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A Hybrid Atomistic Approach
for the Mechanics of
Deoxyribonucleic Acid Molecules

The paper proposes a new modeling approach for the prediction and analysis of the
mechanical properties in deoxyribonucleic acid (DNA) molecules based on a hybrid
atomistic-finite element continuum representation. The model takes into account of the
complex geometry of the DNA strands, a structural mechanics representation of the

atomic bonds existing in the molecules and the mass distribution of the atoms by using a
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lumped parameter model. A 13-base-pair DNA model is used to illustrate the proposed
approach. The properties of the equivalent bond elements used to represent the DNA
model have been derived. The natural frequencies, vibration mode shapes, and equivalent
continuum mechanical properties of the DNA strand are obtained. The results from our

model compare well with a high-fidelity molecular mechanics simulation and existing
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1 Introduction

The importance of the DNA molecule in understanding biologi-
cal processes has been well established. Although DNA is sym-
bolized by the classical double helix structure, it often exists in
conjunction with other molecules in order to perform its various
roles such as replication and repair [1]. The interactions of DNA
with other molecules make it undergo deformations such as bend-
ing, stretching, twisting, folding, and even knotting [2]. DNA is a
highly flexible structure and has the ability to withstand significant
deformations without being damaged [3]. The study on the defor-
mation of DNA is vital to understand its role in the interaction
with protein molecules [1]. DNA can also be extremely useful as
a basic building block for a range of atomistic scale structures [4]
and is likely to play a crucial part in future generations of syn-
thetic materials [5]. More recently, it has been shown that DNA
can be used as an electronic data storage device [6]. However, to
develop computing devices using DNA, it is necessary to know
structural deformation and stability properties [7] under a wide
range of mechanical and thermal conditions. In more general
terms, it is important to understand the DNA mechanical behavior
under different loading conditions for its successful use within the
context of material science. Over the past two decades, it has been
possible to conduct single molecule experiments and observe de-
formation patterns under various loading conditions [3,8—10]. It is
not, however, always possible to conduct experiments in a reliable
and efficient manner with DNA molecules, and the detailed con-
figuration of DNA strands is often not completely known, espe-
cially for the case of DNA-based materials. Computational
methods have been therefore developed for the mechanical analy-
sis of DNA [11-13] and other biological molecules. The two main
categories of computational methods applied to DNA molecules
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MD and experimental data from open literature. [DOI: 10.1115/1.4027690]

are classical molecular dynamics [14] and continuum mechanics
[15-17]. MD is successful in capturing complex deformation
mechanisms in atomistic systems, but suffers from the drawback
of excessive computing costs and therefore its use has been lim-
ited to the analysis of small to moderate size problems [18].
Multiscale methods based on MD on long DNA segments have
been also used [19], however at specific computational cost. Con-
tinuum models are based on the development of constitutive equa-
tions with their boundary conditions, and the estimation of the
parameters defining the equivalent continuum in statics,
dynamics, and stability (buckling) analysis [7,11]. Often the con-
tinuum parameters are calibrated from target experiments [20]. Fi-
nite element (FE) techniques with continuum representations of
DNA strands have been applied to predict the behavior under tor-
sional stress [16], and also for more general protein structures
[12,17]. The interested Reader can find a comprehensive review
about simulation and experimental methods applied to the
mechanics and structural analysis of single biomolecules in Ref.
[21].

The conventional finite element method applied to continuum
mechanics provides an efficient way to analyze DNA and other bi-
ological structures consisting of larger length scales (>10nm). At
a smaller length, the DNA cannot be represented as a continuum,
but as a connected collection of molecules which are discrete in
nature from the point of view of mechanics. The basic assumption
of a continuum idealization of a discrete structure can cause this
approach to fail at predicting the mechanical response of systems
with topological defects and local irregularities. When small
length-scale effects cannot be neglected, the applicability of con-
tinuum mechanics based models may become questionable [22]
no matter what solution technique is used. To deal with such dis-
crete structures, a new generation of lattice finite element methods
[23] has been proposed for homogeneous nanostructures such as
carbon nanotubes [24-26] and graphene sheets [27,28]. The atom-
istic finite element or lattice approach [23,29] establishes a link
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between the structural and molecular mechanics (MM) at the
atomic bond level and provides a way to model the deformation
of atomic systems by means of conventional finite element analy-
ses using classical beam elements. In contrast to the continuum
models, the lattice approach proposes a discrete representation of
the system. This makes it particularly suitable for capturing local
information from individual atoms and from interatomic forces,
with the possibility of introducing defects or inclusions in the
atomic structure. In spite of the extensive work carried out in this
context, atomistic finite element simulations have been virtually
restricted to the exclusive study of homogeneous structures such
as carbon nanotubes and graphene sheets. In this paper, we inves-
tigate possibility of using atomistic finite element for a nonhomo-
geneous structure such as the DNA molecule.

