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Computer aided modeling and simulation of nanomaterials can describe the correlation between the material’s microstructure and
its macroscopic properties quantitatively. In this paper, we propose an integrated modeling, simulation, and visualization approach
for designing nanomaterials. Firstly, a fast parametric modeling method for important nanomaterials such as graphene, nanotubes,
and MOFs is proposed; secondly, the material model could be edited adaptively without affecting the validity of the model on
the physical level; thirdly a preliminary calculation for nanomaterials’ energy is implemented based on the theory of surface
fitting; finally, an integrated framework of nanomaterials modeling, simulation, and visualization is designed and implemented.
Experimental results show that the proposed approach is feasible and effective.

1. Introduction

Design and optimization of materials are eternal and new
problems; almost all matter is made up of materials. The
emerging nanotechnology which changes the distribution
and arrangement of atoms to get materials of different prop-
erties has brought significant revolution for materials’ design.
Nowadays nanotechnology has been extensively applied in
various fields such as medical, aerospace, and energy [1-3].
Computer modeling and simulation of nanomaterials
quantitatively describe the correlation between the materi-
als’ microstructure and macroproperties to a certain extent
[4]. The strong computing power provided by computer
overcomes the shortcomings of traditional material design
and reduces the material production cycle [5-7]. In the
21st century, computer aided design is playing a huge role
in designing nanomaterials [8, 9]. However, the existing
nanomaterials structure modeling software and simulation
software have some problems. On one hand, the modeling
and simulation systems have their respective emphases. The
modeling software often lacks material simulation, and the
simulation software lacks effective modeling [10-12]. On the
other hand, structure modeling and material simulation are

integral parts for material research. Researchers usually need
to transfer data between the two systems iteratively, which
is time-consuming [13]. Hence it is vital to develop an inte-
grated modeling and simulation platform for nanomaterials.

The primary target of our research is to optimize the
design of the material structure through modeling and
simulation in nanoscale. We propose an integrated modeling
and simulation approach for nanomaterials’ design, to assist
researching on nanomaterials’ structure and macroperfor-
mance.

2. Related work

Currently nanomaterials modeling and simulation have
become necessary tools for predicting molecular motion.
There are many related commercial software programs and
tools. However, the existing software programs are not
functionally complete enough. Some of them are modeling
systems, and the others are visualization software programs.
Meanwhile, these software programs are very expensive.

Structure Modeling. Researchers build geometric models of
different structures firstly, then validate the performance of
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materials through computer simulation, and finally optimize
materials’ geometric structures. Overvelde et al. [14] design
different pore materials by changing holes’ shape, size, and
arrangement and verify materials’ properties by employ-
ing finite element analysis and physical experiments. Also,
though atom reconstruction is essentially a problem of K
nearest neighbor search, some algorithms such as KD-tree
and octree are studied for modeling atoms. Lou et al. [18]
use KD-tree based space partitioning algorithm to merge
finite element triangle meshes for fast prototyping. Muja [19]
approximates nearest neighbors with automatic algorithm
configuration. The adopted algorithm is based on hierarchical
K-means trees. Ooi et al. [20] use KD-tree for indexing spatial
databases.

Simulation. Material Studio is a relative mature modeling and
simulation software for nanomaterials [15]. Some nanomate-
rials could be modeled and simple attribute calculation can
be carried out on this software. However most simulation
functions need to be purchased. The compatibility between
Material Studio and other software programs is also a big
problem. LAMMPS [16] is a molecular dynamics simulation
software developed by Sandia laboratory with C++ language.
It supports simulation for millions of molecules in form of
gas, liquid, and solid. However, visualization interface is not
provided. The user cannot watch the entire modeling process
intuitively. In addition, interactive operation modeling is not
supported.

Recently some researchers use GPU to accelerate the
modeling and simulation for nanomaterials. Stone et al. [21]
concluded that the era of accelerating molecular simulation
by utilizing GPU has come. The effects of simulation for
nanoscale molecule are very well with the aid of GPU’s
parallel computing ability.

Visualization. RasMol is a commonly used software for
visualizing nanomolecular model [17]. It provides powerful
and convenient display interface for operation. A variety of
types of files such as proteins, DNA, and big molecule can
be loaded into this software. Some simple calculation such
as counting numbers of amino and carboxy can also be
proceeded. However the simulation of nanomaterials cannot
be carried out. Hence RasMol is just a display tool. Similar
toolkits such as VMD [22] and ICMLite also provide well
displayed interfaces. The designer can draw sketches based on
these toolkits. However the function of material simulation is
absent.

