between different 

hierarchical levels (force transmission and energy dissipation) on the overall mechanical 

behavior of collagenous tissues, relatively few multi-scale researches have been 

performed. Gautieri et al. (Gautieri, Vesentini, Redaelli, & Ballarini, 2013) investigated a 

simplified model of the fibril and characterized the time-dependent response of the fibril 

to the applied deformation. Vesentini et al. (Vesentini, Redaelli, & Gautieri, 2013) 

developed a full atomistic model of the micro-fibril and obtained the strain response to 

the applied stress. In another approach, the effect of the number of cross-links on the 

elastic and fracture properties of the micro-fibril were investigated (M. J. Buehler, 2008). 

Nevertheless, none of these studies were fully linked the mechanical mechanisms in the 

molecule level to the fibril-specific mechanisms at the micro-fibril level and beyond.   

In this chapter, the viscoelastic model of collagen micro-fibril that was developed 

in Chapter 3 was used and extended up to fibril length of about 300 μm. The multi-scale 

model of fibril was validated based on the available experimental studies.   
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4.2. Materials and methods 

The fibril model that was developed in this chapter is, in fact, an extension of the 

micro-fibril model that was developed in the last chapter. In collagen fibril structure, 

collagen molecules gather both in lateral and longitudinal directions to form a fibril. 

Depending on the cross-sectional area of the fibril, it can consist of many individual 

collagen molecules (Figure 4-1b).  These molecules are cross-linked together in the 

longitudinal direction as it is shown in Figure 4-1c. The molecules that are connected 

through covalent cross-links form a helical chain which rotates about the main axis of the 

fibril (Figure 4-1d). It should be noted that the usage of fibril in this chapter refers to a 

single cross-linked chain in the whole fibril structure. Based on these assumptions, it was 

concluded that the applied stress on the entire cross-section of the fibril would also apply 

to a single chain fibril. Additionally, it was assumed that the strain of a fibril chain is 

similar to the strain of the whole fibril. The micro-fibril model, which was developed in 

Chapter 3, was used here as a building block to develop a model for the fibril chain 

showed in Figure 4-1c and d. This fibril model could include as low as two cross-linked 

collagen molecules to many numbers of molecules in order to reach the desired length of 

the fibril.  
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Figure 4-2 shows a schematic representation of the fibril model. Each collagen 

molecule and each cross-link region were represented by a Voight model. The delay due 

Figure 4-1: (a) Hierarchical structure of collagen. Three amino chains intertwined to 

form collagen molecules which, in turn, aggregate both in lateral and longitudinal 

directions to form the fibrils. (b) The quasi-hexagonal packing at fibril cross-section 

(Fang & Holl, 2013; Hulmes, Wess, Prockop, & Fratzl, 1995). (c) Two-dimensional 

schematic representation of the axial arrangement of molecules in the fibril. (d) Three-

dimensional representation of a fibril (courtesy of my brother Vahid). A single chain of 

cross-linked molecules forming a helical chain rotating about fibril longitudinal axis are 

shown in red. 
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to wave propagation was represented by delay elements that were added to the cross-link 

and collagen molecules.  

The strain-time responses of the collagen molecules and cross-links were 

previously obtained by performing creep SMD simulations and were characterized using 

QLV theory (Chapters 2 and 3). As discussed in Section 2.4, an exponential steady-state 

strain (Equation 2-1) for collagen molecule was assumed, as it was shown in Figure 2-3. 

The creep reduced functions (the growth rates, β) for different length of collagen 

segments were determined using Equation 2-2. The mechanical characterization of the 

cross-link was performed in Section 3.4. The cross-link region was consisted of two 

triple-helix collagen molecules with the non-helical C-terminal telopeptide chains and the 

covalent cross-link which connected two collagen molecules together (Figure 4-1) 

The steady-state response of the cross-link was assumed to be a bilinear function 

in form of Equation 3-4 (Figure 3-6). A single term exponential reduced creep function 

was found to be sufficient to capture the viscoelastic behavior of cross-link region 

(Equation 3-5). The model parameters for steady-state strain and creep function growth 

rates are provided in Table 4-1. 

Table 4-1: The fibril model parameters used in this study 

   Molecule Cross-link 

Length (nm) 291.7 3.1 

Creep growth rate, β (ns-1) 2.208 6.286 

Stress (MPa) Force (pN) Steady-state strain 

10 15.4 0.004 0.520 

50 77 0.020 0.259 

100 153.9 0.040 0.517 

250 384.8 0.093 1.294 

500 1154.5 0.225 2.208 

1000 1539.3 0.271 2.517 
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As mentioned, understanding the propagation of force wave in the molecule was 

essential in expanding the QLV theory form a single molecule to a micro-fibril. 