In this work, we present a modeling approach based on the
application of the atomistic-continuum finite element technique to
DNA molecules. The model is used to derive the equivalent prop-
erties of the bonds belonging to the different chemical groups
making the DNA strand. As a case study, we examine a 13-base-
pair DNA model, the geometry of which is obtained from standard
protein data bank (PDB) files. The model is used to identify the
natural frequencies and the equivalent stiffness of the DNA
strand. The rational behind the focus on the natural frequencies of
DNA molecules is because of the importance of detecting its
spectroscopic behavior in a wide range of applications related also
to changes of states [6]. As a benchmark for the vibrational behav-
ior identified through our model, we use a MM approach able
to predict both eigenvalues and eigenmodes of the DNA strand
having the same geometry of the atomistic-continuum model. Our
approach compares well with the MM simulations, and experi-
mental and MD data obtained from open literature. Moreover, it
reveals how the different chemical groups of the DNA molecule
behave from a mechanical point of view, and the different stift-
ness and structure distributions they create to obtain the equiva-
lent continuum mechanical properties of the DNA molecule.

2 DNA Structure Mechanical Models

2.1 Finite Element Atomistic-Continuum Approach. We
give here a very brief overview of the DNA structure to clarify
the structural mechanics considerations needed in developing
our atomistic-continuum approach. DNA is a long chain of four
different small compounds called nucleotides (guanine, adenine,
thymine, and cytosine), often symbolized by the letters G, A, T,
and C. Each nucleotide in turn is composed by a sugar (deoxyri-
bose) and a phosphate group. Generally, DNA molecules are
double-stranded helices, consisting of two long polymers of

these nucleotides. The two strands run in opposite directions to
each other, one backbone being 3’ (three prime) and the other
being 5’ (five prime). DNA bases pair up with each other, A with
T and C with G, to form units called base pairs. From these dis-
cussions, it is evident that a homogeneous continuum mechanics
model is not suitable to represent these details. One complete
turn is 3.4nm in length and has 10 base pairs. This implies that
the base pairs are approximately 0.34 nm or 3.4 A apart. The av-
erage diameter of the DNA molecule is about 2nm. For the
structural analysis of DNA, it is essential to precisely define the
number of base pairs. In this work, we consider a DNA segment
with 13 base pairs, as shown in Fig. 1(a). This particular size is
selected for illustration only. The finite element method devel-
oped here is also applicable to DNA structures with a larger
number base pairs.

We establish an equivalence between the interatomic energies
and their mechanical counterparts by means of a lattice represen-
tation. This approach was originally proposed by Ref. [23], but
restricted to the study of carbon nanotubes. In this context, the
covalent bond between two atoms is assumed to behave as a
three-dimensional Timoshenko beam element of circular cross
section. To calculate the bond stretching force constant for cova-
lent bonds, we adopt the expression provided by the universal
force field (UFF) [30]

ke = 664.12 - z; - 21 1)

and is expressed in units of kcal /mol - A®. The parameters z; and
z; are effective atomic charges in electron units and can be
obtained from the same reference. The length / is given by the nat-
ural bond length between the pair of atoms i and j and is assumed
to be the sum of atom type specific single bond radii, plus a bond
order correction, plus an electronegativity correction, in accord-
ance with Ref. [30]. Regarding the angle bend force constant, it is
assumed to be a constant for all the covalent bonds, equal to
ko = 100 kcal/mol - rad’ [31]. The torsional force constant is cal-
culated from the corresponding torsional atomic energy, which
can be defined as [31]