There are some visualization and analysis software pro-
grams focusing on some special material’s molecule. For
example, ANTHEPROT [23] and VHMPT are used for
analyzing proteins, and RNAstructure and RnaViz are used
for analyzing RNA. These software programs have powerful
visualization abilities and provide simple functions for calcu-
lating attributes. However they are only used for some special
materials; the applicability is not comprehensive.

3. Structure Modeling for Nanomaterials

Structure modeling is the basis for researching correlation
between nanomaterials” structure and properties. The main
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FIGURE 1: Data structure of nanomolecules.

problem is that analyzing the structural rule of complicated
nanomaterials is difficult. Hence modeling many nanoma-
terials automatically by program is hard; furthermore, the
number of nanomolecules is huge, which can reach hundreds
of millions. The algorithm and the performance of the
computer are very demanding. Aiming at the aforementioned
problem, we use adjacency list to provide parametric model-
ing for common nanomaterials, supporting the construction
of macromolecular material model.

3.1. Modeling Based on Adjacency List. For supporting mac-
romolecular model and interactive modeling, data struc-
ture of molecular nanomaterials must have these functions:
finding adjacent atoms quickly; assembling and construct-
ing nanomaterials model rapidly; mapping geometric struc-
ture and topological structure rapidly. Hence we design
nanomolecules’ data structure based on adjacency list. It
stores the relevant physical information of the atom, and
mappings between geometric model and materials’ inter-
nal structure, and supports to reconstruct macromolecular
model quickly. The main idea is: each vertex represents an
atom and each edge represents the chemical bond between
atoms, as shown in Figure 1. The concrete structure is as
follows:

(i) Nanomolecule is composed of atoms and chemical
bonds.

(ii) Each molecule uses two continuous spaces (AtomList
and BondList) to save all the atoms and bonds,
respectively.

(iii) Each atom has a type, and a BondList to save all the
chemical bonds and other related information.

(iv) Each bond has a type, and the two connected atoms.

Figure 2 shows an example of molecular structure which
is represented by the adjacency list. It has four atoms, A, B, C,
and D, and three bonds, 1, 2, and 3. Among them atoms B, C,
and D only have one bond. Furthermore, there is a problem
about mapping between geometric shape and topological
structure when editing the material model interactively. For
example, if we delete a sphere with mouse, how to delete its
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FIGURE 3: OWL file for saving atom properties.

corresponding atom in topology? For solving this problem,
the molecular structure representation also saves mapping
between geometric information and molecule’s topological
structure. Hence changes on geometric shape can update to
nanomolecule’s structure instantly.

The basic properties of atom such as mass and radius
are usually neglected during structure modeling for nano-
materials. These properties are insignificant for modeling
but necessary for simulation. If these properties are added
during the modeling process, a huge number of repeating
atoms’ property information will waste memory. Hence we
define some common atoms’ basic properties according to
OWL format and store them in local file [24-26]. The atoms’
information could be retrieved through their types during
the simulation process. Figure 3 shows the OWL format for
saving atoms’ property information including their names,
types, radii, and lass.

3.2. Macromolecule Reconstruction Based on Space Partition.
Different from other format files, for nanomolecule model
file, there is the special problem of how to reconstruct
nanomolecule model which has huge atoms rapidly. The
existing model file only stores atoms’ coordinate information
without chemical bond information. For example, graphene
is composed of single atom. The bonding distance is only
0.142 nanometers. Its representation such as XYZ file does
not have bond information that needs to be recovered. If
we compute the distance for each atom to other atoms, the
time complexity is O(*), not suitable for macromolecule
reconstruction.

Analyzing molecule’s structure, we find that actually
each atom only needs to be compared to its neighboring
atoms. Though which atoms are neighboring is unknown,
we must traverse all the atoms. That is the reason why the
algorithms for reconstructing macromolecule have high time
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FIGURE 4: Octree based space partition.

complexities. Hence we can subdivide a molecule model into
several parts with space partition method [18-20] and search
neighboring atoms through space adjacent relations.