Similarly, this delay due to the force wave propagation needed to be implemented in the 

fibril model. Thus, using Equation 3-5, the force wave propagation speeds for different 

stress levels were determined. The delay times were calculated using the wave speeds, 

and provided in Table 4-2.  

Table 4-2: Wave speeds and the delay times used in the fibril model 

Stress (Mpa) Force (pN) Wave speed (m/s) δ (ns) 

10  15.4 595.31 0.49 

50 77 678.37 0.43 

100 153.9 729.25 0.40 

250 384.8 857.94 0.34 

500 1154.5 1389.05 0.21 

1000 1539.3 1715.88 0.17 

 

To implement the delay time in the overall creep response of the fibril, the 

response of each molecule was shifted with a multiple of delay depending on the location 

of that specific molecule. Therefore, the reduced creep function of a fibril with N number 

of molecules consisted of N number of shifted reduced creep functions of molecules and 

cross-links. A representation of a fibril with 4 molecules under application of a force is 

depicted in Figure 4-3. As it can be seen, the first subplot, (a), shows the response of the 

first molecule as a step force input was exerted on the fibril. As soon as the force wave 

reached the cross-link and the second molecule (time creep response of the molecule 2 

began (Figure 4-3b). The molecule 3 and 4, in turn, began to respond as test time reached 

2and 3Consequently, the overall response of the fibril to this creep test is a 

summation of strain-time curves of its 4 constituent molecules (Figure 4-3e).  
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Figure 4-3: A representation of a fibril model with 4 molecules. (a) The creep response 

of the first molecule as the step force input was applied on the fibril. (b) As the force 

wave propagated throughout the first molecule and reached Molecule 2, it began to 

respond to the applied force. (c)(d)  The creep response of Molecule 3, 4, and the 

corresponding cross-links. (e) The overall creep response of the fibril model. 
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4.3. Results 

The engineering strain versus time curves for stress levels of 10, 50, 100, 500, 

1000 MPa were determined and the maximum values of strain were found to serve as the 

steady-state response of the fibril to an instantaneous applied stress. Figure 4-4 shows the 

creep response of the 1, 10, 100, and 300 μm fibril models to the applied stress levels of 

10, 100, and 1000 MPa.  

The steady-state stress-strains curve were found and shown in Figure 4-5. It is 

evident that the elastic modulus of the fibril is decreased in comparison with of that in a 

single molecule.  

Figure 4-4: Reduced creep response of the fibril model 
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4.4. Discussion 

4.4.1. Elastic behavior 

A reduced viscoelastic model of a simplified collagen fibril was developed. This 

model was based on a viscoelastic model the collagen (Section 2.4) and a viscoelastic 

model of the cross-link (Section 3.4). The fundamental building block of this model is a 

micro-fibril  model. The present model is, in fact, an extended form of the micro-fibril 

model. The fibril model validation was done by comparing the stress-strain curves and 

Young’s modulus of experimental studies on fibril of real tissues with the model results.    

Different stress levels were applied to different fibril lengths. The stress-strain 

curve (Figure 4-5) revealed that fibril showed a non-linear elastic response. It was also 

Figure 4-5: The stress-strain response of the collagen fibril (length is about 100 μm). 

This fibril model is constructed from 375 molecules connected with cross-links. The 

response of a single collagen molecule is shown as blue line. 
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observed that the Young’s modulus was increased as the applied stress was increased. 

This was to be expected as the sub-models, upon which the present model was developed, 

showed similar behavior. The range of experimental values reported for collagen fibril 

using a variety of approaches is summarized in Table 4-3. It is evident that the values 

determined from AFM testing are closer to the values found in this study. 

