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Abstract
The concept of multiscale modeling embodies the idea that a comprehensive

description of a material will require an understanding over multiple time and length
scales. A multiscale model requires that descriptions at all levels be consistent with
each other, which can be particularly demanding for advanced materials and complex
fluids. For crystalline materials, emerging modeling approaches have married small-
and intermediate-scale descriptions in a highly effective manner, but challenges remain
at long time and length scales. For soft materials, such as polymers or liquid crystals,
modeling techniques have adopted a more or less systematic coarse-graining
approach, in which atomic and molecular details are gradually blurred as one seeks to
describe longer length scales. This approach presents its own brand of challenges. And,
in spite of rapid advances, entire classes of materials, including amorphous glasses,
foams, and gels, have resisted attempts to describe their structure and dynamics over
long and relevant length and time scales. This issue of MRS Bulletin covers some areas
of materials modeling in which enormous advances have been made, but which
continue to raise intriguing questions and formidable challenges.

wind of activity in the area of multiscale
modeling and to scientific advances that
even for the expert have been difficult to
digest. For hard materials, available meth-
ods have matured to the point where
increasingly comprehensive calculations
can be performed to address subtle
 questions about relations between
 chemistry, structure, and material behav-
ior. But among all the excitement, entire

classes of materials have resisted attempts
by  modelers to reveal their secrets. In the
particular case of soft materials (e.g.,
 polymeric glasses and melts, biological
macromolecules), widely used modeling
approaches require enormous leaps of
faith, and well-founded theoretical frame-
works for the development of multiscale
modeling strategies are only now begin-
ning to emerge.

For this issue of MRS Bulletin, we have
identified five areas of materials modeling
in which enormous advances have been
made but which continue to raise intrigu-
ing questions and formidable challenges.
These five areas are by no means com -
prehensive, and they represent only a
thin slice of the materials modeling com-
munity. They do provide, however, a rela-
tively broad overview of current thinking
and emerging trends, and they offer a per-
spective on some of the developments
that we might expect over the next
decade.

The methodology to be used for a par-
ticular problem depends on the length
and time scales of interest (Figure 1). The
concept of multiscale modeling embodies
the idea that a comprehensive description
of a material will require an understand-
ing over multiple length and time scales.
More subtle is the fact that a comprehen-
sive, multiscale model requires that
descriptions at all levels be consistent with
each other. That requirement for consis-
tency often demands that models for
 different processes or pieces of a problem
be coupled and solved concurrently, a feat
that is often sought but rarely achieved in
the study of advanced materials and
 complex fluids. For some classes of
 materials, emerging modeling approaches
have married small- and intermediate-
scale descriptions in a highly effective
manner, but challenges remain at long
time and length scales. Such challenges
are largely due to the computational
demands associated with high-resolution
calculations over such scales. For some
others, modeling techniques have
adopted a more or less systematic coarse-
graining approach in which atomic and
molecular details are gradually blurred as
one seeks to describe longer length scales.
In the simplest coarse-grained model, a
 collection of atoms is simply lumped into
an individual “super atom,” thereby
reducing the  resolution of the model but
alleviating its computational demands. In
more sophisticated approaches, a detailed
description of a system is mapped onto a
handful of carefully chosen variables
that are sufficient to describe its overall
behavior over long time and length 
scales.

Introduction
Rational design of advanced materials

for demanding applications continues to
be one of the primary aims of materials
research. The concept of “materials by
design” has gradually gained acceptance
in the materials science and engineering
communities, and with that acceptance,
the field of materials modeling has tackled
increasingly daunting problems. That
emboldened attitude has led to a whirl-
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Figure 2 provides a schematic represen-
tation of the coarse-graining concept as
applied to multiscale modeling of poly-
meric materials. At the more detailed
level, the object of interest is a small region
of a material described at fully atomistic
level of detail. At longer length scales, that
description can be replaced by a coarser
model in which small pieces of the poly-
meric molecules are described as spherical
beads connected by springs. As discussed
by Öttinger in this issue, it is now thought
that, on even longer time and length
scales, the behavior of the material is
 governed by the existence of entangle-
ments. Individual molecules can be
thought of as residing in distinct, tube-like
regions, and, when sufficiently long, such
tubes can become entangled with each
other to constrain the dynamic behavior of
the material. The tube, or “primitive
path,” that each molecule follows can be
 determined to arrive at a quantitative
measure of entanglements, thereby
 providing the necessary elements and
ingredients required by theoretical
 formalisms developed to describe the
behavior of polymers over the long
length and time scales that arise in most
applications.

