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Abstract
Bone is a biomaterial with a structural load-bearing function. Investigating the biomechanics of bone at the nanoscale is
important in application to tissue engineering, the development of bioinspired materials, and for characterizing factors such
as age, trauma, or disease. At the nanoscale, bone is composed of fibrils that are primarily a composite of collagen, apatite
crystals (mineral), and water. Though several studies have been done characterizing the mechanics of fibrils, the effects
of variation and distribution of water and mineral content in fibril gap and overlap regions are unexplored. We investigate
how the deformation mechanisms of collagen fibrils change as a function of mineral and water content. We use molecular
dynamics to study the mechanics of collagen fibrils of 0 wt%, 20 wt%, and 40 wt% mineralization and 0 wt%, 2 wt%, and
4 wt% hydration under applied tensile stresses. We observe that the stress–strain behavior becomes more nonlinear with an
increase in hydration, and an increase in mineral content for hydrated fibrils under tensile stress reduces the nonlinear stress
versus strain behavior caused by hydration. The Young’s modulus of both non-mineralized and mineralized fibrils decreases
as the water content increases. As the water content increases, the gap/overlap ratio increases by approximately 40% for the
non-mineralized cases and 16% for the highly mineralized cases. Our results indicate that variations in mineral and water
content change the distribution of water in collagen fibrils and that the water distribution changes the deformation of gap and
overlap regions under tensile loading.

Keywords Mineralization in bone · Mechanisms of deformation · Molecular modeling of bone · Collagen fibrils

1 Introduction

Bone is a composite biomaterial whose primary purpose is
a load-bearing function (Fratzl 2008) and is composed of
approximately 30% collagen protein, 60% hydroxyapatite
mineral, and 10% water (Currey 2002; Dorozhkin and Epple
2002). Understanding the structure of bone is important for
uncovering its material properties, which can change due to
factors such as age, trauma, or diseases and conditions such as
osteogenesis imperfecta or Ehlers–Danlos syndrome (Rauch
andGlorieux 2004), and is also important in the development
of novel materials inspired by bone’s structure and material
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properties. Previous studies of bone at the nanoscale have
used experimental methods, for example X-ray diffraction,
to investigate the nanoscale structure of bone (Hang and Bar-
ber 2011; Samuel et al. 2016; Sasaki and Odajima 1996;
Wells et al. 2015). Other studies use experimental methods
such as atomic forcemicroscopy (Pang et al. 2017; Uhlig and
Magerle 2017; van der Rijt et al. 2006), micro-mechanical
devices (Eppell et al. 2006; Minary-Jolandan and Yu 2009),
or nuclear magnetic resonance (Gul-E-Noor et al. 2015) to
study the nanoscale structure and elasticity of bone. Compu-
tational techniques are also used to study bone’s nanoscale
properties and include density functional theory and molec-
ular dynamics (Depalle et al. 2016; Dubey and Tomar 2013;
Gautieri et al. 2011; Nair et al. 2013; Streeter and de Leeuw
2010; Tang et al. 2010; Tourell andMomot 2016; Zhang et al.
2007). These studies primarily focus on dynamic changes
in nanoscale bone structure, and what governs the inter-
actions and deformation mechanisms of nanoscale bone.
While these studies have investigated changes in mechan-
ical properties due to the independent variations in mineral
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Fig. 1 Schematic representing the hierarchical structure of compact
bone in descending order of length scales: a macroscale bone tissue,
b micrometer scale compact bone composed of tightly packed and
aligned tubular osteons.At the center of the osteons are haversian canals.
An individual osteon is approximately 100 µm in diameter. c Single
osteon composed of multiple concentric layers of lamella surround-
ing the haversian canal. d Lamella layer composed of tightly packed

and aligned collagen fibers that are approximately 5 µm in diameter.
An individual collagen fiber is composed of bundles of collagen fibrils
that are approximately 500 nm in diameter. e Collagen fibril composed
of a staggered arrangement of triple helix collagen protein molecules
(gray), while apatite crystals (red) and water (blue) fill the gaps between
collagen molecules

and water content, to date no study has been done to inves-
tigate how the simultaneous variation in mineral and water
content changes the nanoscale mechanics of bone. Extensive
work has also been done to investigate the properties of bone
at the microscale using finite element method (Ahsan 2017;
Lin et al. 2017; Liu et al. 2014; Thomopoulos et al. 2006).
Finite element method remains an important computational
tool to investigate the mechanical strength, and deformation
and fracture behavior of bone, where the nanoscale proper-
ties predicted by atomistic methods can be an input to the
microscale models.

