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Semicrystalline polymers, predominant among which are polyethylene (PE) and polypropylene
as well as several other important engineering polymers, constitute the majority of
plastics in production worldwide. These materials have achieved their commercial and
technological success through a combination of low cost and remarkable mechanical
properties. Nevertheless, despite decades of study and application, it remains a challenge to
understand how these materials deform, and to model this deformation across the entire
range of relevant length scales, from atomistic to macroscopic. We have recently proposed
a fully atomistic Semicrystalline Model, based on our earlier Monte Carlo studies of the
topology of the crystal/amorphous interphase,[1] and applied it to the study of large
strain deformation of a semicrystalline PE using nonequilibrium molecular dynamics.[2]
The model consists of a stack of alternating crystal and amorphous layers, as illustrated by
the leftmost snapshot in the figure. Even a relatively simple deformation applied
macroscopically to the typical
semicrystalline PE gives rise to a variety
of locally distinct modes of deformation,
due to the complex nature of the
semicrystalline morphology, which may
include spherulites and other, mesoscale
structures. To unravel this behavior, we
assess the mechanisms by which the
Semicrystalline Model responds to large
strain deformation for a variety of
important modes of deformation, including
extension, compression and shear, and
different deformation rates. Consistent
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deformation, extent of strain, and strain
rate. Both the crystalline and noncrystalline domains play important roles in the overall
response. The concept of “bridging entangle- ments” is introduced to explain the hardening
behavior observed at intermediate strains, just prior to yielding. In the realm of multiscale
modeling, an effort by Ghazavizadeh and coworkers, using micromechanical homogenization
methods, to dissociate the small strain noncrystalline response into amorphous and interphase
hyper- elastic components suitable for use in finite element simulations may be described.[3]
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Predicting the mechanical response of polymers in the glassy state upon deformation has
been an ongoing project for 30 years. Many molecular, mesoscopic, and macroscopic
simulation techniques have been employed to understand the different responses of glassy
polymers: elastic regime, yielding, strain softening and hardening. In this contribution we
present how the behavior of glassy atactic polystyrene can be investigated by considering the time evolution of molecular configurations on its potential energy landscape
(PEL). In this approach, the polystyrene is represented in terms of an atomistic forcefield,
while its PEL is described as basins (constructed around local energy minima) connected
through saddle points.
In a first part, the linear elastic regime is studied using molecular dynamics simulations
combined with the quasi-harmonic approximation (QHA)[1]. Stress-controlled uniaxial
deformations are applied and the Young’s modulus and Poisson ratio as well as their
temperature dependencies, are extracted from the resulting changes in basin Gibbs energy. They are found in good agreement with experimental studies. The distortion of
potential energy basins upon deformation is also quantified.
In a second part, the QHA is coupled with the Dynamic Integration of a Markovian Web
(DIMW)[2] method. This approach tracks the temporal evolution of the distribution of
the system’s conformations among basins, via infrequent transitions (with rate constants
down to 10−3s−1) between them, starting off from a highly localized initial distribution.
This simulation technique allows us to investigate the response of glassy atactic
polystyrene to larger deformations, i.e beyond the elastic regime. Results for the stressstrain curve and underlying molecular mechanisms will be presented.
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Fast and selective transportation of macromolecules between the cytoplasm and the nucleoplasm
is essential for the proper functioning of eukaryotic cells. This is accomplished by the nuclear
pore complex (NPC), a large molecular protein assembly with an estimated mass of 44-70 MDa
that provides bidirectional pathways for passive transport of small molecules and facilitated
transport of larger molecules. It is generally accepted that nuclear transport is mediated by
natively unfolded proteins (FG-nups) that line the central channel of the NPC. These FG-nups
have been shown to be essential for the viability of yeast and presumably all eukaryotes.
However, how the biophysical properties of the FG-nups determine their function in passive and
active transport is not well understood.
One of the reasons that have hampered the understanding of nuclear transport is the absence of
experimental techniques that can probe the structure and dynamics of the disordered proteins
inside the transport channel and during transport. This has led to the development of
computational approaches to gain insight on the conformation of the FG-nups inside the NPC and
their role in transport. Due to the large size of the system, high-resolution (all-atom) molecular
dynamics simulations are restricted to study only a limited number of FG-nups. On the other
hand, several low-resolution approaches have been used to study transport, but at the expense of
losing detail at the scale of individual amino acids.
The goal of our work is to probe the full three-dimensional disordered domain of the yeast NPC
by accounting for all FG-nups, each having a complete 20 amino acid resolution. To bridge the
gap between the scale of individual amino acids and the scale of the full NPC, we have developed
a one-bead-per-amino-acid molecular dynamics model [1,2]. The model captures the bonded
interactions of the atomistic polypeptide chain as well as the non-bonded electrostatic and
hydrophobic interactions between different aminoacids. The model is used to study the effect of
the amino-acid sequence on the FG-nup conformation and to explore the relation between FGnup distribution and cell viability (see Fig. 1). Finally, we will report recent results on the NPC
energy barrier during passive and active transport.