Octree is a typical space partition method. It divides
a cube into eight small cubes and then subdivides them
repeatedly according to requirements, as shown in Figure 4.
When carrying out nearest neighbor search, we search 12
adjacent edges, 6 adjacent faces, 8 adjacent vertices, and the
26 corresponding adjacent cubes for each atom. Each cube
has a unique serial number, which is obtained by calculation.

The algorithm for macromolecule reconstruction is now
described. The open source library PCL [27] is used for
building the octree in this paper.

Algorithm 1. Macromolecule reconstruction based on octree
space partition.

(1) Initialize the octree. Traverse each atom and insert
it into the octree according to its coordinates.
The operation is implemented by using function
OctreePointCloudSearch< AtomPosList>.

(2) Traverse each atom and search their neighbors within
the neighborhood of radius R. Atoms only bond in
a given distance R, as long as they find the distance
R of nearby atoms. This operation is implemented by
function RadiusSearch.

(3) Judge whether they bond or not for each atom and its
returned neighbors. If so, an edge is added between
them.

Using the proposed algorithm, the space usually is
divided by cubes which are 1.5 times longer than the chemical
bonds. Each cube approximately contains 2 or 3 atoms,
and each atom only compares and match with the atoms
contained in its 26 adjacent cubes. Hence each atom compares
with almost 100 atoms. A macromolecule containing 10°
atoms can be reconstructed in 10 seconds.

3.3. Modeling for Common Nanomaterials

Graphene. Graphene is a regular hexagon. Given an atom’s
coordinates, all the other atoms’ coordinates can be cal-
culated. However the existing software programs cannot
control graphene’s shape well or lack functions for building
personalized shapes. An algorithm is proposed in this paper
for modeling graphene parametrically, which provides good
interaction for building different shapes of graphene.

Algorithm II. Parametric modeling for graphene.
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FIGURE 6: Modeling for carbon nanotube.

(1) Generate all the carbon atoms of graphene. Arrange
all the atoms according to row and column, and
generate coordinates of atoms, respectively, for odd
and even rows.

(2) Generate chemical bonds. For each atom, find the
left and right adjacent atoms and bond them. Though
each row has a fixed number of atoms, it is easy to find
the up and down adjacent atoms.

It is easy to generate regular shape of graphene. However
modeling different shapes of graphene or defective graphene
is difficult. The user can select and tailor local regions
interactively to model personalized shapes. How to map user’s
operation to 3D space? HOOPS [28] provides functions to
map windows’ coordinates and viewpoints to a geometric
structure and return the selected object. It also provides
functions for selecting polygon area. The user can tailor
shapes according to the demand. Figure 5 shows a tailored
parallelogram of graphene created by our system.

Carbon Nanotube. Carbon nanotube can be modeled by
bending a planar graphene. The degree of bending can be
adjusted by two parameters n and m. Given an atom O, n and
m are, respectively, the numbers of the unit vectors through

N
the point O in two directions. Chiral vector C = na, + ma,.
When m = n, then chiral angle 6 = 30°, and an armrest shape
of carbon nanotube is created, as shown in Figure 6(a); when

m # n, then chiral angle 0° < 8 < 30°, and a chiral shape of
carbon nanotube is created, as shown in Figure 6(b).

MOFs. MOFs (Metal Organic Frameworks) is a new type
of porous material composed of organic material and metal
material. Though MOFs have a wide variety, varying molec-
ular structure, and uncertain organic combination, modeling
MOFs is difficult. Liu and Zhong [29] analyze the gas separa-
tion properties of MOFs by computer modeling. But they do
not provide the specific modeling method. A template based
method is proposed for modeling certain MOFs materials in
this paper. A cube template is defined first and then metal ions
and organic compounds are matched to the cube according to
their coordinates. Metal ion group corresponds to vertices of
cube, and organic skeletons correspond to edges of cube, as
shown in Figure 7. The algorithm for mapping MOFs to cube
template is described below.

Algorithm III. Mapping MOFs to cube template.

(1) Match metal ion group to 8 vertices of cube through
3 symmetries.

(i) Let x = R be the symmetry plane; R is a half of
the side length. The new point’s coordinates can
be calculated by (x',y',z') = (2R-x, y,z). Then
two vertices can be gotten after this operation.

(ii) Let y = R be the symmetry plane. Four points
can be gotten after this operation.
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F1GURE 8: Template based modeling for MOFs.

(iii) Let z = R be the symmetry plane. Eight points
can be gotten after this operation.