A persistent challenge in approaches
such as those depicted in Figure 2 remains
that of reverse mapping, that is, restoring
some of the details after they have been
blurred away through an averaging pro-
cedure. And, for materials such as glasses

and other disordered media, the aim has
simply been to gain a fundamental under-
standing of key structural and dynamic
processes, while postponing a multiscale
description until the necessary elementary
building blocks are discovered. One of the
key features to have emerged from recent
research on glasses is that of structural
and dynamic heterogeneity. That hetero-
geneity encompasses a wide spectrum of
length and time scales and helps explain
the challenges associated with a theoreti-
cal and computational description.

In This Issue
The first two articles in this issue pertain

mainly to crystalline materials, where the
emphasis in multiscale modeling has been
primarily on predicting mechanical behav-
ior. Mechanical behavior encompasses,
however, a wide range of phenomena.
Much of the work is on predicting plastic
flow phenomena. This is a truly multiscale
problem, due to the necessity of capturing
dislocation nucleation—an intrinsically
atomistic phenomenon—dislocation prop-
agation, dislocation interactions at both
short and long range, patterning, and the
consequences of all of these parameters on
the size-dependent plastic deformation
behavior now being observed in many
materials systems. Another problem that is
intrinsically multiscale is fracture, where
crack-tip deformation and the role of
chemical impurities in driving embrittle-
ment combine the intrinsic chemistry of

bond-breaking and chemical reactions
with the larger-scale energy dissipation
associated with plastic flow.

To study these and other problems,
including, for example, many rate-
dependent processes and friction, consid-
erable recent work has focused on
appropriate and workable frameworks for
finite-temperature multiscale simulations
and coupling first-principles quantum
mechanical methods to atomistic or con-
tinuum models. The overall goal in such
development efforts is to create a “seam-
less” method: a coupled method applied
to a problem should produce results that
are identical in all important respects to
those that would be produced by applica-
tion of the smallest-scale (i.e., the most
computationally intensive) method to the
entire problem.

The first article, by Ramasubramaniam
and Carter, reviews recent efforts to bring
the chemical accuracy of electronic struc-
ture/quantum mechanics computations
into various materials problems. For
bridging length scales, they present a few
recent examples of information passing,
where carefully selected quantum compu-
tations are used to calibrate higher-scale
models to describe piezoelectrics and
hydrogen embrittlement. The authors also
discuss the continued evolution of direct
coupling of quantum and atomistic or con-
tinuum methods, a subject of prior MRS
Bulletin articles.1 This remains a significant
challenge both operationally and concep-
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Figure 1. Schematic illustration of multiscale modeling in the mechanics of solids. (a) Component scale, treated via continuum mechanics.
(b) Mesoscale, where plasticity is described explicitly in terms of dislocations. (c) Nanoscale, where dislocation plasticity and atomistic models
coexist. (d) Quantum scale, for accurate prediction of materials separation or chemical embrittlement.
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tually, particularly for metallic systems,
because of the long-range nature of the
electronic interactions. For bridging time
scales, the authors review recent progress
in imbuing molecular dynamics and
kinetic Monte Carlo methods with first-
principles information. We note that appli-
cations of these multiscale methods extend
beyond crystals and mechanical properties
to surfaces and chemical reactions, other
areas where first-principles input is essen-
tial to achieving predictive modeling.

The second article, by Miller and
Tadmor, focuses on the methodology for
coupling atomistic and continuum
descriptions of crystals with defects. The
story here begins with the now well-
 established quasi-continuum model, but
shows the evolution of insight into, and
understanding of, many subtle details of
creating artifact-free coupling methods at
zero temperature that has culminated in a
range of successful approaches. The
authors then report on recent activity in
finite-temperature coupling aimed at
replacing molecular dynamics. Methods
for equilibrium thermodynamic prob-
lems, where coarse-graining is performed
on the free energy rather than the energy,
have emerged. The challenges in handling

heat flow across scale-bridging bound-
aries that arise in nonequilibrium prob-
lems are discussed, and some of the recent
efforts to handle this issue or circumvent
its most deleterious consequences are dis-
cussed.

