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Abstract

Multiscale modeling of muscular-skeletal systems—the materials and struc-
tures that help organisms support themselves and move—is a rapidly growing
field of study that has contributed key elements to the understanding of these
systems, especially from a multiscale perspective. The systems, including ma-
terials such as bone and muscle, have hierarchical structures ranging from
the nano- to the macroscale, and it is difficult to understand their macro-
scopic behaviors, both physiological and pathological, without knowledge
of their hierarchical structures and properties. In this review, we discuss the
methods of multiscale modeling. Through a series of case studies about key
materials in muscular-skeletal systems, we describe how different methods
can bridge the gap between hierarchical structures and their roles in the
systems’ mechanical properties. In particular, we emphasize the importance
of the quality of minerals in bone. Finally, we discuss biomimetic material
designs facilitated by additive manufacturing technology.
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1. INTRODUCTION

Muscular-skeletal systems are composed of bones, muscles, tendons, ligaments, cartilages, and
other connective tissues. The most fundamental and crucial functions of these systems are to
protect vital organs, support body structures, and facilitate organism mobility (1). Whereas the
skeletal and smooth muscles of the muscular system allow movement of the body, the skeletal
system consists of bones and joints, which provide the shape and form of the body, protect soft
organs, store vital minerals, and produce blood (2). Within the skeletal system, tendons and
ligaments are flexible and tough bands of fibrous connective tissues. Tendons mainly connect
bones to muscles, whereas ligaments connect bones to bones (3, 4). Cartilage bridges the joints
between bones, providing lubrication and preventing wear (5). All these systems largely consist of
similar materials: collagen, mineral, and elastin. It is amazing that diverse and multiple functions
and properties can be derived from this set of three materials (4, 6). In this review, we discuss
these three materials and how their properties can be described with multiscale modeling. The
purpose of this article is to provide a comprehensive and integrated point of view of the basic
model methods with applications from the atomistic to the continuum scale, as well as to assess
the interactions between the building blocks that result in complex material functions.

We experience multiscale dynamics of the muscular-skeletal systems every day even without
explicitly recognizing it. For example, bone fractures and injuries from an accident result from
nanoscale bond breaking in a relatively short time, whereas healing and remodeling of bones
facilitated by cellular mechanisms take more than weeks of growth and rearrangement (6, 7). Two
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challenging features of these systems need to be addressed in order to build proper models that
accurately describe their behaviors. First, parts of the systems have complex hierarchical structures
at different length scales that lead to different deformation or failure responses under external
loadings (8-10). Second, the materials of the systems are heterogeneous mainly because of the
continuous localized rehabilitation and growth in the systems (11-14). In particular, ordered and
disordered phases of bone at different scales are revealed with three-dimensional (3D) structural
analysis (15). Although hierarchies and heterogeneities complicate the process of building models
of the systems, they are responsible for enhancing the systems’ performance with lower mass and
relatively less costly materials compared with conventional engineering materials (16-18).

Figure 1 illustrates the hierarchical structures of various materials that make up the muscular-
skeletal systems from the nano- to the macroscale (6, 19-21). The elastin fiber is one of the main
components of various connective tissues; it is composed of tropoelastins and microfibrillar ar-
rays with cross-links (19). The basic building blocks of tendons and muscles are tropocollagen
molecules. These molecules form fibers, and the fibers further constitute hierarchical bundles of
fibers, which ultimately assemble into tendons and muscles. The fundamental building blocks of
bone are carbonated hydroxyapatite (HAP) minerals and tropocollagen molecules, which form
mineralized collagen fibrils and fibers (22, 23). Radially oriented fibers form approximately cylin-
drical osteon structures, and bundles of osteons with blood vessels and nerves make up bone (8).

These hierarchical structures show different deformation and failure behaviors. For example,
the deformation of collagen fibrils is sliding, but the deformation of osteons accompanies genera-
tions of microcracks. Due to these hierarchical structures, deformation and failure of the systems
cannot be described simply by one conventional method. Instead, the behaviors of the systems can
be understood by considering various deformation and failure mechanisms at different length and
timescales (8, 24). Moreover, conventional approaches with computer simulations can handle only
specific ranges of time and length because disparate laws and methods of modeling govern differ-
ent scales. For instance, the properties of water can be studied at different scales (Supplemental
Figure 1). The physical scale of a river is on the order of kilometers, and the flow of the river
is governed by Navier—Stokes equations (25). A cup of water is orders of magnitude smaller, and
splashes of water can be modeled by smoothed particle hydrodynamics (26). The phase transition
from water to ice is related to the change of the hydrogen-bond (H-bond) network at the nanoscale,
which can be captured by molecular dynamics (MD) (27). The phenomenon of proton transfers
between water molecules is related to covalent bond breaking and reforming; reactive MD sim-
ulation can capture the changing covalent bonds (28). Finally, all electrons in a water molecule
are governed by the Schrodinger equations. The above examples are separable problems that can
be solved at one specific length and timescale. However, problems such as the breaking of a huge
iceberg are governed by multiscale dynamics. As the iceberg breaks, the initiation and propagation
of failure are generally complex and difficult to solve with conventional continuum methods. Mul-
tiscale modeling is a new paradigm that focuses on integrating and connecting scale-disparate
theories and computational methods with appropriate approximations and profound insights
(24).