(2) Match organic compound to 12 edges of cube through
symmetry and flip operations.

The MOFs model created by our method is shown in
Figure 8. Among them the blue tetrahedron represents metal
ions surrounded by nonmetallic materials.

3.4. Advantages of Adjacency List Based Modeling. The adja-
cency list with OWL representation and octree data struc-
tures is applied to model topology and spatial partition of
atoms in molecules. The proposed data structure satisfies
the needs of macromolecular material modeling. In our
experiments, a big model which has atoms more than one
hundred thousand can be modeled and visualized in our
prototyping system. For example, Figure 9 shows part of
a graphene model which has 160,400 atoms and 240,000
chemical bonds. It can be modeled and visualized within
6.4 seconds in our prototyping system. The data structure
for nanomaterials defined in this paper has the following
advantages:

FIGURE 9: Macromolecular material modeling.

(i) They rapidly search for neighboring atoms and chem-
ical bonds. The traditional data structure only stores
the adjacency nodes without edges. Hence the neigh-
boring edges can not be acquired. In contrast, we
also store and represent each atom’s chemical bonds,
that is, the corresponding edges. Hence the adjacent
atoms can also be found out quickly by traversing
these edges. The time complexity is O(1).

(ii) The adjacency list could be assembled and generated
quickly. For a given nanomolecule, generating the
related adjacent list is fast and easy. And the time
cost is low; the memory overhead increases linearly.
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FIGURE 10: Process of interactive model editing.

Hence the adjacent list is appropriate for building
macromolecular model.

(iii) The data structure could be applied for interactive
editing, and the response speed is fast. The map is
used for recording relationships between geometric
information and topological information. The corre-
sponding atoms’ information could be retrieved when
editing geometric information. The time complexity
is log(n).

(iv) They have good extendability. Because the nanoma-
terials could be modeled uniformly with OWL repre-
sentation, for new added materials, many undefined
properties of atoms such as electric charge and ion
track can be plugged incrementally and searched
rapidly. The expendability is well.

4. Interactive Model Editing

Many existing molecule modeling systems support editing
and modifying the models. At the same time, the physical
meaning of the molecules is usually neglected. However,
the modified molecule models are usually unstable. For
example, if you add or delete an atom, it will affect the
other atoms’ position. In this paper, we provide interactive
operations to modify model’s basic structure, update relations
of chemical bonds adaptively, and then optimize the model’s
overall energy. Hence the modified model retains its physical
meaning. The process of interactive model editing is shown
in Figure 10; window operations are transformed to the
world coordinate system; these have been demonstrated
by HOOPS. Meanwhile a mapping table is maintained to
preserve the correspondence between geometric structure
and molecular structure. For example, if an atom is added,
then a sphere would be added to the geometric visualization,
and an atom is added to the molecular structure. Their
correspondence must be added to the mapping table.

4.1. Adaptive Model Editing. An interactive way is provided
for editing molecular model adaptively. The effectiveness
of topological structure is preserved. When a new atom is
added, its positions are calculated. And the new added atom is
also matched with its neighboring atoms to form the chemical
bonds.

Atom Addition. There are three cases for adding atom: atom
has no edge, atom has one edge, and atom has two edges.

The positions for the new added atom need to be calculated,
respectively. For the first case, an atom with appointed length
is added; for the second case, an atom is added to one of the
two corresponding edges; for the third case, the coordinates
for the new added atom can be calculated directly, as shown
in Figure 11. The new added atoms are marked with red.

Of course, the new added atom needs to form the
chemical bonds with their neighboring atoms which are
less than a certain distance. This process is completed by
the octree space partition algorithm. Firstly the topological
information is acquired from the geometric sphere of the new
added atom; then the atoms are added to its corresponding
cube; finally the neighboring atoms are rapidly returned
by searching the 26 adjacent cubes. For example, the two
chemical bonds (marked with yellow) in Figure 12 are formed
automatically.

Atom Deletion. When deleting an atom, the corresponding
atom information of the sphere clicked by mouse needs to be
removed. And the related chemical bonds need to be removed
too. Though mapping between geometric information and
topological information is stored in adjacency list, the cor-
responding atom could be found in log(n) time. Meanwhile
the related chemical bonds could be found by searching the
BondList and deleted. Hence the correspondence between
geometry and topology is retained.