Fig. 1. The 3-dimensional distribution of amino-acids inside the NPC. All aminoacids (left), charged
aminoacids (middle), FG-repeats (right).
[1] A. Ghavami, E. van der Giessen and P.R. Onck, Coarse-grained potentials for local interactions in
unfolded proteins, J. Chem. Theor. Comput. 9 432−440 (2013)
[2] A. Ghavami, E. van der Giessen and P.R. Onck, Probing the disordered domain of the nuclear pore
complex through coarse-grained molecular dynamics simulations, submitted.

Prediction and Validation of Viscoelastic Properties of Polyurea
with Systematically Coarse-Grained Molecular Dynamics
Jay Oswald1, Vipin Agrawal1, Kristin Holzworth2, Wiroj Nantasetphong2,
Alireza V. Amirkhizi3, and Sia Nemat-Nasser2
1

School for the Engineering of Matter, Transport and Energy, Arizona State University, Tempe, AZ 85287 USA
Department of Mechanical and Aerospace Engineering, Center of Excellence for Advanced Materials,
University of California, San Diego, La Jolla, CA 92093-0416, USA
3
University of Massachusetts Lowell, One University Avenue, Lowell, MA 01854
2

To improve understanding of the connection between microscopic structure and bulk properties of polyurea,
a multiblock copolymer with excellent viscoelastic properties for the dissipation of shocks and ballistic
impact loads, coarse-grained molecular dynamics simulations have been calibrated from atomistic
simulations and validated against experiments conducted on a controlled, benchmark material formulated
from pure methylene diphenyl diisocyanate (MDI).
A bead-spring model of polyurea, as shown in
Figure 1, was systematically calibrated to match the
structural distributions produced in molecular
dynamics simulations of polyurea oligomers by the
iterative Boltzmann inversion method. From
canonical ensemble equilibrium simulations, the
stress relaxation function was computed from the
autocorrelation of virial stress fluctuations and
rescaled in time by a time-dependent dynamic
scaling function calibrated to match the selfdiffusion of the atomistic and coarse-grained
models.
Master curves computed from the stress relaxation
function are then compared with dynamical
mechanical analysis and ultrasonic wave
propagation experiments mapped to a wide
frequency range by time-temperature superposition
principles with the Williams-Landel-Ferry
equation. Computational simulations from
monodisperse and polydisperse randomized unit
cells representative of the benchmark polyurea both
show excellent agreement with measurements over
a multi-decade range of loading frequencies.

Figure 1: Coarse-grained model of polyurea: (a) chemical
structure of the repeating block structure of alternating
hard and soft segments, (b) figurative representation of a
short polyurea chained composed of coarse-grained beads,
(c) coarse-grained mapping of hard and soft segments of
polyurea, (d) chemical structure of coarse-grained beads.
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The development of coarse-grained models leads to a possibility of explaining the
properties of complex biological systems at large scales. Here we model the coarsegrained structures of RNA nanotubes built from the double strand RNA building blocks.
An example of such a structure is shown in Figure 1. The self assembly of these
biological nanostructures is straightforward due to high flexibility of RNA molecules. As
far as the mechanical properties are concerned, in our earlier study the calculation of
elastic properties, using the all atom Molecular Dynamics (MD) simulations, have been
successfully performed for the RNA nanoring [1, 2]. The study of mechanical properties
for large RNA nanoclusters is the subject of increasing interest to make these structures
experimentally and biomedically compatible for their application. In view of this, we also
study the elastic properties of these structures, including the energy-strain dependence of
the RNA nanotube and its 2D surface modulus (i.e bulk modulus), using the MD
simulations. In order to calculate these elastic properties of RNA nanotubes we carry out
simulations of forced dynamics of nanocluster systems using NAMD and VMD and
calculate the variation of energy as a function of strain. In particular, we apply the
compressive and expansive forces via change in pressure of the system during Molecular
Dynamics simulations. The elastic properties, calculated from our Molecular Dynamics
simulations, are compared to the experiment.

