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ABSTRACT

An adventure at engineering design and modeling is pos-
sible with a Virtual Reality Environment (VRE) that uses
multiple computer-generated media to let a user experi-
ence situations that are temporally and spatially prohibit-
ing. In this paper, an approach to developing some ad-
vanced architecture and modeling tools is presented to
allow multiple frameworks work together while being
shielded from the application program. This architecture
is being developed in a framework of workbench interac-
tive tools for next generation nanoparticle-reinforced
damping/dynamic systems. Through the use of system, an
engineer/programmer can respectively concentrate on
tailoring an engineering design concept of novel system
and the application software design while using existing
databases/software outputs.

1. INTRODUCTION

In the past decade, nanoscale measurement techniques
and manufacturing technologies are advancing rapidly;
however, only few effective techniques for manipulation
of nanoparticles are available for engineering applica-
tions. Each method has strengths and weaknesses [1] and
most of them are generally limited to imaging in two di-
mensions and hardly used for manipulation of nanoparti-
cles.

Manipulation of nanoscale objects can be achieved
using a scanning probe microscope, such as an AFM
(Atomic Force Microscope) or an STM (Scanning Tun-
neling Microscope). Guthold et al. [2] performed rolling
and sliding of carbon nanotubes using an AFM. All of
these research efforts used a graphical display in addition
to the haptic display. The limitation of this approach is
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that while manipulating the specimen, the graphical dis-
play is static and requires additional scans to see the re-
sult of the manipulation.

Eigler and Scheweizer [3] used an STM to position
individual atoms on a surface, but these tools do not yet
offer very precise control of nanoparticles (e.g., the abil-
ity to grasp and release). Laser beams can also be used to
trap and manipulate small particles. A laser apparatus,
called OT (optical tweezers) [4], provides the user with a
non-contact method for manipulating objects that can be
applied to nanoscale viruses, bacteria, living cells and
particles. Although 3D imaging has been reported in [5].
All these techniques require complex driving electronics
under sophisticated computer control.

Various techniques in virtual reality environment can
be used to enhance human guided computer system.
Among these techniques, haptic display is important. One
of the most challenging problems in nanoscale manipula-
tion is that real-time image sensing of nanoscale artifacts
are difficult. The operation of nanoscale manipulators can
be done through tele-operation or automatic manipula-
tion. Hollis et al. [6] demonstrated that atomic-scale land-
scapes could be explored and felt with the hand in real
time by interfacing a haptic feedback device with an
STM.

Over the past decade, computer simulation and mod-
eling have become powerful tools for understanding the
structure and properties of a broad range of materials [7].
Traditional 3D orthographic displays [8] do not always
provide the user with a natural or intuitive way to interact
with nanosystems, because of the complexity, novelty,
and a scale of systems relevant to nanotechnology. We
used some of the advances in modeling approaches to
address the problems.

In developing these constraints and rules, one must
have some understanding of nanoscale dynamics, but this
is still an emerging field of research. This is why tele-
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operation is gaining favor for certain user interfaces.
Tele-operation needs to virtually present the nanoscale
environment to the operator such that the operator can be
aware of the target objects and the surroundings.

With developing of powerful computers, there have
been extensive efforts on virtual prototyping, especially
for large-scale systems in areas of transportation (auto-
mobile, marine, aerospace and railway). Some software
packages are also available for multi-scale modeling,
such as ProEng, ANSYS, MatLab, ABAQUS, UGII or
AutoCAD. The constructed CAD models can be con-
verted into polygonal models and then are imported in a
VRE where various physical behaviors and computation
models could be added to the visual mock-ups for real
time interaction, dynamic visualization and analysis. This
approach has been and is still being widely used at the
moment, but many researchers [1-8] have addressed the
issue of CAD models, computational tools and VRE inte-
gration. It is worth noting some aspects/problems in
CAD/CAM of nanoscale systems:

1. Hardware issues. Current CAD/CAM systems are
mainly based on complex surface and solid modeling
schemes with a big graphical resolution for precise de-
sign. Some VRE systems are, therefore, a result of huge
databases and require performing computing-extensive
operations. Some other obstacles are due to hardware
limitations of today’s VR systems, such as the accuracy
and stability of 3D input and output devices.