Bone is hierarchical, with different structures at different
size scales, which allows bone to be lightweight and tough
(Currey 2002; Fratzl 2008; Gautieri et al. 2011). The hierar-
chical structure is represented in Fig. 1. At the macroscale,
bone is composed of trabecular bone and cortical bone. Tra-
becular bone comprises mainly the interior of bone and has
a porous and more random structure. Cortical bone, or com-
pact bone, comprises mainly the exterior of bone and has a
dense and ordered layer structure. At the millimeter scale,
cortical bone consists of osteons and haversian canals that
are composed of multiple concentric layers known as lamella
that surround the haversian canals. The individual lamella is
composedof densely packed collagenproteinfibers at the low
micrometer scale that align themselves in a single direction.
The orientation of collagen fibers between lamella layers also
varies, as represented in Fig. 1c. The collagen fibers in the
lamella are composed of smaller bundles of collagen fibrils
at the nanometer scale that are embedded in an extrafibrillar
mineral matrix. Experiments show that the collagen fibrils
are a composite of type I collagen, apatite crystals, and water
(Currey 2002). The apatite has been shown to mineralize
in the gaps between the collagen fibrils (Nudelman et al.
2010; Wang et al. 2012), and this mineralization between the

collagenmolecules in the fibril is known as intrafibrillar min-
eralization. Water in fibrils consists of mobile water located
in the gap region and between collagen and apatite crystals,
and structural water bound to collagen molecules and apatite
crystals (Gul-E-Noor et al. 2015; Samuel et al. 2014; Zhang
et al. 2007).

Previous experimental and computational studies did not
focus on the variation of the intrafibrillar mineral and water
content in fully 3D atomistic collagen fibrils and how
this variation affects the mechanics of deformation at the
nanoscale, especially in the gap and overlap regions. This is
important because it is known that bone water content at the
nanoscale is known to decrease due to increased mineraliza-
tion (Bala and Seeman 2015; Nyman et al. 2006; Timmins
and Wall 1977). Bone mineral and water content have also
been shown to decrease with age (Mueller et al. 1966). Water
is also known to be crucial in mediating the interactions
within fibrils (Samuel et al. 2016).

The objective of this study is to quantify how the mechan-
ical behavior and properties of collagen fibrils and its
constituents at the nanoscale change as a function of both
intrafibrillar mineral and water content due to an applied
stress.Weperform this studyusingmolecular dynamicsmod-
els of collagen fibrils. We investigate how the change in both
mineral content and water content affects the mechanical
behavior of collagen fibrils by performing tensile tests on
models of fibrils with water contents of 0 wt%, ~2 wt%, and
~4wt%, anddegrees of intrafibrillarmineralization of 0wt%,
20 wt%, and 40 wt%. We analyze the mechanical behavior
of these fibrils through an analysis of the tensile stress versus
linear strain behavior, Young’s modulus, and observing the
fibrils’ deformation behavior.
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2 Materials andmethods

Type I collagen is the main component of bone fibrils
and forms the matrix of the fibrils (Currey 2002). Another
component of bone at the nanoscale is the mineral phase
which is primarily apatite crystals in young and healthy
bone. However, apatite can be subject to substitution to
form other apatites, which can occur naturally, or be due
to factors such as age, disease, or defect (Gul-E-Noor et al.
2015; Rauch and Glorieux 2004). We study here the nascent
bone properties where the mineral phase is hydroxyapatite
(HAP) with no substitutions (Nair et al. 2013), and which
has the chemical composition of Ca10(PO4)6(OH)2. Non-
collagenous proteins such as osteopontin and osteocalcin are
also important for mediating the interaction between col-
lagen and hydroxyapatite (Fantner et al. 2007; Poundarik
et al. 2012). However, this mediation primarily takes place
in the extrafibrillar matrix. Since our study investigates the
intrafibrillarmolecular interactions, thefibrilmodel here only
considers type I collagen which is the most abundant protein
at the intrafibrillar level for nascent bone. Thus, the model
presented here can be incorporated with non-collagenous
proteins to study the mechanical properties of non-nascent
bone. At the nanoscale, the mineralized collagen fibrils with
type I collagen and HAP align along their longest length
direction in a staggered periodic structure that creates what
are known as gap and overlap regions, and a staggered period-
icity length, known as theD-period, of approximately 67 nm
(Fig. 2) (Orgel et al. 2006; Wess et al. 1995).