In addition to the complications that arise from multiscale dynamics, atomistic factors, such as
mineral phases of bone or mutations of collagens, significantly affect the mechanical properties of
the muscular-skeletal systems. Due to their nanoscale characteristics and difficulties in isolating
components, experimental approaches are extremely limited; thus, building higher-scale models
with parameters derived from experiments is formidable. Lower-scale models also have limita-
tions in terms of accessible sizes and times, making phase transitions such as mineralization and
self-assemblies of proteins very challenging. Multiscale modeling bridges these different scales
by simplifying lower-scale models as several parameters for higher-scale models. The advent of
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Figure 1

The hierarchical structures of various materials of muscular-skeletal systems: elastin, collagen, and minerals with different length scales,
timescales, and multiscale methods. (#) The basic building block of elastic fibers is the amino acid sequence GVGVP, which forms
tropoelastin. Tropoelastin molecules are deposited on a bundle of microfibrils with cross-links, constructing elastin fibers. (b)) The basic
building block of tendons and muscles is a tropocollagen molecule with a helix structure. Assemblies of tropocollagen molecules build
fibrils, fibers, and their bundles. (¢) The basic building blocks of bone are hydroxyapatite (HHAP) minerals and tropocollagen molecules,
constructing mineralized collagen fibrils. Osteon structures are composed of fiber patterns of the mineralized collagen fibrils.
Abbreviations: CGMD, coarse-grained molecular dynamics; MD, molecular dynamics; QM, quantum mechanics; SAXS, small-angle
X-ray scattering. Image of collagen fibers modified with permission from Reference 107. Copyright 1977, Wiley. Image of connective
tissue modified from Reference 108, licensed under CC BY-SA 4.0. Image of bone model modified with permission from Reference 109.
Image of tendon adapted from Wikimedia Commons (https://commons.wikimedia.org/wiki/File:Achilles_Tendon_Tear.

png), licensed under CC BY-SA 4.0.

parallel computing technology accelerates the development of multiscale modeling to deal with
more degrees of freedom. It enables the handling of more particles or elements in the system
to obtain more statistically accurate values to represent the properties of the systems. Properties
determined from a lower scale, such as a diffusion coefficient and mechanical properties, can be
used as input for a higher-scale model. This bottom-up approach to studying materials is very
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attractive due to quantum mechanics (QM). Although QM can deal only with a small number
of atoms or pristine systems, it can predict the properties of materials without parameters de-
rived from experiments but on the basis of fundamental theory rooted in chemistry and physics
(29). Thus, simulation-based design concepts can be tested, saving tremendous cost and time in
developing engineering and biomedical materials (30).

The most critical part of multiscale modeling is deciding which properties play significant
roles in the higher level of the system (31, 32). This is not a typical problem, and it requires
rigorous validation of the mechanism found. Current additive manufacturing technology, such as
3D printing, is a valuable tool to examine or validate new understanding from multiscale modeling
by allowing the construction of complex geometries in combination with various materials (33).
Thus, we can test simplified systems to examine the mechanisms, and the results can be utilized
to establish a design rule for novel materials (34, 35).

2. MULTISCALE MODELING

Many computational methods have been developed to study the properties of materials at different
discrete length and timescales, such as QM, MD, coarse-grained molecular dynamics (CGMD),
and the finite element method (FEM). We address the basic concepts of each method currently
employed in multiscale modeling. Also, we discuss advanced MD techniques to overcome a well-
known limitation of atomistic modeling (36).

2.1. Quantum Simulation

The most fundamental scale within the multiscale paradigm is the atomistic scale. Components
of the muscular-skeletal system are continuously growing and are occasionally damaged. Both
growth and failure initiate from the atomistic scale through chemical bonds forming and break-
ing (24). The interactions between atoms are governed by the distribution and states of their
electrons. Quantum simulations allow us to predict the behavior of electrons and understand
their corresponding properties, such as light absorptions, band structures, and electromagnetic
characteristics. In principle, for a given geometry of atoms, quantum simulation does not require
experimentally fitted parameters (37). Thus, we can model the system with a bottom-up approach
and develop modeling-driven material designs.

Electrons have discrete energy values based on their quantum states, and their behavior can
be derived from the Schrédinger equations. However, solving the equations for all electrons even
in small systems is almost impossible. Approximations simplifying the many-body interactions of
electrons to noninteracting electrons in an effective potential are employed in density functional
theory (DFT) (38, 39). DFT enables handling more atoms in systems and has been successfully
applied to solid-state physics (40). However, DFT is not sufficiently accurate to deal with transition
states or van der Waals (VdW) interactions. Ab initio quantum chemistry calculation, based on
the Hartree-Fock (HF) method, is another approach to deal with electrons. Many extensions of
the HF method have been proposed for better accuracy (41). However, the computational cost
increases significantly as the accuracy increases; therefore, the method should be chosen carefully
according to the properties to be studied. At present, the use of quantum simulations in multiscale
modeling is limited to mechanical properties and structures of materials at the ground state, which
are well described by either DFT or ab initio calculations. The properties and structures derived
from quantum simulations can be utilized to determine the unknown input parameters in MD
for materials in the muscular-skeletal system (42). In this review, we describe the use of DFT
calculations to study the mechanical properties of the minerals in bone.
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2.2. Classical Molecular Dynamics

Because the number of atoms a quantum simulation can handle is extremely limited, further
simplifications are necessary to deal with a greater number of atoms. Classical MD is a way to deal
with atoms or molecules on the basis of their interactions, in which the electronic structures of the
atoms are not changed. Instead, force fields or potentials are adopted for the effects of electron
states. After Alder & Wainwright (43) performed the first MD simulation with hard spheres in
the late 1950s, various potential forms have been developed and used in MD simulations. The
most fundamental potential that includes repulsive and attractive terms is the Lennard-Jones (L)
potential, commonly expressed as