2. Modeling issues. Another important reason is the
absence of a suitable model representation due to lack of
knowledge that would support efficient solid modeling in
a VR environment. In addition, traditional CAD systems
are often parametric-based modeling systems with exact
dimensions and these dimensions typically require precise
defining across the length scales at the conceptual design
stage.

3. Topological relationships and design conditions
could be lost during the translation process of models
from CAD systems to VRE systems. Thus to modify a
graphical or computational model in a virtual environ-
ment, one must go back to computer code systems for
making necessary changes and then re-import the modi-
fied models into VRE systems for further operations.

Advanced development in computer area should also
foster great improvement in VRE development. A suit-
able VRE-based CAD/CAM workbench tools would sat-
isfy the requirements on both sides of CAD modeling and
VR in the following aspects:

Visualization. Fast creation and reproducing of re-
quired number of convincing and realistic damping ele-
ments at nanoscale and then integrating them at mac-
rolevel at high resolutions for quality visualization,

Interaction. Intuitive and precise interaction across
the length scales,
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Damping behavior simulation. Simulation of realistic
behaviors of virtual objects,

Modeling. The support of various computational
modeling methods and realistic simulation of design
processes.

Our joint group is exploring the use of spatially im-
mersive virtual reality systems and modern IT technolo-
gies (e.g., C# Visual Studio Microsoft.Net, Rational Rose
and JAVA2 applets) for interactive modeling and visuali-
zation of nanoparticle-based systems/materials. A compu-
tational scheme and software, which utilizes neural net-
works and/or Microsoft.Net technique, was developed to
predict properties of nanoparticle-reinforced materials
and optimization and control of nano-devices.

The principal objective of the paper is to demonstrate
an application of modern software engineering tools for
modeling virtual reality and molecular dynamics of novel
nanocomposites. The main technical components of pre-
sented system are engineering workbench for modeling
and 3D images of novel nanoparticle-reinforced compos-
ites. Recent advances in computer modelling and simula-
tions of the mechanics of materials at the nano and micro
scales are reviewed. The Multiscale Modeling of Materi-
als (MMM) approach is shown to rely on systematic re-
duction of the degrees of freedom at natural length scales.
Connections between such scales are currently achieved
by either a parameterization or a coarse graining proce-
dure. Parameters that describe the system at a lower
length scale are obtained from computer simulations, of-
ten verified experimentally, and passed on to upper
scales. Alternatively, lower length scale descriptions can
be coarse-grained through a “zoom-out” process.

2. MODEL AND METHOD OF 2D/3D
SIMULATION

The Lagrange approach is used. 2D problems under plane
strain and plane stress conditions were considered. The
usual set of equations of dynamics of deformable solids
for the case of two dimensional plane elastic-plastic flow
with von Mises yield criterion was used [9, 10]. The basic
equations for strain rates are as follows:
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state, €z =0 - for plane strain state.
Equations of motion in plane x-y coordinates can be
written as follows
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is velocity in x direction,
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For numerical solving this set of equations a com-
puter program based on the finite-difference scheme
known as Wilkins method was used [9, 10]. An algorithm
of splitting of grid nodes was applied to model fracture
[11, 12]. Stresses of increased accuracy and smooth over
the whole domain can be obtained from the nodal dis-
placements and traction boundary conditions using T-
functions as interpolators in connection with the Moving
Least Squares (MLS) method [8]. We used full second
order polynomials and thus for stress evaluation in each
point of interest we need displacements in at least 5 nodal
points for 2D problems and in 9 nodal points in 3D prob-
lem. Near the boundaries, additional conditions are ob-
tained from boundary traction components in the closest
boundary point, which increases the accuracy of com-
puted stress field and decreases the number of necessary
displacement nodal points in the domain of interest (DOI)
for the interpolation. The displacements in internal nodal
points, which are necessary for computation of the stress
field inside the domain, are obtained from boundary trac-
tions and displacements using the known boundary inte-
gral representation [11].