 

Table 4-3: Comparison of the Young’s modulus of collagen fibrils 

Approach 
Young’s modulus    

(GPa) 

X-ray diffraction (Naoki Sasaki & Odajima, 1996a) 0.43 

X-ray diffraction (Gupta et al., 2004) 0.80 – 3.40 

MEMS testing (Shen et al., 2008) 0.86 ± 0.45 

AFM testing (Svensson, Hassenkam, Grant, et al., 2010) 2.89 ± 0.23 

AFM testing (Svensson, Hassenkam, Hansen, et al., 2010) 1.87 – 1.94 

Brillouin scattering (Cusack & Miller, 1979) 5.1 

Present work 2.27 – 2.92 

 

 Figure 4-6 compares the stress-strain curves estimated in this study with of those 

that have been found previously. As it can be seen, the creep response of the developed 

model shows a good agreement with other experiments. The fact that the fibril Young’s 

modulus range of this study was slightly higher than the Young’s modulus range of 

experimental studies could be attributed to two reasons. First, the creep tests in this study 

were based on applying an instantaneous step stress. However, in experimental studies, 
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such force application is not possible. Mostly, a ramp stress input are used to reach the 

desired level. Secondly, most of the experimental studies have been focused on the stress-

relaxation tests on fibrils while our model was based on SMD creep tests. It is known, 

that conversion between stress-relaxation and creep tests, results in approximate results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.2. Viscoelastic behavior 

Based on the obtained reduced creep functions (shown in Figure 4-4), the rise 

times (t) for all the cases were found. Rise time is the time that takes the creep response 

reaches its maximum value. Time constant (τ) was defined as 𝑡/3, which  ensured that 

Figure 4-6: Comparison between of the stress-strain curves 

approximated in the present study with of those that have been found 

by Sasaki (Naoki Sasaki & Odajima, 1996b), Shen (Shen et al., 2011), 

and Svensson (Svensson, Hassenkam, Hansen, et al., 2010). 
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the time constant is the time with which an exponential creep function can reach the 

maximum value at rise time. The time constants were drawn against the length of the 

fibril (Figure 4-7) and it was found that a linear line can be fitted to describe the time 

constant as a function of the length of the fibril (L). The linear function is as follows:  

𝜏 = (0.477 ± 0.046)𝐿 4-1 

 

 

 

 

 

Figure 4-7: Creep time constants of fibril with length of 1, 3, 10, 30, 100, 

and 300 μm. 
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Table 4-4: Comparison of the time constants 

Approach Tissue/Scale 
Length 

(μm) 

Time constant, 

τ (s) 

MEMS-based stress-relaxation (Shen et al., 2011) 

Sea 

cucumber/Isolated 

fibril 

≈ 100 5.00 – 6.00 

SMD simulations (Gautieri, Vesentini, et al., 2012) Fibril 
Not 

reported 
5.00 × 10-10 

Present study 

Fibril 300 1.50 × 10-7 

Fibril 100 0.45 × 10-7 

Molecule 0.3 0.30 × 10-9 

 

The estimated creep time constant in this study were compared with the time 

constant that have been reported (Table 4-4). A difference with several orders of 

magnitudes were observed between the result of the present model and the results of 

experimental studies. This discrepancy can be attributed to the fact that in the 

experimental studies, the input force or deformations are applied gradually while the 

force in the SMD simulations is applied instantaneously. This slower loading could lead 

to longer apprent time constants in the viscoelastic responses. In addition, the time 

constant obtained from a stress-relaxation test in a nonlinear material would be 

approximately related to the time constant of a creep test. Nonetheless, this several order 

of magnitude difference implies that mechanisms other than those implemented in the 

model (collagen molecule viscosity, cross-link viscous behavior, and delays resulting 

from force wave propagation) may be involved in the overall viscous behavior of a fibril. 

One example of such mechanisms is lateral interactions between collagen molecules 

which is mediated by hydrogen bonds (Gautieri, Pate, Vesentini, Redaelli, & Buehler, 

2012). These lateral interactions might lead to increased resistance on each molecule 
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inside the fibril, resulting in more delay time in the propagation of force waves. The fibril 

time constant reported in this work is about 1000 times higher than the time constant 

from another computational study (Gautieri, Vesentini, et al., 2012). While similar time 

constants were measured at the molecule level (Table 2-3) for both of the studies, the 

other time-dependent mechanisms (cross-link viscous element, and delay element) that 

were incorporated into our model, were able to increase the time constant by order of 

three. 