Vi) =4e [(;)lz - (%)6] | o

where ¢ is the depth of the potential, o is the distance where the potential value is zero, and 7 is
the distance between particles. The L] potential has had great success in describing the behavior
of noble gases such as argon (44). This potential is widely used in describing VAW interactions
in various systems. For biomolecules such as lipids and protein systems, an empirical force field

known as CHARMM has been proposed (45). The basic form of the force field is
Vsystem = Vbond + I/amgle + Vdihedral + Vimproper + VVdVV + VCoulomb~ (2)
Other force fields such as AMBER (46) and GROMOS (47), developed on the basis of different

experimental data or ab initio calculations, have also been proposed with similar constituent terms
to describe biomolecules. The force fields usually have terms for torsion, bond stretching, angle,
and nonbonded interactions (Supplemental Figure 2), and the parameters have been improved
over time for better descriptions of properties from experiments, such as secondary structures (48).

From these force fields, the Hamiltonian of a system is defined as H(p;,¢;) = K(p;) + E(¢:),
where Kis the kinetic energy term, E is the potential energy term described by the force fields, and
pi and ¢; are the momentum and position of the 7th particle, respectively. From this Hamiltonian
the time derivatives of position and momentum can be derived, and the trajectories of the atoms can
be obtained by numerical integration (49). The system is described as a microcanonical ensemble
representing all possible states of a mechanical system having the same total energy. Because the
controllable macroscopic variables are the number of particles (IV), total volume (J), and energy
(E), the microcanonical ensemble is also termed the NVE ensemble. However, NVT (canoni-
cal) and NPT (isobaric—isothermal) ensembles are generally adopted in MD simulations because
temperature (7') or pressure (P) is usually utilized as a macroscopic variable in experiments (50-52).

A proper time step should be chosen for the conservation of the total Hamiltonian to ensure
the appropriate sampling of the correct ensemble. In biomolecular systems, a time step of 1 fs is
sufficient for unconstrained atomistic systems, whereas a longer time step of 2 fs can be utilized
together with H-bond constraints (53). Short integration time steps prevent attaining simulation
timescales beyond microseconds in MD simulations. This would require more than a billion
steps, a significant task even for modern supercomputers. In this review, we demonstrate how MD
simulations can be utilized to model the deformation of collagen molecules, minerals, and their
interactions at the nanoscale.

2.3. Reactive Force-Field Molecular Dynamics

The deformation and mechanical responses of biomolecules are governed mainly by changes in
H-bond networks (54). However, the breaking of covalent bonds is also critical to understand-
ing the mechanisms of protein unfolding and failure (24, 55). Nonreactive force fields such as
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CHARMM are capable only of describing atoms near their ground states because these force
fields ignore quantum chemical states as an approximation. In contrast, reactive force fields can
capture the changes in bonding by considering bond orders that are estimated from the relative
distances and angles between particles. The bond orders enable one to approximate the quantum
chemical states of particles for the formation or breakage of bonds in the systems (Supplemental
Figure 2) (56). Although reactive force fields capture the change of quantum states and are less
computationally expensive than quantum simulations, the number of atoms in the system is still
limited to tens of thousands, which is much less than in classical MD simulations (more than
billions) (28). Thus, a hybrid concept can be utilized for efficiency that uses the reactive force field
only for highly reactive parts of the system (57). In this review, we show how the reactive force
field is used to parameterize unknown parameters of cross-links in collagen fibrils for CGMD.

2.4. Coarse-Grained Molecular Dynamics

Due to the temporal and spatial limitations of MD simulations, other approaches are required
to deal with mesoscopic-scale (micrometer-scale) models. CGMD follows the simple classical
MBD scheme and deals with groups of atoms as simplified beads. The interactions between these
beads are defined mainly by L] potentials and harmonic springs. Because the addressable timescale
arises from how many atoms a bead represents, we can choose various timescales by controlling the
coarse-graining level and the parameters for interactions. Thus, the methods used to systematically
derive the parameters and tune them under reasonable assumptions are important for obtaining
reliable results. One of the methods used to systematically derive the parameters for biomolecules
is the MARTINI force field (58), which is based on the partitioning of free energy and mapping of
atomic positions to coarse-grained beads. The basic rule of the MARTINI force field is that four
heavy atoms are approximated as a single coarse-grained bead with a single interaction center. The
force field performs well in modeling protein structures and aggregations of simple peptides (59).
However, replacing four atoms with one bead does not significantly reduce the computational re-
strictions on systems’ sizes. In this review, we discuss the deformation and failure of collagen fibrils
and mineralized collagen fibrils with coarser beads than those used in the MARTINTI force field.

2.5. Continuum Theory

The continuum approach is the most common method to describe systems at the macroscale, and
this is a very successful way to describe the many structural problems of homogeneous materials.
In this approach, a system is modeled as a continuous material rather than being composed of
particles, without explicitly accounting for a material’s internal structure. One of the basic models
in continuum mechanics is based on Hook’s relation, in which the elongation of elements is
proportional to the applied external force. When a force F is applied to a beam of length L and
cross-sectional area A, the extension is given as Az (Supplemental Figure 3). The equation
F = kAu can be normalized by the unit volume (J = AL) as

J:—:—*:Eé‘, (3)

where o, E, and ¢ are defined as stress, Young’s modulus, and strain, respectively. This linear rela-
tion between stress and strain governs the behavior of brittle materials in the elastic regime, where
the deformation is reversible. However, the deformation of materials such as metals generally has
a plastic deformation regime in which irreversible deformation occurs.