A map of such mesovolume is submitted in fig. 1.
There are more than 120 grains with average size about 3
microns in this volume and it can be called representative
volume. In calculations for fragments of different colour
(grain) the yield strength was different (up to 30%). In
uniaxial tension of such mesovolume the system of lo-
calized deformation bands take place with inclination of
them about 45° to the axis of tension. In fig. 4 right side,
the greater values of intensity of plastic deformations

e!! :\/E(Ep'2 +eP? g oen? +ep'2)

i 3 XX yy XX 24
correspond to greater intensity of colouring. The defor-
mation in bands, covering on width about 0.5-0.8 mi-

crons, ranges up to 30% at integral deformation of a sam-
ple 0.7%.
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Fig. 1. Map of representative mesovolume and distribu-
tion of plastic strains

3. ENGINEERING WORKBENCH TOOLS

Overall, the Class Diagram for an engineering workbench
is the most important for further synthesis of computer
code and programming. It is illustrated in Figs. 1-2. When
utilizing an Object-Oriented design process, it is a com-
mon practice to draw a sequence diagram for each use
case. In doing so, objects and the messages that are sent

between objects are defined by user’s options | = | in-

&

side of the material/system and actors outside.

/Q\ ///>©

Vizualization of nanostructure and
interfaces
User <7>

<,> Design of an elementary

nanostructure
User's interface for design of

nanostructure \ %

XMD module

Fig. 2. “Use case” diagram for CAD/CAM of nanostruc-
tures

Design of a crystal lattice

This is useful for process-intensive applications, for
the application described in this paper; this stage was
skipped going directly to the class diagram. Class dia-
gram-to-use case conformance was checked throughout
the design process to verify that the classes were suffi-
cient to implement the use cases. Designed to be modular
and extensible, the VRE engineering workbench for
damping can be described by two important concepts,
functionality and generality. The architecture functionally
divides itself into Model, Input, Output and Manager.
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Other diagrams can be developed. Component dia-

2]

gram is shown in fig. 2, where is databases/modules,

A
is relations between modules.

The module for design of en elementary nanostruc-
ture is based on user’s data to be chosen from database or
inputted by hands: type of lattice and basis. The module
for design of crystal lattice of damping material interprets
the data obtained from the above module and then de-
signs some structure of material matrix. The module for
visualization treats the data of the former module and
graphically represents structure of the material. There is
also the module to provide a data transfer from external
software such as Matlab, ANSY'S etc. so as to grab neces-
sary engineering data into complex VRE workbench

tools.
Module of data
loading

AN

\\
Design of a
crystal lattice

User's ]
interface
7 N
_— / N\
Design of an elementary /
nanostructure

N
““‘ XMD
/ Module
T /
Module of
Database of visualization
nanostructures

Fig. 2. “Component” diagram

Based on the Class diagram in Rational Rose envi-
ronment a user can develop computer code of the class on
selected programming language. In the case of Microsoft
Visual C++ a user can assess entire hierarchy of MFC
library classes by using visualized tools that is called -
Model Assistant. At some final stages of workbench de-
velopment, his modules are implemented in Microsoft
Visual C++.

The positions of all atoms in the atomic lattices can
be further calculated and stored in a data file at two re-
gimes: simulation and calculation.

Regime of simulation is used for visual design pur-
poses in order to find some optimal orientation, distribu-
tion and location of particles in a matrix. The design con-
cept is then being used for computational analysis and
calculations of damping/dynamic properties of mate-
rial/system based on affiliated prediction models inte-
grated into database. Virtual database of visual structures
and computational tools will introduce outstanding possi-
bilities to researchers in this field.

Resulting picture (fig. 3-5) of nano simulation shows
respectively, for example, crystallise lattice of aluminium
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matrix in fig. 3, diamond nanoparticles of chosen shape in
fig. 4 (pyramid-like, sphere or fullerene-like shapes) and
nanocomposites represented as aluminium matrix with
two introduced pyramid-like diamond nanoparticles
(green-atoms in fig. 5). The positions of all atoms in the
atomic lattices are also calculated and stored in a data file.
The data are used for further calculations of mechanical
properties by FEM-based techniques. Virtual database of
various nanostructures and their computer-based calcula-
tions will introduce outstanding possibilities to research-
ers in this field. The user can easily attach his hand to an
atom or molecule and manoeuvre it in 3D space.