 

4.5. Conclusion 

A creep model was developed by extending the viscoelastic model of micro-fibril 

that was developed in Chapter 3. Creep tests were performed on fibril with lengths of 1, 

3, 10, 30, 100, and 300 μm. A linear relationship was found between the creep time 

constant and the length of the fibril, implying that as the length increased, the time 

constant decreased. In other words, the viscosity of the fibril was found to be increased at 

larger lengths. The stress-strain curves and Young’s moduli obtained from the fibril 

model were validated based on comparable experimental studies. 
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5. CHAPTER 5 

 

CONCLUDING REMARKS 

 

In this dissertation, a multi-scale model for describing the creep behavior of 

collagen was developed. The focus was on the viscoelastic properties across three 

lowermost hierarchical levels: molecule, micro-fibril, and fibril. This model bridged the 

gaps between different length scales, ranging from collagen segments of about 20 nm in 

length to fibrils with a length of 300 μm. While the viscoelastic behavior at the tissue 

level has been well investigated during the last several decades, few studies have been 

reported on determining the contribution of each level in the hierarchical structure on the 

overall mechanical behavior of collagenous tissues. Advances in computational software 

and resources have allowed new avenues of molecular simulations to emerge. Utilizing 

molecular dynamics simulations, creep tests were performed on collagen at different 

length scales to characterize the viscoelastic models.  

The viscoelastic behavior of collagen segments were found and modeled using a 

quasi-linear viscoelastic model. It was shown that the hydrogen bonds rupture and 

formation in collagen segments could be used to predict the viscoelastic properties of the 

segments. Overall, it was found that the rate with which hydrogen bonds in the molecule 

and its solvent form/rupture has a linear relationship with the rate in which the molecule 

reached its asymptotic strain levels.  Such cross-disciplinary relationship (Chemical 

bonds to mechanical behavior) has given this model a very fundamental viewpoint of the 

origins of viscoelasticity. 
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The viscoelastic behavior of an allysine-based lysinonorleucine cross-link 

structure was investigated. It was shown that the intermolecular covalent cross-link 

between collagen molecules behaved in a similar viscoelastic fashion as the molecules. 

Additionally, our simulations suggested that the force propagation wave speed played an 

important role in the time-dependent behavior of the micro-fibril. A linear relationship 

was found between the theoretical force wave speeds of an elastic bar with the computed 

wave speed in the collagen molecules. The micro-fibril model was successfully validated 

based on comparable available experimental studies.  

A creep model of fibril was developed by extending the viscoelastic model of 

micro-fibril. Creep tests were performed on fibrils with lengths of 1, 3, 10, 30, 100, and 

300 μm. A linear relationship was found between the creep time constant and the length 

of the fibril, implying that as the length of fibril increased the time constant decreased. In 

other words, the viscosity of the fibril was found to be increased at larger fibril lengths. 

The stress-strain curves and Young’s moduli obtained from the fibril model were 

validated based on comparable experimental studies.  

One limitation of the current study is that the model is developed based on creep 

tests, and because of the non-linear nature of the response, the results cannot be readily 

converted to other tests like stress relaxation. Complicated reverse calculations are 

needed to approximately represent a stress relaxation test with the available creep model. 

Another shortcoming of the current study is that an idealized collagen molecule of [Gly-

Pro-Hyp] triplets was used because of its simplicity. However, it should be noted that this 

work has laid the groundwork for similar studies with different sequences. Essentially, 

the same principles and methods can be applied to other amino acid sequences.  

Two types of studies can be built on the framework of the current research. In 

terms of bridging other hierarchical levels, the same methodology can be expanded to the 
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fiber level with length scale in the order of a few millimeters. For this purpose, 

characterization of different cross-link structures between fibers would be an important 

step. In terms of improving the current model, a more general model can be developed to 

cover different amino-acid sequences and various forms of intermolecular cross-links. 

This improvement in the model could open up possibilities for the investigation of some 

genetic diseases. For instance, the adverse mechanical effects of Ehlers-Danlos syndrome 

(EDS) at the tissue level have been attributed to the changes in the natural amino acid 

sequence of collagen molecules. 
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6. APPENDIX 

 

MOLECULAR DYNAMICS METHOD 

 

Introduction 

 

Molecular dynamics (MD) simulations provide the methodology to simulate 

materials on an atomic scale. MD simulations are used to investigate the time-dependent 

processes of atoms and molecules by solving the Newton’s equation of motion. The 

necessary input to run a MD simulation is all the atoms’ positions, masses, and velocities. 

