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Abstract— We are using molecular simulations to investigate
the interface between the polymer matrix and the carbon nanotube reinforcement, which is the key aspect of the bulk properties of nanocomposites. These simulations are typically analyzed
with standard techniques like graphs and animations; however,
existing methods are limited for certain exploratory tasks for
analyzing the interfacial domains. We present a supplemental
exploratory approach that employs standard effective visualanalytical techniques to analyze spatial and temporal properties
of the polymer-carbon nanotube interfaces. Our approach is
based on a computational method that uses a numerical measure
of similarity to compare multiple molecular conformations. We
discuss some numerical measures for exploring the behavior of
polymer molecules in interfacial domains and present a matrixbased visualization to display and explore local and global
similarity relationships of the polymer structures, including
dynamical aspects. These methods constitute our initial efforts
for using visual-analytical tools to relate the interfacial dynamics
to macroscopic properties of the nanocomposite interfaces.

I. I NTRODUCTION
Nanocomposites composed of a polymer matrix with carbon
nanotube (CNT) reinforcements possess many unique material
properties. Macroscopic properties, such as the mechanical
strength and enhanced electrical and thermal conductivity,
are thought to be dictated by the special characteristics of
interfacial regions [1]. A careful investigation of the dynamics
of the polymer-CNT interfacial domain is crucial for an understanding of the system parameters that affect macroscopic
properties of these important nanocomposites.
Computer-based molecular simulation is a standard approach that is frequently used to investigate the chemical and
physical interactions of molecules in complex systems, such as
polymer-CNT interfaces. Molecular simulations are especially
useful in the case of polymer-CNT systems because conventional experimental characterization techniques are sometimes
not feasible due to the nanometer-range sizes involved [2, 3].
Our work focuses on the investigation of spatial and temporal relationships of polymer molecular structures obtained
from molecular dynamics (MD) simulations. A typical MD
simulation begins with the polymer molecule and CNT initialized to some default spatial configurations, which are specified
in terms of atomic coordinates and covalent bonds for each
molecule. The system is then evolved over discrete time steps
to some equilibrium state by applying Newtonian equations

of motion to each atom position [4], which may change the
translational and rotational positions of each atom as a function
of time. At each time step, the system can be described as a
conformation, which takes into account connectivity and three
dimensional geometry.
MD simulations produce an ensemble of spatial relationships between polymers and CNTs and a corresponding set of
trajectories that represent how the positions of atoms evolved
over time, which is usually on the order of nanoseconds to
microseconds [5–7]. The atomic trajectories and the corresponding energies obtained from the MD simulations are independently analyzed to construct statistical thermodynamics
quantities and distributions in the space-time domain [2, 7,
8]. These system parameters are commonly analyzed with
tools such as graphs and animations available in standard
visualization packages, for example, the Visual Molecular
Dynamics (VMD) tool [9].
However, many of these existing analytical tools are often
limited in the range of exploratory tasks that they support.
For example, these tools are limited for obtaining information
about the global and local correlations between polymer
conformations in an MD simulation, especially in a visualanalytical manner. Additionally, few of the available methods
allow other domain-specific investigations, such as methods
to quantify the difference between the dynamics of polymer
molecules with and without CNTs present or to correlate the
features of related polymers.
To overcome these limitations in existing analysis tools for
MD simulations of polymers, we have adapted a computationand visualization-based technique developed by Best and Hege
[10] that uses numeric measures of similarities to perform
quantitative comparisons of molecular conformations. In our
previous work [11], we discussed some numeric measures
based on this computational approach to explore polymer
molecular conformations and described a graph- and matrixbased visualization to visualize correlations between polymer
conformations for both flexible and stiff backbone polymers.
In this paper, we present additional numeric measures and
discuss some interactive exploratory techniques that can be
used with displays of correlation matrices to explore polymerCNT interactions. These techniques are our initial efforts in the
development of supplemental exploratory tools that will enable

researchers to explore molecular-level properties in polymerCNT systems and relate them to macroscopic properties of the
nanocomposite materials.
II. M ETHODOLOGY
The molecular dynamics trajectories that were used for the
following method development were obtained from a 3.2 ns
run with the DL POLY 2.19 [12] software program; please
refer to [2, 13] for more specific details.
The goal is to develop visualization-based tools to analyze
and quantify interaction dynamics in polymer-CNT systems
that can provide insights regarding relationships of polymer
conformations at distinct time steps in an MD simulation.
Polymer conformations in our work are compared with one
or more numeric measures (metrics) to obtain scalar values
or scores that represent similarity between the conformations
[10]. In this approach, any two conformations are compared
by constructing and comparing feature vectors that encapsulate
geometric and spatial configurations of the conformations. For
example, a standard feature vector is a set of inter-atomic
(Euclidean) distances between unique pairs of backbone atoms
in a polymer conformation:
{d(k) = |ri − rj |,

i > j and i, j ∈ [0, N − 1]}

(1)