4.2. Model Editing Based on the Physical Meaning. The struc-
ture model of nanomaterial often has physical meaning;
modifying an atom will affect the other atoms. For example,
a molecule of hydrogen H,O, peroxide becomes a water
molecule H,O when deleting an atom O. Its spacing structure
will change correspondingly. The system implemented in this
paper integrates LAMMPS, optimizes the overall material
model through energy minimization, and makes structure
tend to be stable. Hence the physical meanings of the nano-
material model are maintained during the editing process.

The energy minimization is implemented by command
minimize in LAMMPS. Some parameters such as opti-
mization method min_style, largest number of iterations
maxiter, and convergence precision etol can be configured.
For example, graphene has relatively stable hexagon. If we
delete some atoms during the modeling process, as shown
in Figure 13(a), the hexagon is damaged. The remaining
atoms will shift because of unbalanced force. The final result
generated by our system is shown in Figure 13(b).
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FIGURE 12: Automatic chemical bond generation.

5. Simulation and Calculation
for Nanomaterials

How to analyze correlation between structure and macroper-
formance after building the nanomaterial model? Simulation
is an important means of doing this. The key is to establish
an efficient calculation system. There exist many simulation
strategies for nanomaterials, such as Monte Carlo [30],
molecular dynamics [31], and Density Functional Theory
(DFT) [32]. The main idea of Monte Carlo is based on
the principle of random distribution, which is suitable for
macromolecules with millions of atoms, but the accuracy of
Monte Carlo is exact. Molecular dynamics predicts the move-
ment of molecules through the force analysis of Newtonian
mechanics, which can be used for molecules with hundreds
of thousands of atoms, while at the same time holding a
relatively high accuracy. DFT mainly analyzes molecular
motion according to the relationship among charge, electric
field, electron density, and energy, which can be used for
molecules with only about one hundred atoms. Based on
the tradeoff between accuracy and using range, the existing
software programs for nanomaterial simulation often adopt
the molecular dynamics method. However, the existing
modeling and simulation software programs often cause a
problem: modeling and simulation are not integrated. File
format conversion is carried out frequently for data exchange
between modeling and simulation. The cumbersome con-
version process wastes a lot of time and misses some data

information. Hence establishing an integrated system for
modeling and simulation is vital.

In this section, a RBF (Radial Basis Functions) based
method [33, 34] is used for fitting graphene’s surface, then
Gaussian curvature is calculated according to numerical
derivation. After computing the surface energy item of
graphene, our system integrates molecular dynamics sim-
ulation software LAMMPS for calculation. The simulation
results are visualized; and also the results could be edited and
simulated iteratively.

5.1. Surface Energy Item Calculation for Graphene. In molec-
ular dynamics, the surface curvature of graphene is related
to atom energy [35]. The higher the bending, the greater
the energy. At the beginning we notice that graphene can be
bent into a wide variety of curved surface but ignore its con-
nection to energy. With the progress of nanotechnology, the
graphene plane bending being related to energy has become
a consensus. Many scholars suggested that the curvature
of the graphene is complementary overlapped with strain
capacity, and the energy is related to the Gaussian curvature.
Hence the Gaussian curvature calculation is very important
for the study of graphene. Because of the interdiscipline,
there is rarely research work on calculating surface Gaussian
curvature for graphene. Martinez and Jalil [35] calculated
graphene’s energy for specified parametric surface.

RBF is a simple and powerful tool among common
fitting methods. It is easy to realize but meanwhile acquires
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relatively well performance for isotropic data. RBF is applied
into multiple domains. de Boer et al. [33] interpolate mesh
deformation through RBE Yoo [34] use RBF and distance
field to design heterogeneous porous materials. In this paper,
we first fit graphene’s surface based on RBF and then compute
the Gaussian curvature numerically.

RBF solves a surface function through the known points
and makes the known points on the surface function as far as
possible. The surface function can be represented as

F(X) =) Lo (|X-P,])+Q(X), 6)
n=1

where P, are the n sampling points, A, are the coefficients
that need to be solved, ¢ are basis functions, and Q(X) is
the function Q(X) = ax + by + c. The algorithm for fitting
graphene’s surface is described below.

Algorithm IV. Fitting graphene’s surface by RBE.

(1) Calculate matrix ¢, .. Input each sampling point to
function ¢(|| X P, ||). For example, ¢;, = ¢([lx; —x, ).
A n % n matrix will be returned after this step.