We develop computational models of three-dimensional
collagen fibrils and simulate these models using the molec-
ular dynamics package LAMMPS (Plimpton 1995). The
models are developed with a structure based on the 3HR2
Protein Data Bank conformation (Orgel et al. 2006). The
water and HAP mineral parameters for the MD fibril models
are included in the Protein Structure Files and Protein Data
Bank files and the extended CHARMM force field (MacK-
erell Jr et al. 1998). The water is defined by the TIP3P model
in the CHARMM force field. Hydration of the fibrils was
done using the hydration extension in the Visual Molecular
Dynamics (VMD) program (Humphrey et al. 1996), where
water molecules are distributed in the available voids in the
fibril and allow us to study the effects of mobile water in
collagen fibrils. For the non-mineralized fibrils, the water
primarily locates in the gap regions, since they have the most
available voids. For the mineralized fibrils, the water primar-
ily locates in the overlap region voids, since the gap region
voids are primarily occupied by hydroxyapatite. Since this
study aims to investigate themechanical behavior of collagen
fibrils under reduced hydration conditions, hydration of the
models was done between 0wt% and 10wt%. A hydration of
10 wt% agrees with previous studies of healthy bone water

content (Currey 2002; Dorozhkin and Epple 2002; Hamed
et al. 2010).

The unit cell for all models (Fig. 2) has a triclinic structure
in agreement with experimental studies (Orgel et al. 2006;
Wess et al. 1995). Studies of mineralized fibrils have shown
that extrafibrillar mineralization can account for up to 75%of
the total mineralization in bone (Beniash 2011; Bonar et al.
1985; Kinney et al. 2001; Lees et al. 1994; Nair et al. 2014).
In this study, we only investigate the role of intrafibrillar
mineralization on collagen fibril mechanical properties up
to 40 wt% of the total fibrillar weight. The collagen fibril
has the characteristic gap and overlap regions, a structure
that has been experimentally determined (Gupta et al. 2006;
Orgel et al. 2006) which agrees with the unit cell for the
molecular dynamics fibril models studied here. The mineral
is primarily present in the gap regions, which experiments
show as the nucleation point of mineralization of collagen
fibrils (Nudelman et al. 2010; Wang et al. 2012). We investi-
gate three different percent volume values of mineralization:
0 wt%, 20 wt%, and 40 wt%. For each mineral percentage,
we study three different degrees of water hydration: 0 wt%,
~2 wt%, and ~4 wt%. The representations of these models
are visualized in Fig. 2 using VMD, to obtain a better visual
of the structure of the fibrils at the various mineral and water
contents. The respective water content for each model is also
listed in Fig. 2. The ranges of tensile stresses we apply to the
fibrils are 0.1 MPa (standard atmospheric pressure), 5 MPa,
8 MPa, and 20 MPa. The stress states are chosen in order to
study the mechanical behavior of the collagen fibril models
before the helical collagen molecules in the fibrils begin to
fully uncoil due to the applied tensile load.

This study investigates the mechanical response of the
fibrils in a quasi-static stress state and does not consider the
fibril response as a function of the rate of applied stress.
This is achieved by applying a known external pressure in
the x-direction along the axis of the fibril to simulate the
tensile testing of all models. Once the stress is applied,
the fibril comes to an equilibrium conformation over the
course of approximately 6 ns. The axes for the models are
shown in Fig. 2i, and a visual showing the direction of
applied stress is represented in Fig. 3a. All models are equi-
librated in NPT ensemble at a temperature of 300 K, and
the y- and z-directions are subject to 1 atm of pressure. The
model also has periodic boundary conditions in all direc-
tions. After equilibration, all models are visualized in VMD
to view its structure and deformation mechanisms. We con-
firm equilibration by plotting the root-mean-square distance
(rmsd) between atoms versus simulation time. Equilibration
is determinedwhen the slope of the total rmsd between atoms
versus time approaches zero, which happens for all models at
approximately 6 ns. The average equilibrium unit cell length
over the last 0.5 ns of the simulation is used, with its accom-
panying standard deviation, to compute the linear strain of
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Fig. 2 Collagen fibrils with the varying mineral and water contents: a
0 wt% mineral and 0 wt% water. Also shown are the unit cell in green,
and the gap and overlap regions. b 0 wt% mineral and 1.2 wt% water,
c 0 wt% mineral and 3.2 wt% water, d 20 wt% mineral and 0 wt%

water, e 20 wt% mineral and 1.4 wt% water, f 20 wt% mineral and
4.2 wt% water, g 40 wt% mineral and 0 wt% water, h 40 wt% mineral
and 2.2 wt%water, i 40 wt%mineral and 3.3 wt%water.Water contents
are approximated as 0 wt%, ~2 wt%, and ~4 wt%

the fibril. Linear strain along the fibril length is computed as
ε � l−lo

lo
, where l is the equilibrium unit cell length of the

fibril model under external stress and lo is the equilibrium
unit cell length of the fibril model when it is subject to only
1 atm of pressure in all directions. The strain error bars are
then determined by the rules governing the propagation of
uncertainty (Bevington and Robinson 2003). We plot stress
versus strain for all models and determine the Young’s mod-
ulus from the slope of stress/strain curves, with the error bars
again determined by the rules governing the propagation of
uncertainty. We analyze the Young’s modulus of all models