0.amen
0.200800

Fig. 3. Atomic lattice of metal matrix

In order to be able to compute large structures con-
taining several nanotubes, the number of degrees of free-
dom of the overall model has to be reduced. Shell ele-
ments could be used for that purpose, see e.g. [14]. Fig. 6
and 7 show the differences between these finite element
models.

Fig. 4. Atomic lattice of carbon-based nanoparticle
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and composite
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Save and :
Load Buttons |

Note field

3D X,y,z coor-fiss
dinate of all
atoms of the
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material

Carbon nanoparticles

Fig. 5. Reinforced nanocomposite: metal matrix — carbon-
based nanoparticles

Viewpart: 1 ODI: Mome itzerLivyabedabel_mesle 2ijzag10_2_besd nib

Fig. 6. Beam element model

For a realistic simulation of the mechanical behav-
iour of nanostructures, the nonlinear intramolecular inter-
actions between neighboring atoms have to be taken into
account. In order to reduce computational costs, it is nec-
essary to develop suited techniques, so that shell elements
can be applied.

Viewpork: 1 ODB: shome/zitzer/Eingabedatei.,¢/swont_shell_inodel_c.odb

fwene_ehell_nedel_c.snp, Parsmskericed SR mads of S4R-Shell slememte
@B owent_ehellpodel ¢ odb  ABMUS/Skandsrd 6.3-3  Sab Jun 14 18:56:13 CBST 2003
3

E
Inc renen!

Primary
Deforned tion Seale Factor: r1.000e700

Fig. 7. Shell element model
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4. CONCLUSION

Computational simulation and modeling tools called as a
Virtual Reality Environment (VRE) can help to under-
stand many physical effects and predict the behavior of
materials and machine components via computer-
generated media. In the present paper, multiscale compu-
tational approaches to modeling of nanoparticle-
reinforced composite materials and virtual reality engi-
neering tools have been used to describe/model an intui-
tive interface of some CNT-reinforced materials to enable
efficient design and synthesis of next generation materials
and nanoscale devices. The underlying mechanics of ma-
terial has been partially simulated by the use of Lagrange
mechanics and programmed accordingly. Hap tic feed-
back is used to constrain the steering motion within the
physical capability of the potential field. In the virtual
working environment, the user can naturally grab and
steer a nanoparticle, matrix and composite because the
information flow between the user and the VRE is bidi-
rectional and the user can influence the environment.

Architecture of VRE is presented which is designed
to let multiple computer frameworks work together while
being shielded from the application program. The soft-
ware development of a VRE requires orchestrating multi-
ple peripherals and computers in a synchronized way in
real time. Results of the research work will provide a
computational platform for the development of nanoparti-
cle-reinforced materials that are lightweight, vibration
and shock resistant. The outcome of the research work is
expected to have wide-ranging technical benefits with
direct relevance to industry in areas of transportation and
civil infrastructure development; however, the goal is the
next generation of computational and modeling tools for
composite nanomaterials.

Multiscale computer modeling of nanocomposites are
effective for both theoretical study and educational pur-
poses. Computer simulation may couple various simula-
tion techniques and bridge the length scales together. In
the frameworks of classic elastic-plastic model by taking
into account the heterogeneous inner structure of a mate-
rial in explicit form and stress concentrators of various
nature, it is possible to simulate numerically regions of
localized plastic strain of meso scale that are observed in
experiments. Heterogeneity of stressed state is typical for
deformation of mesovolumes of a structurally inhomoge-
neous material. This is due to stress concentrators of vari-
ous nature and scale (interfaces of fragments of internal
structure, feature of the shape etc.). In these conditions,
the plastic deformation proceeds heterogeneously. They
arise in the region of stress concentration and in the least
strength elements of structure. Then bands of localized
shear are formed where the plastic deformations much
exceed average deformations.
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