The equation of motion are solved sequentially in time steps, usually in the order of 

femtoseconds (10-15 seconds), to generate new positions and velocities. This process is 

continued until the end of the simulation. Usually small-scale movements, such as amino 

acids’ side chain motions, require picoseconds to complete. Whereas, the motion of 

protein domains or subunits may take place in time period of micro- to milliseconds, and 

the folding/unfolding of proteins require up to hours to complete (Becker & Watanabe, 

2001). A snapshot of a MD simulation on Satellite Tobacco Mosaic virus (Freddolino, 

Arkhipov, Larson, McPherson, & Schulten, 2006) is presented in Figure A-1.  
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MD simulations have been recently successfully used to elucidate the atomistic 

mechanisms that control deformation and rupture of the chemical bonds, and to relate 

them to macroscopic mechanical behavior. The proteins with mechanical or structural 

functionalities have been studied, such as mechanical strength of Titin protein (Lee et al., 

2006), nanomechanical characterization of the triple β-helix domain in the cell puncture 

Figure A-1: Schematic representation of the Satellite Tobacco Mosaic virus. The 

protein capsid is shown as green. The backbone of virus RNA is highlighted in 

red. The virus is solvated in water box and ions were added to neutralize negative 

charges of the RNA (Freddolino et al., 2006) 
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needle of bacteriophage T4 virus (Keten & Buehler, 2008b; Keten, Rodriguez Alvarado, 

Müftü, & Buehler, 2009), elastic properties of Cadherin proteins from the tight junctions 

(Sotomayor, Corey, & Schulten, 2005), or finding elastic properties of actin monomers 

and trimers (Ghodsi & Kazemi, 2011). 

 

Formulation 

MD simulation can be considered an alternative to other approaches like Monte-

Carlo, with the difference that MD generates a full deterministic trajectory. The total 

instantaneous energy of the system can be written as the sum of kinetic energy (K) and 

potential energy (U). 

𝐸 = 𝐾 + 𝑈(𝑟𝑖) A-1 

Where kinetic energy can be found by: 

𝐾 =
1

2
∑𝑚𝑖𝑣𝑖

2

𝑁

𝑖=1

 A-2 

where vi and mi are the velocity and mass of the i’th particle, respectively. The 

instantaneous temperature (T) of the system is found by: 

𝐾 =
3

2
𝑁𝑘𝐵𝑇 A-3 

in which kB is Boltzmann’s constant, and N is the number of particles. The potential 

energy U(ri) in Equation A-1 is a function of the positions of atoms. Once the potential 

energy is defined, the next step is to solve the equation of motion.  
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𝑚
𝑑2𝑟𝑖
𝑑𝑟2

= −∇𝑟𝑈(𝑟𝑖) A-4 

This equation for systems consisting of three or more particles have no general 

analytical solution, and can only be solved numerically. From this equation forces and 

accelerations are found for each time step, and the new positions and velocities can be 

updated from the old ones. 

The most important part of a MD simulation is the potential energy function and 

its parameters. This combination is called a force field. A force field is a collection of 

equations and optimized parameters designed to reproduce the molecular geometry and 

selected properties of tested structures. While there are many force field in the realm of 

non-biological materials, there are a few force field available to study the dynamics of 

biological materials, like proteins and nucleic acids. Force fields like AMBER (Cornell et 

al., 1995), CHARMM (MacKerell A. D. et al., 1998), GROMOS (Oostenbrink, Villa, 

Mark, & Van Gunsteren, 2004), and OPLS (Jorgensen, Maxwell, & Tirado-Rives, 1996) 

account for the majority of recently published MD simulations of proteins (Guvench & 

MacKerell  Jr., 2008).  

The underlying functional forms of the mentioned force fields can be classified 

into two main groups: bonded and nonbonded terms.  

Etotal = Ebonded  + Enonbonded  + Eother A-5 

where Ebonded is the contribution to the total energy from the bonded interactions 

including stretching of bonds, the bending of valence angles, and the rotation of 

dihedrals. Enonbonded represents the nonbonded interactions such as electrostatics, 

dispersion, and Pauli exclusion. Eother is the term accounts for any force field-specific 

energy terms.  
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The bonded energy terms are: 

Bond length: This term describes the energy resulting from the stretching of the bond 

between pairs of atoms.  

𝐸Bond =𝐾𝑏(𝑏 −𝑏0)
2 A-6 

where b is the bond length, Kb and b0 are parameters describing the stiffness and the 

equilibrium length of the bond, respectively.  

Valence angle: This term represents the energy of the angle between triplets of atoms, e. 

g. X, Y, and Z, in which the atoms are positioned in a way that X is bonded to Y and Y is 

bonded to Z.  

𝐸angle =𝐾𝜃(𝜃 −𝜃0)
2 A-7 

where Kθ is the parameter representing the stiffness of the angle, θ and θ0 are the current 

angle and angle in the equilibrium geometry, respectively.  

Dihedral angle: This term defines the energy of the rotation of dihedral angle between 

four atoms, e.g. X, Y, Z, and W, where X is bonded to Y, Y to Z, and Z to W. The 

periodic nature of this rotation justifies the use of cosine function in the energy equation. 