versus thewater content andfinally perform an analysis of the
deformation mechanisms in the collagen fibrils by observing
the model equilibration over time and by analyzing the dis-
tance between terminal amino acid residues in the collagen
molecules, which correspond to the lengths of the gap and
overlap regions.We then use the ratio of gap length to overlap
length to quantify how the gap and overlap regions deform
with respect to one another. Similarly, the gap and overlap
lengths in each simulation oscillate around an average value
at equilibriumwith a standard deviation, and the rules for the
propagation of uncertainty are used to determine the error
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Fig. 3 a Diagram showing the tensile loading direction along the fibril length for hydrated fibrils of three different degrees of mineral content.
Normal stress versus the linear strain of the fibrils is shown for models with mineral contents of b 0 wt%, c 20 wt%, d 40 wt%

bars of the gap/overlap ratio values. We perform a statistical
analysis by determining a 95% confidence interval of the dif-
ference between the means for Young’s modulus values and
gap/overlap ratio values to determine the statistical signifi-
cance (Bland and Altman 1986).

3 Results and discussion

From the stress–strain of non-mineralized fibril model
(Fig. 3b), we observe an increase in water content from 0 to
~4 wt% results in an approximately 300% increase in strain
for an applied tensile stress of 20 MPa. For the 20 wt% min-
eralization case, from Fig. 3c we observe increase in water
content from 0 to ~4 wt% results in the stress versus strain
behavior becoming more nonlinear, with an approximate
25% increase in deformation at a tensile stress of 20 MPa.
The increase in strain at 20MPa tensile stress for the 40 wt%
mineralized fibril case, when comparing for water content of
0 wt% to ~4 wt%, is approximately 27%. For the 40 wt%
mineralized fibril case, the total strain is reduced compared
to the 20 wt% mineralized fibril at the same tensile stresses.

We observe that an increase in the fibril mineral content
increases the stiffness of the fibril, while hydration causes

the stiffness of the fibril to decrease, as shown in Fig. 3b–d.
The results also indicate that hydration causes the stress ver-
sus strain behavior of the fibril to become more nonlinear,
which agreeswith experimental observations bySamuel et al.
(2016) andUhlig andMagerle (2017).We note, however, that
the degree to which hydration reduces the modulus relative
to the non-hydrated fibrils is minimized by the presence of
mineral, which suggests that the mineral plays a dominating
role in affecting the fibril modulus compared to water.

We compute the Young’s modulus values for all cases and
compare it with the change in the water content (Fig. 4).
For the non-hydrated 0 wt% mineralized fibrils, the Young’s
modulus is E ≈1.2 GPa. An increase in water content from 0
to ~2 wt% results in a ~33% decrease in Young’s modulus.
An increase in water content from ~2 to ~4 wt% results in
a ~26% decrease in Young’s modulus. For the non-hydrated
20wt%mineralizedfibrils in Fig. 4,E≈1.3GPa.An increase
in their water content from 0 to ~2 wt% results in a ~8%
decrease in Young’s modulus, while an increase in water
content from 0 to ~4 wt% results in a ~15% decrease in
Young’s modulus. For the 40 wt% mineralized fibrils which
are non-hydrated, themodulus isE ≈1.9GPa. An increase in
water content from0 to ~2wt% results in a ~10%decrease in
Young’s modulus, as shown in Fig. 4. An increase in water
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Fig. 4 Young’s modulus (E) versus water content for three different
degrees of fibril mineralization

content from 0 to ~4 wt% results in a ~15% decrease in
Young’s modulus. For all three degrees of mineralization,
the decrease in the Young’s modulus follows a linear trend
as the fibril water content increases.

We observe that the Young’s modulus of the 40 wt% min-
eralized fibrils is close to double the Young’s modulus of
the non-mineralized fibrils, regardless of water content. For
example, at ~2 wt% water for the non-mineralized fibril and
~2 wt% water for the 40 wt%mineralized fibril, the Young’s
modulus of the non-mineralized fibril in Fig. 4 is 0.74 GPa,

a difference of about 117% compared to 1.61 GPa for the
40 wt% mineralized fibril. We calculate a 95% confidence
interval of the difference between the modulus values for
fibrils with 0% mineral and 40%mineral at 0 wt% water and
at ~4 wt% water. At 0 wt% water, we find the difference in
modulus values to not be fully statistically significant, since
we determined a 95% confidence interval (CI) of (−0.1381,
1.5181). However, at ~4 wt% water we find a statistically
significant difference in their modulus values, with a 95%
CI of the difference between the modulus values of (0.6573,
1.3427).