where N is the number of backbone atoms, k ∈ [0, N (N −
1)/2] is the number of pair-wise atomic distances, and the
set (r1 , r2 , · · · , rN −1 ) corresponds to the three-dimensional
positions of backbone atoms. A similarity score between pairs
of conformations, e.g., at time steps (x, y), is obtained based
on the comparison of the corresponding feature vectors using
the following root mean square error (RMSE) equation:
v
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Dxy = 1 − t
N (N − 1)/2 i=0
where dx (i), dy (i) are corresponding elements of the feature vectors for the conformations at the time steps x and y,
Dx=y = 1, and L is the size of the vectors.
A. Similarity Metrics
Some standard metrics that can be used to construct feature
vectors include the following features. Note that while most of
the following metrics use geometric information, some nongeometric metrics can also be used for comparing polymer
conformations. For example, thermodynamics and energyrelated quantities for conformations in MD simulations can be
used to build the set of feature vectors; some other standard
similarity measures can be found in Ref. [14].
Rotational Moment of Inertia: Provides information on
behavior of a polymer relative to the longitudinal axis of a
CNT (e.g., wrapping behavior)[2, 13].
dRMI = {d(i) = m(i)R(i)2CN T ,

i ∈ 0, · · · , N − 1}

(3)

where N is the number of atoms in the polymer, m(i) is the
atomic mass of the ith atom, and R(i)CN T is the perpendicular
distance of the atom from the longitudinal axis of the CNT.

Fig. 1. (a) Illustration of a step in the construction of a correlation matrix. (bd) Correlation matrices for some polymers and distinct numeric metrics, where
both halves of the symmetric matrices about the diagonal have been drawn for
completeness. Note that the axes represent the time steps. (b) Poly(acetylene)
with the rotational moment of inertia metric, (c) Nylon-5 with the bond vectors
metric, and (d) Poly(propylene) with the rotational moment of inertia metric.

Radius of Gyration: Measures the average squared distance
from the center of gravity and can be useful in exploring
the clustering behavior of a polymer. Instead of averaging the
distances as is typically done to get a scalar quantity, we store
in a feature vector the squared distance (R(i)2g ) of each atom
in the polymer from the center of gravity of the polymer:
dRoG = {d(i) = R(i)2g ,

i ∈ 0, · · · , N − 1}

(4)

Bond vectors: Based on comparisons of orientations of
bonds along a polymer backbone. Each element of the feature vector is a three-dimensional unit vector specifying the
direction between successive pairs of backbone atoms. The
metric is computed as follows:
dBV = {v̂(i) = (pi+1 − pi ),

i ∈ 0, · · · , N − 1}

(5)

where the vectors (pi , pi+1 ) specify the three-dimensional
positions of the ith and (i + 1)th backbone atoms and v̂i is a
unit vector directed along the bond between them. Feature
vectors for two distinct conformations are compared using
dot products of the bond vectors at corresponding indices;
the dot product values for all vector pairs are summed to
obtain a single scalar value representing the similarity of the
conformation pair.
Viewpoint entropy: Takes into account the “shape” of a
polymer conformation in three orthogonal 2D projections (i.e.,
in the XY, YZ, and ZX planes). In this approach, entropy
of a viewpoint corresponds to the total “information content”
in a given projection. This metric is inspired by a viewfinding method developed by Vazquez et al.[15] based on

Fig. 2.

Linked views of a matrix and molecular visualization.

information theory for discovering optimal views of molecules
and generates views of three-dimensional molecules with the
fewest overlapping structures. We determine the total information content in a projection of a polymer conformation by
computing the ratio of the number of pixels that belong to the
molecule to those that belong to the background. We take into
consideration all three projections to construct feature vectors
for similarity computations.

Fig. 3. Filtered view of a correlation matrix for poly(acetylene) using bond
vectors as the metric for computing conformational similarities.

B. Matrix Visualization
Similarity relationships are visualized in our approach using
a correlation matrix, which is a standard technique for displaying and inspecting correlations between large numbers of
items. Correlation matrices have been used extensively in some
previous works to display and explore relationships between
molecular conformations [11, 16–18]. We augment our matrix
visualizations using some standard visualization techniques,
for example, linking and filtering, which are useful for a
detailed exploration of a dense correlation matrix.
In our matrix visualizations, each cell of the matrix represents the similarity between polymer conformations at time
steps corresponding to the row and column indices of each cell.
The matrix cells are assigned a color based on the normalized
similarity score for the corresponding pair of conformations.
Figure 1(a) illustrates the construction of a correlation matrix
based on similarity computations, in which cell colors (e.g.,
cell D20 ) represent similarity between conformations at two
distinct time steps (i.e., at time steps t = 2 and t = 0).
Figures 1(b)-(d) provide examples of matrix visualizations for
some polymers in our test set based on several of the metrics
discussed in the previous section.
Since matrix visualizations are central to our approach, we
use the following interactive tools and standard visualization
techniques to allow more effective exploration of the matrices.
Linking matrix and molecular display: Linking of the
matrix and molecular visualizations provides real-time comparisons of polymer conformations. When a mouse pointer
is moved over a cell in the correlation matrix, the polymer
conformations for the corresponding time steps are displayed
in a side-by-side view or overlapped view in the molecular
display window; an example of this operation is shown in
Figure 2 where a pair of time steps (105, 36) have been
selected.
Zooming and panning: Zooming and panning operations
on data displays constitute a standard approach for inspecting