Griffith (60) and Irwin (61) developed linear elastic fracture mechanics (LEFM). The Griffith
criterion states that failure of materials with a flaw occurs when the stored strain energy is large
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enough to create two new surfaces under uniaxial loading. The energy release rate G, which
represents the dissipation of stored strain energy per unit of newly created surface area during the
crack propagation, is defined by
U

G="7 @
where U is the stored strain energy available for crack propagation and A is surface area. A small
crack can propagate when G = 2y, where y is surface energy (the energy necessary to create a
new surface; two new surfaces are created as the crack advances). The failure strength of a linear
system with a small crack is given by o, = /(EG)/(7wa), where E and # are Young’s modulus
and length of the crack, respectively. LEFM can describe the failure of brittle and homogeneous
materials such as glass (60).

In multiscale modeling, Young’s modulus and the energy release rate can be readily obtained
from atomistic simulation by calculating the corresponding materials’ elastic constants and surface
energy. However, the energy release rate is not simply 2y when the dissipated energy constitutes
a large portion of the energy release rate, such as in heterogeneous materials. A better expression
under this situation would be G = 2y + Giss. The energy release rate of inhomogeneous materials
can be obtained from atomistic simulations by measuring the total external work for failure of the
systems (62).

The deformations and damages of the muscular-skeletal system are locally inhomogeneous,
which is challenging to describe with LEFM. The cohesive zone model has been widely adopted
for describing damages on the basis of the critical energy release rate. Each element can take
damage according to its local stress and history of damages (Supplemental Figure 3). The basic
elastic properties and the energy release rate are key to connecting particle-based simulations
(QM, MD, and CGMD) to continuum theory (FEM). However, a more systematic framework
needs to be developed to bridge these disparate methods.

2.6. Replica Exchange Molecular Dynamics

When the system size increases, more computing units can help reduce computational time by
domain decomposition (63, 64). However, it is challenging to accelerate a simulation in the time
domain because the time evolution of the system depends on the previous steps or states. On
one hand, this dependency limits particle simulations, including MD and CGMD, to their con-
ventional timescale on the order of nanoseconds or, at most, hundreds of nanoseconds. Protein
folding occurs on the timescale of microseconds to milliseconds, which puts the folding of most
large proteins out of reach of conventional MD. On the other hand, this limitation comes from the
complex energy landscape of systems: Short simulations cannot overcome barriers/local minima
to sample other configurations effectively. Although the time domain cannot be parallelized, the
problem of being trapped in local minima can be alleviated in other ways. Sugita & Okamoto
(36) have proposed replica exchange molecular dynamics (REMD), which utilizes multiple repli-
cas with slightly different temperatures to overcome the barriers but produce correct ensembles
(Supplemental Figure 4). This method enables systems to overcome complex energy landscapes
and reach the global minimum much faster than conventional MD. In this review, we discuss how
REMD is utilized for unknown structures of a part of a tropoelastin molecule.

3. MULTISCALE MODELING OF ELASTIN AND COLLAGEN

An important class of biomolecules in muscular-skeletal systems consists of proteins. Proteins are
large molecules responsible for various biological functions, such as molecular transport, DNA
replication, metabolic reactions, and enzymatic reactions (65). Each molecule is made of one
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or more polypeptide chains of various types of amino acids, which are the fundamental build-
ing blocks of proteins. The sequences of amino acids are determined by the sequence of the
corresponding gene that codes for this particular protein. The series of amino acids determines
how the chains fold into complex structures and the biological functions of the protein. In this
section, we review multiscale modeling of collagen and elastin: the most abundant and important
proteins for mechanical properties in the muscular-skeletal systems.

3.1. Molecular Dynamics of Elastin

Elastin is a highly flexible and largely deformable biomaterial found in various parts of the
muscular-skeletal systems, such as tendons, ligaments, and cartilages. Elastin is usually found
in the form of fibers in the extracellular matrix of connective tissues, composed of microfibrils and
amorphous tropoelastin molecules (18). Although only one gene produces tropoelastin, alternative
splicing enables the formation of diverse tropoelastin isoforms. These splice variants can fulfill
the various functional and structural requirements of the fibers in various tissues (66).

Itremains challenging to determine a fully atomistic structure of tropoelastin from experiments,
as it does not form a crystal structure. Also, insolubility and complex cross-link networks present
significant difficulties in isolating this molecule. There are 34 exons in the human tropoelastin
transcript, where exclusion of domain 22 in wild-type (W) tropoelastin is believed to be critical
for forming a flexible hinge region for elastic fiber assembly (Figure 24) (67). Yeo et al. (68)
have studied the effect of the hinge region on the dynamics and structures of tropoelastin with
small-angle X-ray scattering (SAXS) and atomistic modeling. Figure 25 shows how the structure
of the hinge region changes when domain 22 is included in SAXS-based elastic network models.
Because the structure has not been well established from experiments alone, these authors used
REMD to predict the atomistic structure of the exon 21-23 domains (WT+22 hinge) and the
21/23 domains (WT) (Figure 2c¢). The structures obtained from REMD were confirmed by SAXS
and showed that inclusion of domain 22 causes a structural transition from more flexible helices
to stiffer B-sheets. The authors utilized elastic network models in which proteins are described
as a set of beads that are interconnected with elastic springs; such models can be a useful tool
to study the relation between structures and dynamics of proteins (69-71). The elastic network
model shows that excluding domain 22 changes the dynamics of the hinge part significantly,
and its vibrational behavior can critically affect the self-assembly of tropoelastin. This study (68)
demonstrated that molecular and coarse-grained simulations could reveal the unknown structures
and roles of specific parts of proteins in muscular-skeletal systems.