We also observe a linear trend for the decrease in the
Young’s modulus as the water content increases for all three
degrees of fibril mineralization. The overall effect of hydra-
tion in reducing the Young’s modulus of collagen fibrils
is also observed in other studies on mineralized and non-
mineralized collagenfibrils (Gautieri et al. 2011;Gul-E-Noor
et al. 2015; Nair et al. 2014). A direct comparison with
the Young’s modulus values in our study in Fig. 4 agrees
with previous studies of mechanical properties of collagen
fibrils (Table 1), where both experimental and computa-
tional modelingmethods were used to determine the Young’s
modulus of collagen fibrils. Experimental techniques use
X-ray diffraction (Sasaki and Odajima 1996), atomic force
microscopy (AFM) (van der Rijt et al. 2006), and micro-
electromechanical system (MEMS) stretching (Eppell et al.
2006; Minary-Jolandan and Yu 2009), while the computa-

Table 1 Values for the Young’s
modulus obtained by other
studies of collagen fibrils at
various states of mineralization
and hydration

Young’s modulus (GPa) Mineral and water content Method of testing References

0.43 0% mineral fully hydrated X-ray diff. (Sasaki and Odajima
1996)

0.2–0.8 0% mineral fully hydrated AFM (van der Rijt et al. 2006)

0.53 0% mineral fully hydrated MEMS stretching (Eppell et al. 2006)

1.1 in the gap region 0% mineral
0% water

MEMS stretching (Minary-Jolandan and
Yu 2009)

1.2 in the overlap region 0% mineral
0% water

MEMS stretching (Minary-Jolandan and
Yu 2009)

0.3–1.2 0% mineral fully hydrated MD (Gautieri et al. 2011)

1.8–2.25 0% mineral
0% water

MD (Gautieri et al. 2011)

0.5–1.1 0% mineral
0% water

MD (Nair et al. 2013)

1.3–2.7 20% mineral
0% water

MD (Nair et al. 2013)

1.5–2.8 40% mineral
0% water

MD (Nair et al. 2013)

1.96 42% mineral fully hydrated Mathematical model (Hamed et al. 2010)

2.4±0.4 (46±15)% mineral
13% water

AFM/SEM (Hang and Barber 2011)
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Fig. 5 Fibril Young’smodulus (E) versus the fibril mineral content from
this study and from experimental values in Table 1 compared to the
effective modulus of mineralized fibrils determined by the Gao model

tional methods use molecular dynamics (MD) (Gautieri et al.
2011; Nair et al. 2013) and mathematical models (Hamed
et al. 2010). Our study allows for the quantification of the
change in fibril Young’s modulus, when the fibril mineral
and water content simultaneously vary. However, we find
that for themineralizedfibrils, the decrease inmodulus values
caused by hydration is not statistically significant, although it
is statistically significant for the non-mineralized fibrils. We
determined a 95% CI for the difference between the maxi-
mum and minimum modulus values for each mineralization
case in Fig. 4. For the fibrils with 0%mineral, the 95%CIwas
(0.3753, 1.5047). For the fibrils with 20% mineral, the 95%
CI was (−0.2447, 0.8847). For the fibrils with 40%mineral,
the 95% CI was (−0.066, 1.326). This supports the assertion
that the presence of mineral minimizes water’s effect on the
fibril strain.

We also compare in Fig. 5 the Young’s modulus values
determined in this study to the effectivemodulus values deter-
mined by the Gao model (Gao et al. 2003). The Gao model
formula is shown in Eq. 1 and was developed to calculate
the effective modulus of mineralized collagen fibrils based

on the mineralized collagen fibril model developed by Jäger
and Fratzl (2000).

1

Ê
� 4(1 − φ)

Gmφ2ρ2 +
1

Epφ
. (1)

In Eq. 1, the Ê is the effective modulus, φ is the mineral
volume fraction,ρ is themineral aspect ratio (~30) (Gao et al.
2003), Gm is the collagen shear modulus of 0.03 GPa (Yang
et al. 2008), and Ep is the modulus of the mineral of 100 GPa
(Gao et al. 2003). The experimental modulus values for non-
mineralized fibrils in Fig. 5 are the experimental modulus
values of non-mineralizedfibrils inTable 1. The experimental
value for the mineralized fibrils is from Hang and Barber
et al. (2011) who determined modulus values of fibrils with
mineral content varying from 32 to 61%. Themodulus values
determined in this MD study agree well within the error of
that determined by the experiments.

At mineral volume fractions close to 0%, the modulus
values in this study are higher than that determined by the
Gao model. This is due to the mineral volume fraction term
in Eq. 1, which causes the effectivemodulus to approach zero
as the mineral volume fraction approaches zero. At mineral
volume fractions of 0%,we find the results of this study agree
most closely with the Gaomodel for fibrils with higher water
content.