E.= %Ur{l - COS[H(T - TO)}} 2

where v, is the potential barrier, n the periodicity of the potential,
and 7, and 7 are the reference torsion angle and actual torsion
angle, respectively. If we express the angle t as the sum between
7, and an increment of angle, Az, it is straightforward to show that
Eq. (2) reduces to

(@)

(b)

Fig. 1 The original DNA molecule from the pdb file and the converted finite element model. The nodes on the left with
darker marks represent the atoms of the DNA strand which are fixed.
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1
E. = ZvrnzA‘t2 3)

when an infinitesimal increment At is considered. By taking the
second derivative of E; with respect to Atr, we can obtain the
torsional force constant as

1
krzivr~n2

“
with the values of v; and n obtained from Ref. [30]. To describe
the hydrogen bonds present in the molecule, we choose the Morse
potential that takes the form of

Es = v5(1 — e07%)) ©)

The parameters vs and « are the depth and the inverse width of
the potential describing the interaction. The parameters J, and 0
represent the distance between atoms at equilibrium and at the
deformed configuration, respectively. Finally, after taking the sec-
ond derivative of the above expression with respect to the incre-
ment Ad = 0 — J,, the stretching force constant for the hydrogen
bond can be computed as

k(; = 21)5 062 (6)

Values of vs and o are taken from Ref. [32], and are equal to

0.07eVand 1.2A™" , respectively, for all of the hydrogen bonds.

The chemical bonds of the DNA chains are represented using
structural beam elements using an approach adopted in Ref. [33]
for C-C spz, [29] for C-C sp3 , and [34] for boron nitride bonds.
The three primary deformation mechanisms of an atomic bond,
namely, stretching, bending, and torsion, are shown in Fig. 2.
Reference [23] recognized for the first time that harmonic poten-
tials related to stretching, in-plane bending, dihedral angle, and
out-of-plane torsion have a mathematical and physical equiva-
lence with the axial, bending, and torsional strain energies of
structural beams. The mechanical properties of the bonds are cal-
culated from the equivalence between the harmonic potentials
describing the stoichiometric chemical energy and the mechanical
strain energy of structural beams with deep shear deformation and
circular cross section

N =
R =
LA L

Stretching

In-plane bending

Dihedral angle torsion + out-of-plane torsion

&

ko 0 EpA, . o

5 (0r)F == (or)

kr 2 GhJ 2
s 7 7
> (00) T3 (0p)” and @)
k(] 2 o Eb14 + (D 2

2 (00)” = 2L 1 +c1>(50)

In Eq. (7), L is the length of the bond, while E,A, G/, and E,l
are, respectively, the equivalent axial, torsional, and bending stiff-
ness of the bond itself. During small elastic deformations, the
DNA individual bonds undergo out-of-plane torsional (d¢) and
in-plane bending (J0) infinitesimal rotations, as well as small axial
deformations (0r). The harmonic chemical potential is described
using the force constants k,, k., ky, corresponding to stretching,
torsional, and bending/hinging interactions. The deep shear beam
correction to account for possible small aspect ratio between
nominal cross section and length of the bonds is provided by
the shear parameter ® = 12E/ /GAXLZ, where A;=A/F; is the
reduced cross section of the beam by the shear correction term
Fy = (64 120+ 612) /(7 + 121 + 4v%) [35]. Solving Eq. (7) and
considering the formulations of the shear parameter ® and correc-
tion term F leads to the solution of a nonlinear equation linking
the thickness d of the beam and the Poisson’s ratio v of the equiv-
alent material of the bond

2
where
A = 11202k, + 192L% kv + 64L% k.1 )
and
B = %,d” + 18k.d*v + 9k,d*1? (10)