Although the results of this study indicate that the dynamics of tropoelastin may play a critical
role in self-assembly of the molecules, the entire tropoelastin molecule is much larger, and usually
many molecules are required in order to observe their aggregations. Atomistic MD cannot handle
these complexities; thus, CGMD can be utilized to determine the aggregation mechanisms at the
micrometer scale. Although CGMD based on the MARTINI force field, for instance, is able to
perform aggregation simulations for short segments (tripeptides) (Supplemental Figure 5) (72),
the force field needs to be improved for simulations of longer elastin-like peptides (73).

3.2. Molecular Dynamics of Collagen

One of the most abundant proteins in the human body is collagen. The collagen molecule is the
main component of ligaments, tendons, and bones, giving rise to the muscular-skeletal systems’
stability and high elasticity. Although there are various types of collagens, their basic building
block is a repeating sequence of the Gly—X-Y triplet, where X and ¥ are commonly proline and
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(#) Human elastin exons are shown with the specific sequence of domains 21 to 23. The red amino acids
represent domain 22. (b) Elastic network models of tropoelastin with different stiffnesses of the hinge show
structural changes. (c) Structures of wild type (WT) and wild type with domain 22 (WT+22) are predicted
from replica exchange molecular dynamics. Panels # and ¢ modified from Reference 68, licensed under CC
BY-NC 4.0.

Figure 2

hydroxyproline. The most abundant collagen in the muscular-skeletal systems is fibrillar type I.
Three chains of the repeated triplets form a triple-helix structure of tropocollagen molecules.
The structure of type I collagen is depicted in Figure 3a4. In a single unit cell, where the axial
length is 67 nm (also known as the D period), five molecular segments are packed into a quasi-
hexagonal structure. The unit cell consists of an overlap region (0.46D ~ 31 nm) and a gap region
(0.54D ~ 36 nm), forming a fibril with a right-handed twist with neighboring fibrils (74).

Jung o Buehler



Twelfth triplet
b Microunfolding and kink

o 20ns '
| _'W%@

- Twelfth triplet
Microunfolding and kink

40 ns |

Twelfth triplet
20 ns Microunfolding and kink

Fifth triplet
kink

Twelfth triplet
Microunfolding and kink

40 ns Fifth triplet
kink

Figure 3

(@) The structure of type I collagen shows quasi-hexagonal packing. (b) The structures of tropocollagen
molecules. (Top) Snapshots of heterotrimer (two -1 chain and one -2 chain) collagen molecules at 20 ns
and 40 ns. (Botton) Snapshots of homotrimer (three -1 chain) collagen molecules in osteogenesis
imperfecta at 20 ns and 40 ns. The homotrimer collagen molecule has larger kinked angles, which may result
in greater lateral distances in the microfibril. Panel # modified with permission from Reference 74.
Copyright 2006, National Academy of Sciences. Panel » modified with permission from Reference 77.
Copyright 2012, Elsevier.

The mechanical properties and deformation of a single collagen molecule have been well
characterized from atomistic simulations. Young’s modulus measurements from MD (~4 GPa)
are in excellent agreement with those from experiments (~3-5 GPa) (75, 76). Also, MD simulation
reveals that there is a loading-rate dependency under tensile loading. Because the three chains
form a triple helix by H-bonds, deformation under tensile loading involves unwinding of the
triple helix followed by breaking of H-bonds. Then, the load bearing transits from the breaking
of H-bonds to the stretching of covalent bonds of backbone chains, leading to the hyperelasticity
of collagen molecules (75).

Mutations of amino acid in type I collagen are related to genetic disorders such as osteogenesis
imperfecta (OI). Atomistic MD has been utilized to reveal the structural and mechanical differ-
ences between heterotrimer (WT) and homotrimer (OI) collagen molecules of a mouse model
(Figure 3b). Although performing direct aggregations is not possible, MD simulations can show
that the mutations distort the structure and cause kinks, which possibly affect the aggregation of
collagen fibrils and degrade the mechanical properties of bones and tendons (77). However, MD
ceases to be feasible for studies of deformation and failure at the fibril level, so the use of CGMD
is required (Figure 1).

3.3. Coarse-Grained Molecular Dynamics of Collagen Fibril

Unlike that of elastin, the structure of tropocollagen is well established and stable (74). Thus,
it is possible to coarsen the system more than the MARTINI force field does, with a focus on
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permission from Reference 78. Copyright 2015, Elsevier.

the mechanical properties and deformation of the collagen fibril. Depalle et al. (78) have stud-
ied the effects of cross-links on the mechanical properties and deformation of collagen fibrils
with their CG model (Figure 44). The triple-helical tropocollagen molecule is represented by
a single chain of beads that have equilibrium distances between them close to the diameter of a
tropocollagen molecule. These authors developed the parameters on the basis of a previous model
that could capture nonlinear stress—strain behaviors by adopting bilinear spring constants de-
rived from atomistic MD simulations (79, 80). This study utilized a reactive force field (REAX) to
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obtain unknown parameters for the cross-links. Figure 45 shows the deformation of collagen fibril
with cross-links. Several regions of deformation enable huge amounts of energy to be dissipated,
which cannot be captured with MD simulations of a single collagen molecule. As the density of
cross-links increases, the mechanical properties change by activating a second elastic regime that
has a different stiffness based on the density of the cross-links.