(2) Calculate matrices Q, and QZ. Qy is an * 3 matrix. It
is the value of polynomial Q(X).

(3) Obtain matrix equation
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FIGURE 14: Fitting graphene’s surface by RBE.

Gaussian elimination method could be used to solve (3).
Figure 14 shows one fitting result. The blue surface is the
original graphene, and the green surface is the fitting result.
Equation (4) is used for calculating the Gaussian curvature of
the fitting surface F(X) [36].

VF % H* (F) % VFT — |VF|* Trace (H (F))
IVE|* '

KG = (4)

Gaussian curvature is a measurement in surface theory
which can reflect surface’s geometric properties the most.
It describes the degree of bending of surface directly and
intuitively. The bigger the curvature, the greater the bending.

5.2. Integration of Molecular Dynamics Simulation. Molec-
ular dynamics simulation is the most commonly used
method for nanoscale molecule simulation. It builds equa-
tion through Newtonian mechanics. The existing systems
usually have some deficiencies. For example, the modeling
process and simulation process are separated and scattered
in different software kits. The user usually builds models in
one software platform and then exports the built models
to another simulation platform for calculation; finally the
simulation results are imported back to modeling software
platform or loaded to other visualization toolkits. Such
iteration is time consuming. And some important molecular
properties may be lost during the data conversion process.
Hence currently research on modeling and simulation for
nanomaterials integrally has become a trend in this domain.
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Molecular dynamics is composed of two factors: (1) the
interaction force between particles decided by the potential
energy function and (2) the motion rules between molecules
which conform to Newtonian mechanics. Hence we can build
the molecular motion model, solve the equation according to
Newtonian mechanics theorem, and finally obtain molecular
motion trajectory.

The main idea of molecular dynamics simulation is as
follows: the stress of atom is the sum of all other atoms’ load
on it, usually decided by the atom’s potential energy. It is
related to relative distances between atoms. There are many
formulas for computing the atom’s potential energy, such as
Lennard-Jones potential [37].

o@D

Among them o, € are constants. Each atom’s stress can
be calculated by F = dV(r)/d(r). And the sum of stress
can be calculated by F, = Z?:o Fj;. Then the accelerated
velocity could be computed and the next position of atom
could be predicted. Such a process iterates until atom’s energy
is minimized.

5.3. Integration of LAMMPS. Our system integrates the
molecular dynamics simulation software LAMMPS. 1t is
a mature molecular dynamics simulation software which
provides calculation for many properties of nanomolecules
and choices for many potential energy functions. However
LAMMPS lacks visualization interface and interactive mod-
eling method. The user needs to write script programming
language to implement simulation. Meanwhile many times
are spent on model format conversion, file import and
export, and so on. Hence our prototyping system integrates
LAMMPS, sets parameters through graphic user interface,
and exchanges information through reading and writing
configuration files. This way facilitates the user’s operation
greatly.

The integrated simulation pipeline is shown in Figure 15.
At first nanomaterials are modeled and parameters are set
up; then both of them are taken as input to LAMMPS for
simulation; finally the results can be output and visualized.

Set LAMMPS Arguments. The main task for implementing
molecular dynamics simulation by LAMMPS software is
writing LAMMPS’s in file. The in file is vital, though all
control parameters, molecular models, and simulation envi-
ronments are defined here. It includes four main parts:

(i) Initialization: setting up basic information such as
energy, temperature using what kind of potential
energy, and whether to use multicore parallel comput-
ing.

(ii) Atom definition such as file name of the nanomole-
cule structure and total size of the crystal package.

(iii) Simulation parameters such as simulation param-
eters, nearest neighbor method, and coefficient of
position.

(iv) Operating parameters such as running time and
output format.

After writing in file, the simulation could be proceeded by
running command LAMMPS — in. And the corresponding
output is returned after completing the computing process,
as shown in Figure 16.

Invoke LAMMPS. How to execute files such as molecule
model files and configuration files? In this paper, we use mul-
tiprocess CreateProcess to invoke DOS commands and then
wait for commands WaitForSingleObject after completing
LAMMPS’s process. The system is accordance with LAMMPS
through process waiting. The correctness of the output files is
guaranteed by this way.