If we assume that the equivalent material of the bonds is
transverse isotropic, one can find a unique set of thickness d and
Poisson’s ratio v parameters by imposing the further constraint
Gy =Ep/2/(1+v). Once the equivalent mechanical properties
and thickness of each bond have been calculated, the DNA blocks
are described following classical finite element approaches as 3D
2-node Timoshenko (deep shear) elements. Each node represents
an atom which has 6 degrees of freedom (3 translational and 3

s —

Beam axial deformation

Beam bending and shear deformation

T

Beam torsion

Fig.2 The three primary deformations mechanisms of the atomic bonds
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rotational). The bond elements possess a stiffness matrix [K], and
a lumped parameter mass matrix [M],

an

Here [M], = diag[m/3 m/3 m/3 0 0 0]", m being the
mass of each atom and the rotary inertia has been neglected
[29,33]. Each beam finite element is also subjected to a nodal
force vector {F},. The overall static deformation of the DNA
chain can be evaluated solving the linear static equation
{F} =5, {F},=>,[K],, ie., assembling the DNA groups
according to the geometry of the chain and using a conjugate
gradient method to solve the systems of equations. The natural
frequencies (w;) and associated mode shapes (x;) of the DNA
structure are evaluated by solving the eigenvalue problem
(K] - (;)I2 [MD{X_,-} = {0}, for j=1,2,.... Here, [K] =3, K],
and [M] = _, [M], are the global stiffness and mass matrices af-
ter applying the boundary conditions. A Lanczos algorithm is
used to compute the eigenvalues and eigenvectors of the problem.
In order to carry out our numerical simulations, we adopt the com-
mercial finite element software [36]. The geometric configuration
and nodal connectivities of the DNA strand used in this work are
obtained from a PDB file. The finite element mesh comprises 822
nodes that represent the atoms of the molecule. The atomic mass
is modeled by means of 3D discrete mass elements lumped at
each node and assigned according to the type of atom represented.
The covalent bonds are modeled by means of 885 3D elastic beam
elements with 3 rotational and 3 translational degrees of freedom.
Transverse shear strains (Timoshenko beam theory) and Hermite
interpolation are considered in the beam element formulation.
When compared to the covalent bonds, the effects of van der
Waals interactions are much weaker [37] and, therefore, are not
considered in this work. Hydrogen bonds (which are stronger
interactions) are incorporated in the model by means of 34 elastic
spar elements. Zero prescribed displacements are imposed as
boundary conditions on all of the degrees of freedom of the nodes
located on the left side of the structure (see Fig. 1(b)).

2.2 Molecular Mechanics. Molecular mechanics simulations
have been performed with Gaussian [38] using UFF [30]. Since
force-fields use an explicit expression for the potential energy sur-
face of a molecule as a function of the atomic coordinates, force
field-based simulations are convenient. The UFF is well suited for
dynamics simulations because it allows more accurate vibration
simulation than many other force fields, which do not distinguish
bond strengths. The UFF is a purely harmonic force field with a
potential-energy expression of the form

E= ZER +ZE9 +ZE¢ +2Ew +ZEVDW +2Ee1

(12)

The valence interactions consist of bond stretching (Ex), which
is a harmonic term and angular distortions. The angular distortions
are bond angle bending (Ej), described by a three-term Fourier
cosine expansion, dihedral angle torsion (Eg ), and inversion terms
(out-of-plane bending) (E,,). E4 and E,, are described by cosine-
Fourier expansion terms. The nonbonded interactions consist of
van der Waals (Eypw) and electrostatic (E.) terms. Eypw are
described by a Lennard—Jones potential and E, described by a
Coulombic term. The functional form of these energy terms is
given as follows:

ER = kl(r — 1‘0)2,

1
> 4sin?0’
Ey =ks(1£cosnd), E, =ks(1£cos(ny— xo)),
o\ 12 \ 6

r r

() ()

r r
Here, ki, k>, k3, and k4 are force constants, 6 is the natural bond
angle, D is the van der Waals well depth, * is the van der Waals
length, ¢; is the net charge of an atom, ¢ is the dielectric constant,
and ry; is the distance between two atoms. The E,; term is a Cou-
lombic term and is not zero for the present case. The Gaussian
program assigned the atomic charges automatically based on the
atom types. The atomic charges are assigned according to “Qeq
algorithm” presented by Ref. [39]. The torsion term, E,, turns out
to be of great importance. Detailed values of these parameters in

Eq. (13) can be found in Ref. [30]. The calculation of the frequen-
cies and their validation for CNTs has been detailed by Ref. [40].