𝐸dihedrals =𝐾𝜒[1 + cos(𝑛𝜒 − 𝜎)] A-8 

where χ is the value of the dihedral, Kχ is the dihedral parameter constant, n is the 

periodicity, and σ is the phase.  

Improper dihedral angle: This term implements the energy associated with the 

maintaining chirality at an atom center with bonds to three other atoms.  
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𝐸imp =𝐾imp(𝜙 −𝜙0)
2 A-9 

in which Kimp is the improper dihedral angle parameter, 𝜙 and 𝜙0 are the improper 

torsion angle and the equilibrium angle, respectively. 

A schematic representation of the mentioned energy terms is shown in Figure A-2. 

 

 

 

The remaining energy terms are included in the non-bonded interaction group, which are 

explained below: 

Figure A-2: Bonded energy interactions 
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Lennard-Jones term: This term seeks to approximate the Van der Waals interaction 

between non-bonded atoms in the system. It is consisted of attractive and repulsive force. 

The Lennard-Jones (Equation Error! Reference source not found.) is calculated using a 

collision distance, σ, at which the Lennard-Jones potential energy becomes zero.  

𝐸Lennard−Jones = 𝜀 [(
𝜎

𝑟𝑖𝑗
)

12

− (
𝜎

𝑟𝑖𝑗
)

6

] A-10 

where ε is the well depth and rij is the distance between two non-bonded atoms. Lennard-

Jones potential function is drawn in Figure A-3. 

 

 

 

Figure A-3: Lennard-Jones potential (Tien & Lienhard, 1978). Both repulsive and 

attractive energies are visible. As the distance between atoms reaches σ, the repulsive 

and attractive forces cancels out. 



90 

 

Electrostatic interaction: This term is the energy of an electrostatic interaction between 

two charged atoms, and is defined by Coulomb's law. 

𝐸electrostatic =
𝑞𝑖𝑞𝑗

𝜖𝑟𝑖𝑗
 A-11 

where qi is the partial charge of the atoms, and ε is the effective dielectric constant. 

The mathematical formulation for the empirical energy function can be written as:  

 

𝑈(𝑟) = ∑ 𝐾𝑏(𝑏 −𝑏0)
2

bonds

+  ∑ 𝐾𝜃(𝜃 −𝜃0)
2

angle

+ ∑ 𝐾𝜒[1 + cos(𝑛𝜒 − 𝜎)]

dihedrals



+  ∑ 𝐾imp(𝜙 −𝜙0)
2

impropers



+  ∑ 𝜀 [(
𝜎

𝑟𝑖𝑗
)

12

− (
𝜎

𝑟𝑖𝑗
)

6

]

non−bonded

+ 
𝑞𝑖𝑞𝑗

𝜖𝑟𝑖𝑗
 

A-12 

 

 

Steered molecular dynamics simulation (SMD) 

 The basic idea behind SMD simulation is to apply an external force or 

deformation to one or more atoms and study the behavior of protein under the effect of 

external input. SMD simulations mimic atomic force microscopy studies of 

macromolecules, where the sample is fixed at one end and pulled at the other end by a 

cantilever moving with constant velocity. In SMD, the cantilever is replaced by a 

harmonic spring attached to the atoms that are selected to be pulled and fixed boundary 



91 

 

conditions are applied to the atoms that needed to be fixed. A schematic representation of 

SMD simulations is depicted in Figure A-4. 

 

 

 

To implement this idea, an additional potential energy is added to the force field 

(Equation A-12) which is written as: 

𝑈 =
1

2
𝑘[𝑣𝑡 − (𝑟 − 𝑟0) ∙ �⃗⃗�]

2 A-13 

where k is the spring stiffness, v is the pulling velocity, r is the actual position of the 

atom(s) that was/were selected to be pulled, r0 is the initial position of the atoms, t 

Figure A-4: (a) Schematic representation of SMD simulations. The 

cantilever in AFM test is replaced by a spring in SMD simulations (Keten 

& Buehler, 2008b) (b) One-dimensional SMD simulation. The red atom is 

a dummy atom which is being pulled by a constant velocity (Phillips et al., 

2005). 
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denotes the simulation time, and n is the direction of pulling. Equation A-12 with the 

additional term is applied to Equation A-4 to carry out the SMD simulations. In case of 

creep test, or constant force SMD simulations, a constant force as a vector is added to 

Equation A-4. 

 