Fig. 4. Matrices using a segmented color to display similarity relationships
between conformations of Nylon-5 during an MD simulation in two distinct
cases, namely (a) with CNT, and (b) without CNT. Note that Figure 1(c) is
the same as (a) but with a continuous color map (default in this tool).

representations of dense data. In our case, a thumbnail view
of a correlation matrix and a re-sizable window laid over the
view allow resizing and repositioning of a zoomed-in view of
the matrix (Figure 2, left).
Filtering matrix visualizations: Filtering of a similarity
matrix allows an observer to closely inspect values in a certain
range and observe distributions of similar conformations in an
MD simulation. In our prototype application, a matrix can
be filtered by moving sliders corresponding to the lower and
upper limits of a range of similarity values. Figure 3 shows a
similarity matrix that has been filtered to show values based
on a range specified by the user.
Choices in color mapping: We provide an option to encode
the similarity scores in a correlation matrix using a number
of different color gradients or palettes, which can sometimes
highlight distinct patterns or clusters in the matrices. However,
a judicious choice of color gradients is important because
colors often directly influence our interpretation of data [17,
19]. Another standard color mapping option we employ is to
force similarity values into pre-determined range of values or
“bins” and use a discrete or segmented color map to represent
the bins. Depending on the number of segments, this method
can reveal general regions on the matrix that have similar
values. Figure 4 shows examples of matrix visualizations that
employ a segmented color scheme instead of continuously
mapped colors.

III. R ESULTS AND D ISCUSSION
We applied these methods to investigate the interfacial
interactions between a CNT and a variety of polymers with
varying degrees of backbone stiffness [2, 13]. Figure 1(b)
represents a correlation matrix for the polymer poly(acetylene)
based on the moment of inertia metric. In this matrix, two
distinct blocks or clusters can be seen, which represent sets
of two globally-distinct spatial configurations of the polymer.
The larger cluster in the matrix corresponds to a low-energy
state in which the polymer is wrapped around the CNT, and
the smaller cluster is the polymer conformations prior to the
wrapping.
The matrices can also be used to study polymer dynamics
within a local neighborhood of a desired time step. For
example, in Figure 1(c), the matrix for Nylon-5 based on bond
vectors has regions of locally intermittent higher and lower
similarity values (bottom right in the matrix) when the polymer
is wrapped along the CNT surface; this fluctuation suggests
that significant perturbations occur in the bond directions
during corresponding time steps in an MD simulation.
A third example of a correlation matrix is given in Figure
1(d), which depicts conformational relationships based on
computations of viewpoint entropy. The matrix has distinct
clusters that correspond to two very dissimilar sets of conformations. The second, larger cluster corresponds to a state in
which the polymer poly(propylene) is wrapped around a CNT,
and the first, smaller cluster is when the polymer has yet to
wrap along the CNT surface.
The matrix-based visualizations are also useful for examining behavior of an isolated polymer, i.e., in the absence of a
CNT, which can serve as a comparison to the polymer-CNT
simulations. Results for Nylon-5 are given in Figure 4, where
the two matrices correspond to MD simulations of the polymer
with and without a CNT present. In the case when a CNT
is not present (Figure 4(b)), the conformations are similar in
local neighborhoods of each time step but are more or less
distinct on a global scale. On the other hand, in the case
of the polymer with a CNT (Figure 4(a)), the conformations
are more similar towards the end of the simulation, after it
has wrapped the CNT surface, indicating the attainment of a
persistent configuration.
It must be noted that some of the metrics presented in
Section II (e.g., bond vector comparisons and viewpoint entropy) are not invariant under global shape-preserving transformations such as rotations and translations, which leave the
molecule shape unchanged but can result in differences in
the computed similarities. Metrics that employ inter-atomic
Euclidean distances are typically invariant under global rotations and translations of the molecular structure. We are
currently working on other metrics that are invariant under
global rotations and translations.
IV. C ONCLUSION
We have presented a visualization- and quantitative-based
approach to compare polymer conformations in polymerCNT interfaces. We described some numeric measures of

similarities to compare polymer molecular conformations and
employ correlation matrices that are linked to molecular visualizations to allow examination of local and global similarity
relationships. We applied these methods to analyze molecular
dynamics simulations of several polymers in the presence or
absence of a CNT. Our methods constitute the initial steps toward understanding macroscopic properties of nanocomposites
by studying their interfacial interactions using these visualanalytical approaches.
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