The effect of mutations on fibril packing is a challenging topic that so far has not been ex-
plored with either MD or CGMD due to the limitations of timescale and force fields. Because
accurate thermodynamic properties are critical for describing assembly behavior, the MARTINI
force field is a likely candidate for self-assembly simulations, as highlighted by tripeptide sim-
ulations. The original MARTINI force field does not have parameters for hydroxyproline, an
important nonstandard amino acid in collagen molecules; to this end, Gautieri et al. (81) have pro-
posed a parameter set in the MARTINI force field for hydroxyproline from atomistic simulations
(Supplemental Figure 6). Self-assembly simulations require many units of molecules and may not
be possible with the conventional MD/CGMD method due to the problem of multiple local min-
ima. One can approach this issue with enhanced sampling methods such as REMD for the aggrega-
tion behavior of segmented type I collagen molecules with CGMD, enabling direct observation of
abnormal aggregation due to the mutations. We note that this bottom-up approach of multiscale
modeling can be very powerful in understanding the effects of a factor that is difficult to control
in vivo and in vitro because it does not require parameters determined a priori from experiments.

Collagen fibrils form collagen fibers that often join together with proteoglycans (PGs) (82),
which consist of a core protein and covalently bonded glycosaminoglycan (GAG) chains and
are categorized by the size and type of GAGs (83). PGs play an important role as lubricant in
cartilage, and GAGs can bridge between contiguous fibrils (84). Although the mechanical roles of
collagen fibrils in tendon have been extensively studied, the roles of PGs and GAGs are relatively
less well known. Redaelli et al. (85) have performed tensile tests of GAG chains with atomistic
MD simulations to obtain stiffness and applied the value to their multifibril model, revealing
the importance of collagen fibril length for the elastic properties of tendons. However, previous
studies largely failed to explore the failure behaviors at the fiber level, a shortcoming that could
be addressed by more systematic investigations with multiscale modeling tools.

4. MULTISCALE MODELING OF MINERAL AND BONE

Bone is arguably the most interesting component of the muscular-skeletal systems because its
mechanical properties are extraordinary in terms of both stiffness and toughness, and because of
the extraordinary role mineralized tissues like bone have played in evolution. The basic building
blocks of bone are collagen and carbonated HAP minerals (7). As shown in the case studies of
elastin and collagen, above, the systematic understanding of the properties of bone at a lower
hierarchical level is critical for constructing models of the higher level. In this section, we review
multiscale modeling of minerals with collagen in bone and emphasize the importance of the quality
of minerals in the multiscale modeling of bone.

4.1. Quantum Simulation and Molecular Dynamics of Mineral

The main component of the minerals that can be found in bone is HAP, which is deposited
along the collagen fibril direction in the (001) direction (z axis). Figure 54 shows the struc-
ture of HAP [Cas(PO4);(OH)]. Nanoindentation experiments demonstrate that bulk HAP is a
highly anisotropic material in terms of its fracture toughness and Young’s modulus (86). Be-
cause HAP is the main component of bone, providing stiffness, knowledge of the mechanical
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(@) The supercell structure of hydroxyapatite in different directions. (») Changes in the local structures at the failure differ under
different loading conditions (POy, yellow-brown tetrahedral; Ca, green; OH, red/white). Modified from Reference 87 with permission
from Macmillan.

properties of pure HAP is important in order to understand their effects on bone. Misra &
Ching (87) have studied the mechanical responses of HAP under various loading conditions with
DFT. The atomistic deformation of pure HAP under different loadings is difficult to capture
from experiments, and DFT calculations help pinpoint the origins of its mechanical properties.
Results show path-dependent mechanical responses under multiaxial tensile loading conditions.
Figure 5b depicts the various changes of the local structures under different loading conditions.
"This complexity comes from the ionic bonding of HAP, which is not as strong as covalent bonds;
therefore, the local structure easily changes (e.g., rotations of PO4 molecules and distortions
of OH molecules) according to the loading path. This path dependency results in the complex
nonlinearity and anisotropic behaviors of HAP.

In bone, minerals do not exist as pure HAP because they are substituted by carbonates (CO3).
The carbonate content of bone is ~4-8 wt%. There are two types of carbonate substitutions in
HAP: The A type replaces the hydroxyl ions, and the B type replaces the phosphate ions. The
B type is significantly more predominant than the A type in bone. Because B-type substitution
decreases the crystallinity and increases the solubility of minerals (22), the mechanical properties
of minerals in bone can change accordingly.
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Each mineral is shaped as a plate with the following approximate dimensions: length,
9 (+£3) nm; width, 6 (£2) nm; thickness, 2 (£ 1.2) nm (88). In particular, lower thickness and
poor crystallinity of the mineral plates are important features in OI (89). Using MD simulations,
Qin et al. (90) have shown that the binding between collagen and minerals becomes stronger as
the mineral thickness increases. Moreover, the mechanical properties of HAP itself significantly
degrade under 2 nm (54). The lattice constant of HAP in the thickness direction is ~0.9 nm so
that 2 nm is only approximately two unit cells of HAP. Because the stability of HAP comes from
ionic interactions, the well-ordered structure is vital for its stability and mechanical properties.