At mineral volume fractions of 50%, the modulus values
from this study are lower than those determined by the Gao
model. This is again due to the mineral volume fraction term
in Eq. 1. The maximum value possible for φ is one. When
φ approaches one, in Eq. 1 the effective modulus becomes
approximately the modulus of mineral, which neglects the
full effects of collagen protein andwater on the elastic modu-
lus of highly mineralized fibrils. At mineral volume fractions
of 50%, we find the results of this study follow with the Gao
model for fibrils with no water content. The modulus values
in this study also agree with the Gao model at intermediate
intrafibrillar mineral volume fractions of 30%.

We investigate the deformation mechanisms as both the
mineral and water content changes in the fibrils. To obtain

Fig. 6 A fully atomistic collagen fibril is visualized at the top of the
figure. A schematic of the fibril is shown below. The collagen molecule
end residues are represented in green and red color and show the end

of the gap and overlap regions. Mineral is not included in the fully
atomistic representation in order to better visualize the gap and overlap
regions created by the collagen molecules
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Fig. 7 aAverage gap/overlap ratio for eachfibrilmodel.b–gSchematics
of the lengthening and deformation of the fibril models are shown

the mechanics of gap and overlap deformation mechanics,
we obtain the terminal amino acid residues at opposite ends
of each individual collagen molecule in the fibril (see the
red and green points in Fig. 6). We use the distance between
these terminal residues to determine the linear strain for the
gap and overlap regions for a tensile stress applied along
the fibril length. The deformation behavior of the gap and
overlap regions of the collagen fibril models are represented
in Fig. 7, along with the corresponding schematic diagrams
for each model. The schematic diagrams shown in Fig. 7b–g
also represent their respective collagen fibrils at an applied

stress of 20 MPa, in order to better represent the effects of
hydration and mineralization on deformation of the gap and
overlap regions due to the applied stress.

For all fibril cases considered here, we find that the
gap/overlap ratio has a linear variation for an applied stress
less than 20MPa.We determine an average gap/overlap ratio
at each stress state for each fibril simulation. The average
gap/overlap ratios for all cases are shown in Fig. 7a.

For the fibril cases of 0 wt% mineralization, we observe
that an initial increase in the fibril water content causes the
gap length to deform more relative to the overlap region.
However, we observe that an increase in the fibril mineral-
ization minimizes the effect of hydration to increase the gap
length for the same applied stress. Once stress is applied to
the fibril, the gap region deforms much less in the mineral-
ized fibrils compared to the gap region deformation of the
non-mineralized fibrils, since the gap regions are stiffer in
the mineralized fibrils with the presence of mineral in the
gap regions.

The results in Fig. 7b, c demonstrate that, for the non-
mineralized fibrils, hydration of the fibril causes the ratio of
the gap length of the fibril and the overlap length of the fibril
to increase under the same applied stress. This is due to the
fact that, in the non-mineralized fibril case, approximately
80% of the water is located in the gap region where there is
more space for the water molecules to occupy between the
collagen molecules. We determine this from Figs. 2b and 7b,
c, where the addition ofwater causes the gap region to deform
more compared to the deformation of the overlap region at
20 MPa applied stress. Although the water is still located
primarily in the gap region, as the water content of the non-
mineralized fibril increases from ~2 to~4 wt%, the water
occupies the spaces in the gap region and a slight amount of
water also begins to fill void spaces in the overlap region.
This still results in an increased difference in the gap/overlap
ratio, but to a lesser degree than the difference in gap/overlap
ratio from a change inwater content from 0 to~2wt%,which
we observe from the results in Fig. 7a. The water distribu-
tion difference when comparing between ~2 and ~4 wt% is
observed in Fig. 2b.

We also find that hydrating the non-mineralized fibril
results in a slight folding of the collagen as can be seen com-
paring Fig. 7b, c. Since most of the water is located in the
gap regions of the fibril, we observe most of this folding
happening in the fibril gap regions. As stress is applied to the
fibril, the fibril first undergoes straightening, before experi-
encingmolecular stretching. A similar result for deformation
mechanismswas observed byAndriotis et al. (2018) in exper-
imental tensile pulling of hydrated non-mineralized collagen
fibrils. Although Andriotis et al. observed an expansion in
the spacing between collagen molecules, while we observe
this expansion on a local level, we also observe that the over-
all spacing between collagen molecules decreases due to the
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folding of the collagen. The intermolecular collagen spac-
ing decreases by as much as 28% in the gap regions where
we observed the most folding, compared to only an approxi-
mate 11% decrease in intermolecular collagen spacing in the
overlap regions.