Figure 1: (a) Coarse-graining model for a five ring RNA nanotube
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Amorphous cellulose is a soft polymeric material that can be found mostly in the outer
regions of cellulose microfibrils, that give their strength to the cell wall of higher plants.
Being strongly hydrophilic, amorphous cellulose adsorbs water in the nanopores and
forms hydrogen bonds between available hydroxyl sites and water molecules. The
adsorption of water influences many properties of this biopolymer and causes moisture
swelling and stiffness decrease, two phenomena that are modelled.
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The amorphous cellulose is constructed and simulated with Molecular Dynamics [1] in
the full range of moisture content: from dry material to complete saturation. Explicit
water molecules are put in the simulation box using simple Monte Carlo. The water is
found to break the hydrogen bonds within
0.6
cellulose chains while increasing the
porosity of the sample. Both swelling and
weakening of the material are observed
0.4
(Figure 1). The coupled mechanisms can
be upscaled using a poromechanical
approach, which is a rigorous way of
taking into account the interaction of fluids
0.2
with the solid matrix in porous materials,
as per the following equations [2]:
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Figure 1: Volumetric swelling as a function
of moisture content in amorphous cellulose.

that relate strain (ε), stress (σ), moisture
content (u) and pore pressure (p) using
compliance (C), Biot coefficient (B), and moisture capacity (M), as coupling constants.
The coupling constants can be determined directly from the simulations.
The authors are grateful for the financial support of the Swiss National Science Foundation (SNF)
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The synchronized molecular dynamics simulation via macroscopic heat and momentum
transfer is applied to the non-isothermal polymeric flows. In this method, the molecular
dynamics simulations are assigned to small fluid elements to calculate the local stresses
and temperatures and are synchronized at certain time intervals to satisfy the macroscopic
heat- and momentum- transport equations.
The rheological properties and conformation of polymer chains coupled with the local
viscous heating are investigated with a non-dimensional parameter, i.e., the NahmeGriffith number, which is defined by the ratio of the viscous heating to the thermal
conduction at the characteristic temperature required to sufficiently change the viscosity.
The simulation results for polymer lubrication demonstrate that strong shear thinning and
transitional behavior of the conformation of the polymer chains occur with a rapid
temperature rise when the Nahme-Griffith number exceeds unity. The results also clarify
that the reentrant transition of the linear stress-optical relation occurs for large shear
stresses due to the coupling of the conformation of polymer chains and heat generation
under shear flows.[1] The effects of the entanglement of polymer chains and thermal
conductivity on the rheological property and conformation of the polymer chains are also
discussed in the presentation.
[1] S. Yasuda and R. Yamamoto, arXiv:1401.1244 (2014).

Mechanical and Thermal Properties of Cross-Linked Phenolic Resins: Towards a
Multiscale Approach for Thermal Protection Materials for Space Vehicles
Joshua Monk1, John Lawson1, Justin Haskins1, Charles Bauschlicher2
1

Thermal Protection Materials Branch, NASA Ames Research Center, Moffett Field, CA
94035
2
Entry Systems and Technology Division, NASA Ames Research Center, Moffett Field,
CA 94035

Elastic and thermal properties of thermoset materials are critical in the design and
performance of ablative composites which are used as heat shields to protect space
vehicles during atmospheric reentry. To gain insight into the design of these materials for
extreme environments, it is valuable to understand how the chemical make-up at the
nano-scale can influence the thermal and mechanical bulk properties. In this study,
molecular dynamics simulations of bulk phenolic systems were performed to produce key
input parameters for constitutive models for microstructural simulations. An atomistic
computational study allows us to manipulate the structural make-up of individual
phenolic chains as well as generate various cross-linked (or cured) systems. An all-atom
force field was chosen to investigate how the strength and thermal conductivity of the
phenolic material varies as a function of the degree of cross-linking and chemical makeup of the phenolic chains. Small-scale mechanical tests were performed to compute
various moduli for the phenolic systems above and below the glass transition at varied
degrees of cross-linking. The thermal conductivity was obtained using the Green-Kubo
approach for the virgin and cured phenolic systems. Atomistic parameters were used in
continuum, microstructural computations to determine mechanical and thermal composite
level properties.
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Biopolymer networks, such as those constituting the cytoskeleton of a cell, exhibit
interesting mechanical properties, such as a remarkable nonlinear strain-stiffening
when subjected to large deformations. The overall properties depend on the composition
of the network in terms of concentrations of filaments and cross-linkers, their
respective properties and the microstructure that they form.
We present a comprehensive treatment of an archetypical biopolymer network
comprising filamentous actin, by using a combination of a simple theory to connect
composition to topology and numerical simulations of discrete filament network models.
Particular attention is given to the characteristics and physical origin of strain stiffening
of these networks, in dependence on the ratio between cross-link versus filament
properties. It will be shown that we can
predict a broad range of behavior observed
in in-vitro reconstituted networks. In
addition, we provide simple models to
understand the characteristic scaling laws
for stiffening seen in simulations and in
experiments.

Figure 1: Normalized network stiffness as
function of applied stress for different
values of the material and topology
dependent parameter.

It turns out that, eventually, the behavior of
a network is determined by only a small
number of parameters that combine
information on constitution and topology.
This insight culminates in master curves,
shown on the left, from which the entire
stress-strain response can be predicted just
using known data on the stiffness of the
constituents and on measurable
concentrations.