6. Visualization and Prototype System

6.1. Prototype System. The prototype system for integrated
modeling and simulation are developed by C++ language
under VS2010. It is mainly based on HOOPS. Some open
source libraries such as OpenCV and PCL are also uti-
lized. The system has four main functions such as structure
modeling, model editing, simulation, and visualization, as
shown in Figure 17. Structure modeling builds common
nanomaterials’ molecular model interactively; model editing
provides operations such as adaptive bonding and editing
based on physical meaning; simulation provides property
calculation, surface fitting, curvature calculation, and molec-
ular dynamics simulation; and there are four kinds of visual
ways, namely, sphere, bar, sphere-bar, and wireframe. The
user can observe the created model from different viewpoints
conveniently. Figure 18 is the user interface of the developed
prototype system.

MVC (Model-View-Controller) is a common software
design pattern. It divides the software into three inter-
connected parts, so as to separate internal representation
of information from the way that information is accepted
from or presented to the user. Inspired by this thought, we
use MVO (Model-View-Operator) framework to design the
prototype system, improving its flexibility and extendibility.
Under the MVO framework, Model representing molecular
structure model is the central component of the framework.
It provides definition for molecule model, functions for atom
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FIGURE 18: User interface of the prototype system.

addition or deletion, adjacent atom search, adjacent chemical
bond search, and so on; View generates new output to the
user based on changes in the model. Multiple views of the
same information are possible, such as sphere, bar, sphere-
bar, and wireframe; Operator sends commands to change
the view’s presentation of molecule model (e.g., switching
viewpoints), or send commands to the molecule model to
update the model’s state (e.g., deleting an atom). Our system’s
framework is composed of four parts including molecule
model, geometry visualization, and topology mapping, as

shown in Figure 19. Because the correspondence between
geometry and topology needs to be maintained for nano-
materials’ molecule model, the part of topology mapping is
added.

6.2. Experimental Results and Visualization

Geometry Visualization. Our prototype system provides four
modes for displaying molecule model from multiple view-
points, as shown in Figure 20. Sphere-Bar is a common
molecular display model. It uses sphere of specified radius to
represent the atom and bar of specified length to represent
the chemical bond. The connections between atoms could
be observed intuitively, and sizes and colors of spheres and
bars could be changed arbitrarily. Wireframe is an impor-
tant mode for molecular dynamics simulation. The overall
shape of molecule can be observed conveniently. And also
the rendering time and memory overhead are significantly
reduced compared with Sphere-Bar mode. The molecule
model with a huge number of atoms usually is rendered by
Wireframe mode. For example, Figure 21 is a graphene which
is composed of more than 7000 atoms and 9000 chemical
bonds. It can be displayed in real time in our developed
prototype system.
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Modeling for Nanomaterials. Our system provides interactive
way to create a variety of common materials. Figure 22(a)
is multilayer graphene model. It can be adjusted by param-
eters (n,m,c), where n is length, m is width, and c is
number of layers. Figure 22(b) is an irregular graphene
model created by interactive polygon selection. And carbon
nanotube with different physical meaning can be modeled
by setting parameters (1,m,[), where n and m are chiral
parameters and [ is length of tube. Figure 23(a) is a tube with
(n,m,l) = (30,10, 10). Figure 23(b) is a multilayer tube. In
addition, based on the cube template, the user can compose
organic material and metal material to form different MOFs.
Figure 24 shows some results of MOFs modeling.

Model Editing. At first, if atoms are added or deleted, our
system can generate atoms’ positions adaptively. Meanwhile
the chemical bonds are added or deleted correspondingly.
Figure 25(a) shows the result after deleting two atoms;
Figure 25(b) shows the result after adding two atoms. The
added atoms are marked with yellow, and the three pink bars
are chemical bonds added automatically by our system. In
addition, editing for nanomolecule model is closely related
to material’s physical meaning. The arrangement for other
atoms may change after editing one atom. Hence structure
optimization is utilized for maintaining the model’s physical
meaning. For example, Figure 26(a) shows an initial state of
a graphene after deleting some atoms; Figure 26(b) is the
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FIGURE 21: Wireframe display for macromolecular nanomaterials.

(a) Multilayer (b) Irregular

FIGURE 22: Modeling for graphene.

FIGURE 24: Modeling for MOFs.
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FIGURE 26: Physical meaning based editing for graphene.

stable model after optimization. Figure 27(a) is an initial
state of a nanotube model. Because some atoms move,
the distortion occurs; Figure 27(b) is the stable state after
optimization.