Eg = ky(Co + Cy cos 0 + C; cos 20),

Cy = —4Cycosly, Co=Ca(2 cos’0y + 1),

Evpw =D Eq = % (13)
erij

3 Results and Discussions

Figure 3 shows the distribution of thickness versus length for
the equivalent beams representing different chemical groups
within the DNA molecule after applying the energy equivalence
(7). The larger variation in thickness is exhibited by the CO and
CC groups, with values ranging between 0.68 A and 1.32 A. These
values compare well with the ones related to analogous chemical
groups in the open literature. CC sp? bonds in graphene and
carbon nanotubes with equilibrium lengths of 1.42 A have been
idgntiﬁed having equivalgnt thickness values between 0.57 A [41],
1A [42], and 1.13-1.37 A [29,43].°CN groupsotend to have thick-
ness ranges confined between 0.7 A and 1.16 A. Strong clustering
is observed for HN groups at 0.8 A, and CH groups.

1.4 T T T 40 T T T T T T T
13} ‘ * CH group - 35F R % CH group B
“ = CN group (Y o CN group
v ord I N * COgrup
& [ ] o OP group £ 80r \ o HN group B
<L ¢ CC group B we o OP group
X 4] ¢ CC group
2 3 osf \p i
4 ]
s . 1 E \
£ > 20F E
Eosr o, 18 W,
3 o gt 2 ®
osle . at | g 15 -, * 4
. 21}
7 N
07 - " J 10 L J
. . . . . . . s . . s - S e
1 1.1 1.2 1.3 1.4 15 1.6 17 1.8 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Bond length L [A%] Bond thickness d [A°]
Fig. 3 The distribution of thickness versus length of Fig. 4 The variation of Young’s modulus versus thickness

equivalent beams representing different chemical groups
within the DNA molecule
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Fig. 5 Comparison between the first 15 natural frequencies
obtained from the MM model and the present FE approach

The distribution of the equivalent Young’s moduli (E£,) versus
thickness for the different chemical groups is shown in Fig. 4. It is
possible to observe a dependency with ¢~ for the Young’s mod-
uli. This behavior can be justified assuming that a significant part
of the deformation of the bonds is attributed to stretching. For a
specific axial deformation and length of the bond, a relation
E, =k,/A = 4k,/d* can be extracted from the first of Eq. (7), there-
fore justifying the overall modulus/thickness trend observed. The
highest Young’s moduli are recorded for CO groups (33-37 TPa
for d ~ 0.7A). CN groups tend to exhibit tensile moduli between

23 TPa and 33 TPa for 0.7A < d < 0.8A. CC groups show the
lowest Young’s moduli, ranging between 5 TPa and 15 TPa for
0.82A < d < 1.34A. Values of 16 TPa for d=0.89 A and length
of 1.42 A have been observed in sp> CC bonds [33], and in BN
bonds using the UFF force model for d=1.06 A and length of
1.45 A [34]. The axially softer chemical groups appear to belong
to the CC and CH phases, with some CN groups having equivalent
thickness between 1.1 A and 1.2 A. The stiffer response is pro-
vided by CO, OP, and CN groups, the latter when the equivalent
thickness is between 0.7 A and 0.8 A.

A direct comparison between the first 15 normal modes from
the atomistic-continuum and MM model is presented in Fig. 5.
One can notice a general good agreement between the two
approaches. For the lower modes, the frequency obtained from the
FE analysis is slightly higher than those obtained from MM (~5%
for the first four modes). From mode 10 onward this trend is
reversed, while the percentage error difference between the two
methods oscillates between 4% and 10%. The first four mode
shapes are plotted in Fig. 6. We observe that the first and second
modes are associated with a global bending deformation mecha-
nism, and the third and fourth dominated by axial deformation
(springlike type behavior). The existence of bending modes asso-
ciated to the first two eigenvalues is compatible with the dynamic
behavior of short slenderness beams (<4) representing the whole
DNA structure [44]. We note that higher modes show localized
deformations, again compatible with higher frequency eigenmo-
des associated to structures with high modal density and complex
geometry [45].

Several authors have estimated the equivalent Young’s modu-
lus for the DNA molecule assuming that the DNA strand can be

Fig. 6 The first four mode shapes for the DNA obtained from our FE model, with their corresponding natural frequencies.