Applications of the methods reviewed
in these first two articles, and many other
methods such as discrete-dislocation
modeling and phase-field modeling, are
showing that multiscale simulation meth-
ods combined with theoretical models
and established metallurgical knowledge
are able to push the field forward. The
coupled methods enable the study of
more complex “unit problems” than pre-
viously possible, but results from these
unit problems must often still be used
within a broader framework of analysis or
prediction. The multiscale methods are
thus enabling but are not stand-alone. As
a result, multiscale modeling has driven
multidisciplinarity. Applied mechanicians
are now learning quantum and statistical
mechanics and dealing with “constitutive
laws” in the form of interatomic poten-
tials. Physicists and materials scientists are
learning the structure of continuum
mechanics that form the basis for export-
ing physics to larger scales. Experimen-

talists from all these fields are converging
on delicate and beautiful studies at the
nanoscale that reveal a richness in phe-
nomena not previously recognized. The
field is ripe—computational power
abounds, a host of methods exist with their
advantages and disadvantages fairly
clearly defined, and scientists from differ-
ent fields are converging. The “big impact”
result elucidating new physics/materials
behavior or solving a long-standing prob-
lem that demonstrates the power of multi-
scale modeling is still missing. However,
steady progress has been made and appli-
cation successes exist, and the big impacts
will emerge in the coming years.

The next three articles in this issue focus
on soft materials and complex fluids. Such
systems are characterized by a wide spec-
trum of relaxation processes that occur
over an equally wide spectrum of length
scales. In a polymeric melt, for example,
the relaxation of successive bonds in a
chain molecule occurs within nanosecond
time scales, whereas the relaxation of the
end-to-end distance of the molecules or
the recovery of the material after deforma-
tion can require milliseconds, seconds, or
minutes, depending on the temperature
and molecular weight. Such processes are
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Figure 2. Schematic representation of the coarse-graining concept as applied to multiscale modeling of polymeric materials. The atomistic
model on the left includes all atoms. The coarse-grained model in the center uses a spherical bead to represent a collection of polymer
segments. The model on the right shows the primitive path that each polymer molecule follows. The entanglements between primitive paths
determine the dynamics of the polymeric material over long time scales.

https://doi.org/10.1557/mrs2007.187 Published online by Cambridge University Press

https://doi.org/10.1557/mrs2007.187


intimately linked and cannot be uncou-
pled or treated individually in a straight-
forward manner; as such, multiscale
methods for soft materials have not
reached the level of maturity that is
encountered in the modeling of crystalline
materials.

One strategy that is often pursued is to
simply coarse-grain the resolution of a
detailed, atomistic-level model by lump-
ing several atoms into an individual
“group” having different properties from
those of the original model. This decades-
old approach has received renewed inter-
est, particularly from researchers dealing
with biological systems, and new meth-
ods for “systematic” coarse graining are
being proposed at a rapid pace. Many
questions arise during such coarse
 graining: Which features of the atomic
system is it most important to preserve? Is
the resulting coarse-grained model capa-
ble of describing the system over reason-
able ranges of thermodynamic conditions
(e.g., pressure and temperature), or is it
only valid at the conditions at which the
coarse graining was performed? Is a
coarse-grained model derived on the basis
of structural information capable of pre-
dicting the dynamic behavior of the sys-
tem? And, once a coarse-grained model
has been developed, how can one retrieve
the original atomistic model?

A theoretical framework that allows one
to address these questions during the
process of coarse graining is clearly neces-
sary, and two of our articles address this
issue in some detail. The article by Ayton
et al. presents a theoretical and computa-
tional methodology to develop coarse-
grained representations of soft materials
including biomolecules, phospholipid
bilayer membranes, and gas hydrates. The
approach presented by these authors pro-
vides a connection between atomistic
models of the sort used in traditional
molecular dynamics simulations and
mesoscopic models that seek to describe
systems over scales of hundreds of
nanometers. Coarse-graining approaches
generally rely on the matching of a struc-
tural function, such as a radial distribution
function, or a free energy at two distinct
levels of description. The centerpiece of
the methodology described by Ayton et al.
is a variational statistical mechanical algo-
rithm that matches the forces (i.e., the
derivatives of the energy with respect to
position) determined in atomistic molecu-
lar dynamics simulations to those
required for a coarse-grained representa-
tion, thereby avoiding the calculation of
multidimensional potentials of mean
force. The question that remains, however,
is the extent to which the resulting coarse-

grained force field is able to provide pre-
dictions at different thermodynamic
states, and the degree to which dynamical
processes can be captured. To address
these questions, the authors discuss three
encouraging examples, namely, bilayer
membranes, peptides, and carbohydrates.