For the 20 wt% mineralized fibrils, the mineral is primar-
ily in the gap region and causes strain in the gap region to
decrease by 50%, even with changes in fibril water content
from 0, to ~2 wt%, to~4 wt%. The presence of mineral also
reduces the effect of hydrationon thegap/overlap ratio,where
the addition of water does not cause as large of a magnitude
change in the gap/overlap ratio in the 20wt%mineralized fib-
rils as it does in the non-mineralized fibril, which is observed
by a comparison of the 0 wt%mineral cases with the 20 wt%
mineral cases in Fig. 7a.

The hydration of the 20wt%mineralized fibrils to ~2wt%
water causes the gap/overlap ratio of the fibril to initially
decrease, but then the gap/overlap ratio increases once the
fibril water content increases to ~4 wt%. This is due to the
fact that, in the 20 wt% mineralized fibrils, the mineral is
primarily in the gap region, which results in the gap region
having fewer spaces for the water to fill than the overlap
region. Because of this, we find that the water is displaced
to occupy the voids in the overlap region when the water
content is ~2 wt% and causes the overlap region to expand
and deform more relative to the overlap region of the non-
hydrated fibril as stress is applied, while the deformation of
the gap region remains relatively the same when comparing
between the 0 and ~2 wt% hydrated fibrils at 20 wt% miner-
alization. However, as thewater content increases to ~4wt%,
we find that the water occupies the remaining void spaces in
both the gap and overlap regions, and the water becomes
much more equally distributed throughout the fibril.

Approximately 60% of the water is in the gap regions,
which we can also observe from Fig. 2e, f, where the more
equal distribution of water in the fibril causes the gap region
to also expand and deform more relative to the deformation
of the gap region of the corresponding non-hydrated fibril as
we applymore stress, thus increasing the gap/overlap ratio, as
shown in Fig. 7a. Even though 60% of the water is in the gap
regions, we find that the mineral in the gap regions inhibits
the fibril from expanding in the direction perpendicular to the
fibril length when the hydration increases.We determine that
the intermolecular collagen spacing in the overlap regions
expands by as much as 88% due to hydration, while the gap
region intermolecular collagen spacing decreases by approx-
imately 18%. This agrees with the observations by Andriotis
et al. (2018), who observed an overall increase in intermolec-
ular collagen spacing in non-mineralized fibrils. The mineral
in the fibrils in our study prevents the fibril from folding and
allows the hydration induced expansion to occur. Our results
also additionally show how the change in intermolecular col-

lagen spacing differs between the gap andoverlap regions and
how it is affected by intrafibrillar mineralization.

We also find that the fibril deformation mechanisms
change as the fibril water content increases due to the change
in water distribution. In the non-hydrated fibrils with 20%
mineral, the primary deformation mechanism was stretch-
ing, observed through elongation of the collagen molecules.
However, when hydrated, the primary deformation mecha-
nisms were unfolding and the beginning of intermolecular
sliding. This is shown in Fig. 7d, e. Unfolding is observed
by the slight straightening of the overlap regions, which had
folded due to the presence of water and lack of mineral to
prevent folding. The initiation of sliding is observed by the
separation of collagenmolecules adsorbed to one another and
occurs primarily in the overlap regions where mineral does
not assist as much in holding collagen molecules together.

For the 40 wt% mineralized fibril, the hydration of the
fibril causes the gap/overlap ratio of the fibril to increase,
as shown in Fig. 7a. In the 40 wt% mineralized fibril, the
higher amount of mineralization causes a large degree of
mineralization in the overlap region compared to 20 wt%,
although a significant amount of mineral in the fibril is in the
gap region. Such a large degree ofmineral in both the gap and
overlap regions allows the water to distribute itself uniformly
throughout the fibril into the spaces in both the gap region
and the overlap region. We find that approximately 47% of
the water is in the gap regions, with the other 53% in the
overlap regions. This causes the gap region of the 40 wt%
mineralized fibril to deformmore compared to the gap region
deformation of the non-hydrated fibril of 40 wt% mineral
when both experience the same applied stress.