However, the effects of carbonate substitution and crystallinity on the mechanical properties of
HAP have been oversimplified in atomistic models. Figure 6 shows how the crystallinity of HAP
correlates with its diffraction patterns and mechanical properties from MD simulations. The X-ray
diffraction pattern and selected area diffraction (SAD) pattern are the typical ways to represent
the mineralization of collagen fibrils. Figure 65 shows a representative SAD pattern of HAP in
the (001) direction. Figure 6¢ depicts X-ray powder diffraction patterns of different aged bones,
showing that more distinct peaks appear as bones become mature (91, 92). As shown by Olszta
etal. (7), the peaks of the diffraction patterns become distinct as the mineralization process occurs,
and the broadly diffused diffraction patterns indicate amorphous or poorly crystallized minerals.
Some isolated fibrils from mature equine bone do not show distinct diffraction patterns due to
natural remodeling and rearrangement, implying that the mineralized collagen fibrils in mature
bone can have various crystalline structures.

MD simulations allow us to clarify how mechanical properties can vary due to the quality of the
minerals. One can derive the disordered system from pristine HAP by randomly switching two
ions. The mechanical properties from the structures thus obtained show that Young’s modulus can
drastically decrease by more than 60% while the density of the minerals decreases by only 10% due
to the degree of crystallinity (Figure 6d). These results are in good agreement with experimental
observations that mechanical properties and fatigue properties of bone have a significant corre-
lation with the mineral’s crystallinity: Crystallinity accounts for 6.7% to 48.3% of the variation
in monotonic mechanical properties (93). The effect of crystallinity on the mechanical properties
should be considered in higher hierarchical modeling, especially for bone-related diseases such as
Ol, and skeletal fluorosis caused by excessive accumulation of fluoride in bone (89, 94).

4.2. Molecular Dynamics of Mineralized Collagen Fibril

Building a model with the proper configuration of mineralized collagen fibrils is both relevant
and challenging. In an early study (79), researchers proposed a simple two-dimensional 2D)
MD model of mineralized collagen fibrils to study their fracture properties. This study described
a toughening mechanism at the molecular scale induced by mineralization, which protects the
structural integrity of collagen fibrils from catastrophic failure by forming local yield regions
that increase energy dissipation. Almora-Barrios & de Leeuw (95) made an early attempt to use
atomistic MD to describe the nucleation of mineral phases within the collagen template—from
solution. They observed early stages of calcium phosphate clusters near the collagen surface
due to charge interactions. However, full mineralization was not observed due to the prohibitive
timescale needed in the MD simulation. An alternative method is to adopt a Monte Carlo approach
to obtain the structure of mineralized protein matrixes. Nair et al. (96) constructed a mineralized
collagen model from a pure collagen molecule in a periodic box by superimposing a HAP unit
cell without overlapping on the basis of the distance from the collagen protein phase. The model
showed that the tensile modulus increases monotonically as the mineral density increases. One
limitation of this model is that it could not account for the specific crystallinity of HAP crystals,
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(@) Models of different crystallinity generated from pristine hydroxyapatite (HAP) by switching two randomly selected ions. () Selected
area diffraction patterns of HAP (human tooth enamel) in the (001) direction were obtained from an experiment and models (110).

(¢) X-ray diffraction patterns were obtained from fetal and adult bones and models; X-ray powder diffraction patterns were calculated
from the debyer program (https://code.google.com/p/debyer/). (d) The normalized mechanical properties (bulk modulus and
Young’s modulus on the z axis) and densities as a function of the switching number. The numbers indicate how many times the
switching process occurs with relaxations. Image of diffraction in panel 4 modified from Reference 111. Image of diffraction in panel ¢
reproduced with permission from Reference 112. Copyright 2002, Elsevier.
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resulting in oversimplification of the quality of the minerals. By contrast, Duchstein & Zahn (97)
proposed a mineral—collagen composite in which the crystal structure of minerals is well preserved.
Although their enamel-like composite has a higher mineral density than bone, their approach can
be employed to model mineralized collagen fibrils to study the effects of crystallinity. A single
unit cell of mineralized collagen can be characterized with MD simulations, but it is not possible
to model deformation and failure of fibrils in atomistic simulations.

4.3. Coarse-Grained Molecular Dynamics of Mineralized Collagen Fibril

Recently, Depalle et al. (98) studied the effects of mineral content on the deformation and mechan-
ical properties of mineralized collagen fibrils with CGMD (Supplemental Figure 7). Similar to
the effects of cross-links in collagen fibrils, as the mineral content increases, the stiffness increases.
Above a certain percentage of mineralization (around 30% to 35%), the mineralized collagen
behaves more like brittle materials with degraded toughness and density, a behavior that was not
captured by MD simulations due to size limitations in the fully atomistic model. Compared with
those of nonmineralized collagen fibrils, the strength and toughness of mineralized collagen fibrils
can improve by a factor of 10 and 35, respectively.

We note that most modeling of mineralized collagens focuses on the minerals in the gap
region of collagen fibrils. However, a study using transmission electron microscope images of
cry-ion-milled sections of bones suggests that most ordered minerals are actually deposited in the
extrafibrillar space, and that the minerals in the gap zone may not be well crystallized (99, 100).
Although the spatial distribution of minerals in bone is still a matter of debate, further studies
with multiscale models including information about mineral quality will help uncover the role of
intra- and extrafibrillar minerals in bone.

4.4. Continuum Model of Osteon

Few attempts have been made to model fiber patterns or arrays of mineralized collagens with either
CGMD or FEM (101). However, the deformation and failure of osteon levels can be modeled
with FEM. An important toughening mechanism of osteons is the formation of microcracks rather
than the ability to resist crack initiation. Jonvaux et al. (102) have studied microfracture and crack
bridging of bone under compression with light microscopy and FEM. They utilized cohesive zone
modeling to describe tearing of collagen fibrils with parameters obtained from experiments. The
model was built from light microscopy, and the microcrack initiation and deformation behaviors
accorded well with experimental observations (Supplemental Figure 8). Although the toughness
thus obtained under compression was underestimated, this model well described the important
roles of microstructures and heterogeneities in deformation and failure of bone. As the input
parameters for this model are derived from experiments, the bottom-up approach of multiscale
modeling still requires significant effort to connect the micrometer scale to the millimeter scale.