The article by Öttinger introduces a
thermodynamic formalism for systematic
coarse graining of material models.
Öttinger explains how traditional simula-
tion techniques, such as molecular
dynamics or Monte Carlo, can and should
be used to derive coarse-grained models
for the structure and dynamic relaxation
of a specific system. His approach, how-
ever, is based on principles from nonequi-
librium statistical mechanics, as opposed
to strictly at-equilibrium ideas. While he
illustrates the application of such a ther-
modynamic formalism in the context of a
polymer, it has the virtue of providing a
simultaneous description of structural
and dynamic properties, and of being gen-
erally applicable to arbitrary systems
regardless of their atomic structure, mor-
phology, or overall behavior. Öttinger’s
contribution is aptly subtitled “Four
Lessons and a Caveat.” The four lessons
are clearly enunciated there for the stu-
dent to absorb; they provide a step-by-
step guide on how to implement a
meaningful coarse-graining strategy. The
caveat is that any level of coarse graining
necessarily introduces irreversibility and
additional dissipation. That additional
dissipation is often forgotten or ignored,
and it limits severely the usefulness and
range of applicability of coarse-grained
models. Öttinger proposes a general
 prescription to handle the irreversible
nature of coarse graining, and one that
remains to be tried on a wide variety of
materials.

The final article of this issue, by Barrat
and de Pablo, discusses the modeling of
glassy, amorphous materials. As noted by
these authors, the amorphous, glassy state
of materials arguably remains one of the
least understood states of matter and rep-
resents a true frontier for materials
research. Examples of amorphous materi-
als abound in nature and in applications:
foams, emulsions, gels, and organic or
inorganic glasses are a few examples.
Experiments on a wide variety of systems
continue to reveal as-yet unexplained
phenomena. Beyond explaining such phe-
nomena, one of the goals of amorphous
materials research remains that of predict-
ing the relaxation of the system on the
basis of knowledge of its structure.
Molecular and coarse-grained models of
glasses have increased our understanding
considerably, but it remains incomplete;

we are simply unable to describe essential
structural features and dynamical
processes occurring over dozens of
nanometers and hundreds of millisec-
onds. In their article, Barrat and de Pablo
summarize current models of various
mechanical aspects of dynamically
arrested systems and their response to
deformation and some of the insights they
have provided, while also spelling out a
few emerging views and the challenges
that remain ahead. This is clearly an area
of research where much remains to be
done, and an area where multiscale mod-
eling is likely to provide much-needed
insights in the years or decades to come.

Given the space constraints to which all
the authors have been subject, and the
limited number of articles that can be
included in a journal issue of this nature,
the three articles devoted to the study of
soft materials only represent a small sub-
section of the current multiscale modeling
activity. We have chosen to emphasize
some of the distinct, emerging strategies
that are being pursued—for example,
coarse graining—and we have unfortu-
nately had to leave out discussions per-
taining to the many successes of modeling
multiple aspects of the properties and
behavior of soft condensed matter. When
cleverly used, Monte Carlo and molecular
or Brownian dynamics simulations of
model systems, for example, have yielded
tremendous insights into the structure
and relaxation modes of polymeric mate-
rials,2 nanocomposites,3,4 confined macro-
molecules,5,6 liquid crystals,7 biological
membranes,8 and biological macromole-
cules.9 These simulations provide a win-
dow into the transport of molecules
through porous materials such as zeo-
lites,10,11 and into the short- and intermediate-
time relaxation modes of model glass-
formers12 and colloidal and polymeric
gels.13–15 Multiscale modeling is, without a
doubt, a particularly vibrant field of
research where the engineering disci-
plines, the physical sciences, and the life
sciences converge. Much of the excitement
is being fueled by increasingly sophisti-
cated experiments that are capable of
probing matter at the level of individual
atoms or molecules. Interpretation of their
experimental data requires molecular and
multiscale models, and modeling is bene-
fiting from a direct, unambiguous connec-
tion to experiment.4,5,11,12 It is a field where
much has been learned, but enormous,
exciting challenges remain.
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