One side of the molecule is clamped and another side is free.
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Table 1 Summary of the values published for the Young’s
modulus of the DNA and our numerical results

Value (MPa) References Comments

346 = 30 [46]

207 =37 [47] Estimated from a force plateau of
70 pN

178 = 31 [47] Estimated from a force plateau of
100 pN

300-1000 [48]

382-955 [50] Estimated from the stretch

modulus
320-789 Present FE model

modeled as an elastic solid rod under axial stretching made from
isotropic material [46—48]. The DNA structure considered in
this work is not uniform along the axis of the helix. At this length-
scale, the detailed geometry is far more complex than that of a
homogeneous solid rod. Nevertheless, we can calculate the equiv-
alent Young’s modulus directly from the natural frequencies
obtained from the eigenvalue analysis, considering the equivalent
rod being fixed at one end, and free at the opposite. We consider
the natural frequencies associated with a dominant mechanism of
axial deformation, since the equivalent Young’s modulus is
related to a pure tensile-compressive load. When choosing the
third and fourth frequencies (f5 = 38.67 GHz and f, = 60.73 GHz),
we then obtain the axial stiffness values k; through the standard
expression k; = M, (2xf;)?, with i =3, 4. The equivalent stiffness
of a rod with circular cross section, fixed at one edge and under-
going axial motion, is given by k; = FE;A/l, where A is the cross-
sectional area given by A = 7%, Here, M, is the effective mass of
the molecule, equal to 4.3665 x IO*BTPaA/GHz? This is one
third of the mass of the whole molecule, which can be established
by energy principles [49]. If we assume a uniform radius 7 of 10 A
for the molecule [47], with a length / of 39 A (length of the FE
model), it is straightforward to show that the Young’s moduli take
the values E;=320.04 MPa and E,=789.33 MPa, for f; and fj,
respectively, when the classic relation E; = k; - [/nr? is adopted.
Table 1 shows a comparison between our results and those values
reported in the literature, demonstrating the predictive capabilities
of our FE model.

The results obtained from the proposed atomistic FE method
are well within the range of published results. However, the values
of equivalent Young’s modulus should be viewed carefully in
relation to the length-scale of the DNA segment considered [50].

4 Conclusions

This paper proposes a new atomistic FE model that expresses
the atomic bonds in DNA molecules by equivalent structural
beams. Novel features of this approach include: (i) the ability to
model the mechanics of the DNA complex geometry, (ii) the
equivalent mechanical properties of the connecting bond elements
determined from the atomic potentials of all of the bonds in the
structure of the DNA, and (iii) the mass distribution, being taken
into account with accuracy by using lumped masses at the nodes.
The suitability of this modeling approach has been assessed suc-
cessfully, particularly for the prediction of the equivalent Young’s
modulus and in calculation of the natural frequencies. The results
for a thirteen base-pair DNA segment have been compared with
MM simulations and with published data, demonstrating the pre-
dictive capability of the present model. This approach is computa-
tionally more efficient compared to the classical molecular
dynamic simulation and compared to the continuum mechanics
theory, it has the ability to incorporate atomistic details. More-
over, it can be used to perform structural mechanics predictions in
DNA strands having length higher than few nanometers, bridging
therefore a computational gap existing between high-fidelity mo-
lecular methods and continuum models. The results from our

041006-6 / Vol. 4, NOVEMBER 2013

simulations show that the bonds of the chemical groups making
the DNA molecule have different stiffness behavior, and therefore
influence the dynamics of the DNA strands oscillators. CH and
ON groups offer higher rigidity than analogous sp> C—C bonds
existing in nanotubes and graphene.

We specifically considered a DNA model in this paper. The
underlying modeling and computational paradigm is general and
can be applied to any molecule consisting of a finite number of
atomic bonds. Once the model is transformed into the finite ele-
ment framework, well established numerical methods for struc-
tural analysis can be applied to analyze complex biological
structures in a way that is familiar to practitioners of solid
mechanics. The modeling approach can be adapted also to study
highly nonlinear mechanical loading of DNA and other protein
molecules, within the context of large deformations. The model-
ing techniques are also susceptible of being implemented in
highly parallel codes to consider macroscale biological molecules.
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