Calculation and Simulation. The measurement of bond angle
and bond length is very important for studying the structure
of nanomaterials. At first, our system provides interactive
operations for measuring the bond angle and bond length in
2D/3D spaces. As shown in Figure 28, the left is measuring
bond length and bond angle of graphene in 2D space; and the
right is measuring bond length and bond angle of fullerene
molecule in 3D space.

Secondly, functions are provided for calculating nano-
materials’ energy item. The prototype system reads the
coordinate information of graphene and then fits the surface
based on RBE For example, Figure 29 shows a result of
fitting graphene. It is visualized using quadrilateral meshes.
Figure 30 is the result of calculating graphene’s curvature. The
results are output by invoking MATLAB.

Thirdly, our system integrates the modeling and simu-
lation processes together. Carbon nanotube compression is
a common nanomaterial simulation example. Through ana-
lyzing the stress distribution of nanotubes, a solid structure
could be designed. Figure 31 shows the simulation results of

compressing nanotube. Different forces are accurately loaded
through lever operations. Though LAMMPS is integrated
into our prototype system, the calculating results can be
returned in time without tedious file conversion. Moreover,
our system supports reediting the simulated model.

6.3. Comparison with the Existing Approaches. We compare
our approach with some existing nanomaterial modeling and
simulation approaches in Table 1. The second column shows
the application domains of these typical existing systems. The
third column shows the modeling abilities, the fourth column
shows the simulation and calculation capabilities, and the
fifth column shows the visualization functions provided by
these systems, respectively. The first row is our approach,
and the following rows are four typical commercial solutions.
All the approaches are capable of completing one or more
key aspects in the domain of modeling and simulation for
nanomaterials. However, all of these approaches are not
powerful enough to implement all the three key aspects
including modeling, simulation, and visualization seamlessly
in an integrated platform. In contrast, our approach provides
an integrated modeling, simulation, and visualization plat-
form for nanomaterials. The designer can use our system
to design new nanomaterials conveniently without cumber-
some and repetitive file conversion. And the system also
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provides interactive model editing function which maintains
the physical meaning.

7. Conclusion and Future Work

In conclusion, this paper builds an integrated modeling
and simulation platform for nanomaterials. Based on this
platform, the user could establish correlation between mate-
rials’ structure and macrophysical properties, shortening the

Complexity
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F1GURE 30: Curvature calculation for graphene.

development cycle of new nanomaterials. Its novelty and
contributions lie the following aspects.

Modeling. Firstly, an adjacency list based data structure which
is suitable for macromolecular material modeling is built;
secondly, an octree space partition algorithm is adopted to
reconstruct macromolecule rapidly; thirdly, interactive ways
are provided for modeling a variety of nanomaterials such as
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graphene, carbon nanotube, and MOFs, which is supposed to
be convenient and flexible.

Model Editing. An adaptive way is provided for automatically
adding or deleting the corresponding chemical bonds after
changing the atoms. Moreover, the optimization method is
carried out to maintain the physical meaning of nanomateri-
als during the editing process.

Calculation and Simulation. The energy item of nanomateri-
als (e.g., graphene) can be computed by RBF based surface
fitting and numerical calculation. And by integrating molec-
ular dynamics software LAMMPS, nanomaterials could be
modified and simulated iteratively, without tedious and time
consuming file format conversion.

User Interaction and Visualization. Based on MVO pattern,
our developing prototype system has a user-friendly inter-
face, convenient for operation. Meanwhile, several modes are
provided for visualizing the modeling and simulation results
from multiple viewpoints.

Due to involving multiple disciplines, how to model
and simulate nanomaterials under an integrated manner
is a challenging research topic. Though some beneficial
exploration has been done in this paper, there is still a lot
of work that needs to be completed. In the future, more
nanomaterials such as DNA and protein will be modeled in
our system. Experiments on these materials will proceed to
further verify the feasibility and effectiveness of the proposed
integrated modeling and simulation approach. In addition,

when editing models based on physical meaning, the current
prototype relies on LAMMPS software. More molecular
dynamics algorithms and artificial intelligence algorithms
[38, 39] could be implemented to optimize molecule’s struc-
ture. Furthermore, more material properties such as electron
density and electron orbit could be considered during the
calculation and simulation processes.
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