5. BIOINSPIRED HETEROGENEOUS MATERIALS DESIGNS

Each component of the muscular-skeletal systems has a unique structural feature at every hier-
archical level, from the nanoscale to the macroscale, and the heterogeneity at each level can play a
key role in toughening mechanisms (7, 14). Through computational modeling, a target system can
be simplified with a few controllable parameters in order to test their response. Thus, derivation
of these parameters at each hierarchical level is fundamental for multiscale modeling. The best
way to test and validate a hypothesis from multiscale modeling is to construct a representative
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physical structure and check whether its effects correspond with expectations from modeling. This
has been a challenging issue, as conventional manufacturing processes that replicate the complex
geometries of muscular-skeletal systems are either time consuming or very expensive, or both.
Additive manufacturing technology, including 3D printing, is capable of rapidly manufacturing
such complex geometries, enabling validations and further material designs based on an improved
understanding of these systems (33). Currently, the resolution of 3D printing extends down to
100 nm, allowing the manufacture of materials close to the scale of the basic building blocks of
the muscular-skeletal systems (103).

5.1. Designs Inspired by Mineralized Collagen

Dimas et al. (104) have used 3D printing to study mineralized collagen—like composites based
on stiff and soft polymer materials (Supplemental Figure 9). They have confirmed two main
toughening mechanisms of the composite under tensile loadings: (#) delocalization of stress con-
centration due to microcrack formation and (b) distinct crack deflection. Models and experiments
aided by 3D printing enable the design of bioinspired materials and testing of the specific roles of
components such as geometry and ratio of stiffness in order to obtain a deeper understanding of
the individual roles of minerals and collagen molecules.

5.2. Designs Inspired by Osteons

Conventional 3D printing materials are very lightweight but weak compared with conventional
engineering materials. Researchers have proposed the use of fiber-reinforced polymers to over-
come the weakness of these materials (105). However, the resolution of the technique is limited to
the millimeter scale, and the fiber orientations are not easily controllable. Martin et al. (106) have
proposed a new technology utilizing magnetic nanoparticles (size, ~10 nm) to produce different
fiber orientations by varying a magnetic field (resolution, ~10 um). Although the resolution of the
geometry is only ~100 pm, the technology enables production of hierarchical structures from the
nanoscale. The tensile strengths of simple osteon-like geometries change with different reinforce-
ment orientations (Supplemental Figure 10). The circular reinforcement demonstrates fracture
resistance to tensile loading in all directions. This is a promising way to construct more complex
bonelike structures and systematically study the effects of hierarchical structures and directions of
fibers.

5.3. Hierarchical and Heterogeneous Designs

According to multiscale modeling, each hierarchical part of a muscular-skeletal system can have
different scales of heterogeneity (e.g., the content or quality of the mineral in mineralized collagen
fibrils, the cross-link density of collagen fibrils, and the shape of osteon) from the nanoscale to the
macroscale. Heterogeneities of bone, such as ordered and disordered phases at different length
scales, are also observed in experiments (15). However, previous studies using 3D printing focused
mainly on repeated geometries at one length scale. Determining the effects of differentlength scales
of heterogeneity on toughening mechanisms can offer promising avenues for characterization and
synthesis of the muscular-skeletal systems.

6. CONCLUSIONS AND FUTURE OPPORTUNITIES

This article has provided an overview of multiscale modeling methods as applied to a selection of
structurally relevant muscular-skeletal materials. Multiscale modeling is a paradigm that requires a
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broad understanding of multidisciplinary fields of study, integrating and interconnecting various
methods. We have reviewed basic concepts, applicable scales and properties, limitations, and
widely used advanced algorithms.

The case studies discussed in this review have shown how the different methods can be applied to
important materials of muscular-skeletal systems (e.g., elastin, collagen, and minerals) at different
hierarchies based on the bottom-up approach. For minerals in bone, crystallinity can be important
for understanding the origins of heterogeneous mechanical properties of bone at the nanoscale,
which was oversimplified in earlier models.

Multiscale modeling provides an integrated perspective on the deformation and failure of the
muscular-skeletal systems at different scales, which is a formidable task with conventional model-
ing. In particular, it provides insights into the structural and mechanical relations between smaller
and larger scales. The effects of mineral content on the mechanical properties and deformation of
mineralized collagen are not simple to test either in vivo or in vitro. However, the bottom-up ap-
proach of multiscale modeling helps us understand the muscular-skeletal systems even without me-
chanical data on minerals or collagens from experiments. Although itis relatively challenging to de-
velop continuum models from particle-based models, multiscale modeling will be an essential tool
for uncovering hitherto unexplored mechanisms or properties of the muscular-skeletal systems.

Efforts to understand these systems by use of multiscale modeling can contribute to designing
novel materials that are simultaneously light, stiff, and tough. The design of complex hierarchical
microstructures from the nanoscale to the macroscale has been achieved with 3D printing tech-
nology. This technology can help us examine or validate the mechanisms identified through mul-
tiscale modeling of the muscular-skeletal systems with precisely designed specimens. Integrating
3D printing and multiscale modeling is a promising way to better understand the muscular-skeletal
systems and develop materials comparable to bone and muscle for applications as biomaterials.
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