For the 40 wt% mineralized fibril, at a water content of
~2 wt%most of the void spaces in the fibril are already filled
by the water. As the water content of the 40 wt% mineral-
ized fibril increases to ~4 wt%, the water fills the remaining
void spaces in the fibril and the gap/overlap ratio increases.
The presence of mineral in the gap regions resists the expan-
sion of the gap region perpendicular to the fibril length. This
leaves the gap region to expand primarily in the direction
parallel to the fibril length, while the overlap regions do not
expand as much as the gap regions in the direction parallel
to the fibril length since they are free to expand perpendic-
ular to the fibril length. This is evident when comparing the
~2 wt% water model to the ~4 wt% water model in Fig. 7a,
where there is a minimal difference between their respective
gap/overlap ratios. The small difference in the water distribu-
tion when comparing the ~2wt% and ~4wt% hydrated fibril
with 40wt%mineral is observed in Fig. 2h, i. To validate this,
we compute the change in the perpendicular intermolecular
collagen spacing due to hydration and determine the overlap
regions expand by as much as 73%, while the gap regions
only expand by as much as 13%.
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As mentioned previously, we observe that as a higher
tensile stress is applied to the fibril, the relation between
the gap region deformation and the overlap region defor-
mation remains approximately constant, regardless of the
fibrilwater content. These results agreewith the experimental
work by Samuel et al. (2016), who observed a linear relation
in bone between the mineral phase strain and the collagen
phase strain, which from our observations corresponds pri-
marily to the fibril gap regions and the fibril overlap regions,
respectively. We find that the presence of water results in
the initiation of molecular sliding and unfolding, which con-
trasts tomoremolecular stretching observedwhen nowater is
present in the fibril.However, the presence ofmineral reduces
the dissociation between collagen molecules caused by the
presence of water, since the mineral resists the intermolec-
ular sliding. This explains why in mineralized fibrils the
unfolding and initiation of intermolecular sliding are primar-
ily observed in the overlap regions, which have less mineral.

In determining a 95% CI of the difference between
gap/overlap values, we find there is a statistically significant
difference in gap/overlap ratioswhen comparing the 0%min-
eralized fibrils with the 20% mineralized fibrils, with a 95%
CI of (0.1799, 0.3401). We find a statistically significant dif-
ference in the gap/overlap ratios when comparing the 20%
mineralized fibrils with the 40% mineralized fibrils, with a
95%CIof (0.142, 0.278).Wedonot find there is a statistically
significant difference in gap/overlap ratios when comparing
the 0% mineralized fibrils with the 40% mineralized fibrils,
with a 95% CI of (−0.0301, 0.1301). This suggests that as
the intrafibrillar mineral content reduces from a high value
(40%) to a low value (0%), there is a significant change in
the gap and overlap region behavior at intermediate mineral
contents (20%). Our results also allow us to use the fibril
gap/overlap length ratio to quantify the changes in the lin-
ear deformation relation between the mineral and collagen
phases of protein when the fibril mineral content and water
content simultaneously vary.

4 Conclusions

We investigate the effect of water and mineral content of
collagen fibrils on their mechanical behavior and properties
such as stress versus strain behavior, Young’s modulus, and
comparisons of fibril gap and overlap region deformation
behavior. The method of investigating these fibril properties
is by a uniaxial tensile test along the fibril length usingmolec-
ular dynamics method. This study finds the tensile Young’s
modulus of the 40 wt% mineralized fibrils is almost double
the difference in the tensile Young’s modulus of the 0 wt%
mineralized fibrils, irrespective of the water content. We find
that as the degree of mineralization of the fibril increases, the
effect of water to change the magnitude of deformation of

the gap and overlap regions decreases, although this effect is
more pronounced in the gap region where the mineral first
nucleates.

For non-mineralized fibrils, water first fills the void spaces
in the gap regions and only begins to fill the void spaces in
overlap region as the water content of the fibril increases to
around ~4 wt%. For the mineralized fibrils, water primarily
occupies the void spaces in the overlap regions at low water
contents, before filling the void spaces in the gap regions and
distributing more evenly throughout the whole fibril as the
water content of the fibril increases to around ~4 wt%.

A hydration of up to ~4 wt% for the mineralized fibrils
allows the water to become distributed also in the gap region,
which allows the gap region to be able to deformmore. Thus,
the gap/overlap ratio increases as the overlap region expands
transversely and the gap region expands longitudinally. This
is explained by the higher stiffness of the mineralized gap
region, which a previous study has shown takes up the largest
amount of stress in the whole fibril (Nair et al. 2013). This
means that a large degree of hydration of the mineralized
fibrils is needed to allow the gap region that is taking up
the largest amount of total fibril stress to be able to deform
more. A degree of hydration of a mineralized fibril that is
too low, near ~2 wt%, will only allow the overlap region
to deform more, since water fills primarily the void spaces
in the overlap region. This means that a reduction in fibril
hydration can cause the mineralized gap regions to become
stiffer and resist deformation, even if the water content of the
fibril is high enough that the overlap regions remain hydrated
and be able to deform more. The results of the current study
on the distribution of water in collagen fibrils between the
gap region and overlap region are useful for understanding
how bone’s nanoscale mechanical behavior changes when
the bone mineral and water content changes. The results also
havepotential for use in the designof novel tissue engineering
composites whose mechanical properties change as the scaf-
fold mineral or water content changes as the scaffold either
degrades or as in vivo environmental conditions change.
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