Chapter 2
Methodology of Design and Characterization
of Bionano- and Nanorobotic Devices

1 Introduction

Nanorobotics is an emerging interdisciplinary technology area raising new scien-
tific challenges and promising revolutionary advancements in applications such as
medicine, biology and industrial manufacturing. Nanorobots could be defined as
intelligent systems with overall dimensions at or below the micrometer range that
are made of assemblies of nanoscale passive or active components with individ-
ual dimensions ranging between 1 to 100 nm. Nanorobots would be able to per-
form at least one of the following actions: actuation, sensing, signaling, informa-
tion, processing, intelligence, swarm behavior at the nano scale. Bio-nanorobots are
nanorobots using various biological elements—whose function at the cellular and
sub-cellular level creates a motion, force or a signal—as machine components that
perform the same function in response to a biological stimuli.

Since the development of these molecular machines is a relatively new research
field, the derivation of computational to model and analyze their performance is
still at an early stage. To design high-performance nanorobotic structures and sys-
tems, fundamental, applied, and experimental research must be performed. One of
the most challenging problems in bionano- and nanorobotic design is the topology-
architecture-configuration synthesis, system integration and optimization. Towards
this end, the selection of analytical and numerical methods, computation algorithms,
model accuracy and simulation environment is crucial for virtual prototyping and
optimization at an early-stage of development. Indeed, modeling allows the designer
to devise novel phenomena and new operational principles guaranteeing synthesis
of nanorobotic components, subsystems and systems with enhanced functionalities.
The computational studies aim at developing models that can be used in understand-
ing the mechanism of the proposed robotic nanostructure, in predicting its feasibility
and performance in terms of energy, force, speed, and other kinematic and dynamic
criteria as well as perform optimal design procedures to identify the optimal struc-
ture performances. Many novel concepts and designs have been first proposed based
on modeling and simulations, and then were followed by their realization or verifi-
cation through experiments.
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In this chapter we investigated computational nanotechnology methodologies,
i.e., physics-, biology- and chemistry-based modeling and simulation, dedicated to
the design and optimization of bio-nano structures. An attempt has been made to em-
phasize the paradigm of how computational nanotechnology can be used to not only
understand and characterize the systems under experimental investigation (termed,
co-prototyping design), but also as to how predictions can be made for novel appli-
cations (termed, interactive multiscale design), because there is a strong coupling
between the structural, mechanical, chemical and biological properties at multiple
length—time-scale. Two prototyping methodologies are proposed and discussed:

1. Interactive multiscale design: The proposed multiscale methodology hierarchi-
cal simulation techniques considers virtual reality techniques coupled to com-
putational quantum mechanics, molecular dynamics and continuum models.
The interactive multiscale simulation methodology allows to simulate, analyze,
model, and visualizes the complex architecture and interactions of biological
nanorobotic components. The goal is to prototype virtually bio-nanorobotic sys-
tems and control their movements in their biological environment before experi-
mentation.

2. Co-prototyping design: The proposed co-prototyping methodology is an ap-
proach to the development of nanostructures composed of experimental char-
acterization and computational nanotechnology modeling (ab-initio and molec-
ular dynamics simulation methods) towards optimized, reliable and reusable
nanorobotic structures.

This chapter begins with a section (Sect. 2) describing the technical and simu-
lation aspects of the interactive virtual multiscale simulation system. First, we con-
sider the hardware configuration and virtual reality input devices, and then the mul-
tiscale modeling methods and prototyping methodology. Then, a section (Sect. 3)
presents the co-prototyping methodology and simulation aspects, including require-
ments on the use of semi- and empirical modeling methods. Concluding remarks
are given in Sect. 4.

2 Design and Characterization Methodology of Biological
Nanodevices

Objective

Recent advances in understanding how biomolecular motors work has raised the
possibility that they might find applications as protein-based nanomachines. For ex-
ample, they could be used as molecule-sized robots that are able to apply forces and
manipulate objects in the nanoscale world. Thus biomolecular motors could form
the basis of bottom-up approaches for constructing active structuring and main-
tenance at the nanometer scale. Protein is the most versatile of the natural bio-
nanomachines. As an example, the most familiar motor is the protein myosin [1]
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or dynein [2] which moves along filaments, formed through the protein actin, to
drive the contraction of muscles. In addition, there are compliance devices such as
spring-like proteins called fibronectin [3] and vorticellids [4], as well as synthetic
contractile plant polymers [5] which can act as compliant joints in molecule-size
robotic systems. The idea is to use biomolecular motors as the actuators of such
bionanorobots, where the structural elements are carbon nanotubes (CNTs), while
the joints are formed by appropriately designed biological spring elements [6]. To
achieve these long-term goals, prototyping tools based on molecular dynamics (MD)
simulators should be developed in order to understand the molecular mechanics of
proteins and develop dynamic and kinematic models to study their performances
and control aspects. The ability to visualize the atom-to-atom interaction in real-
time and see the results in a fully immersive 3D environment is an additional fea-
ture of such simulations [7]. Virtual reality (VR) technology is applied here, which
not only provides immersive visualization but also gives an added functionality of
CAD-based design, simulation, navigation and interactive manipulation of molec-
ular graphical objects. Using virtual biological environments, the operator can de-
sign and characterize through physical simulation the behavior of bio-nanorobots.
Adding haptic interaction, the operator can explore and prevent the problems of
molecular robots in their native environment. Based on VR technology and MD
simulators, our long-term goal is to prototype virtually bio-nanorobotic systems and
control their movements in their biological environment.

Overall CAD-design Methodology

Considering the above mentioned research issues, we decided to adopt VR tech-
nologies coupled to computational molecular dynamics and quantum molecular dy-
namics to simulate, analyze, model, and visualizes the complex architecture and
interactions of bio-nanorobotic components. Real-time exploration is what attracts
researchers to develop man-machine interfaces for nanoscale manipulation that use
haptic display technologies. The developed simulation system presented in Fig. 2.2
permits manipulation, connection and assembly of bio-nanorobotic components in
molecular dynamics simulation with real-time VR devices such as stereo glasses,
3D trackers, force-feedback devices and 3D graphical display.

Nanoassembly methodology requires to address the assembly process systemat-
ically to design it optimally. Two major assembly processes are currently employed
at the nanoscale. Robotic nanoassembly, much like its macroscopic counterpart, in-
volves positioning and joining of components. Nanocomponents are positioned by
using the atomic force microscope (AFM) as a robot, essentially by pushing the
components mechanically and joining them chemically, by using linkers such as
DNA complementary strands, or by depositing additional material over the tem-
plates defined by the nanocomponents [8, 9]. Mass production is best approached
by programmed self-assembly, using scaffolds designed by algorithmic methods.
Several self-assembly approaches have been proposed based on various forces such
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capillary force, hydrophobic force, electrostatic force and so on [10, 11]. The

controlled nanoassembly approach is based on hierarchical theoretical and compu-
tational assembly methods depicted on the flowchart shown in Fig. 2.2:

1.

To connect and assemble interactively the molecular components of the bio-
nanorobotic structure through a data glove which can be displayed in the virtual
environment as a mapping of hand. It is composed of fully enclosed fiber op-
tic bend sensors that provides up to 18 high-accuracy joint-angle measurements
allowing to capture all assembly hand postures.

. To virtually steer the protein molecules using a haptic device. The haptic device

is virtually bound to an atom of a conformationally stable subset of the molecule.
This system would allow applying stretching, shearing and bending mechanical
constraints on the protein.

. To distinguish possible conformational paths, feel the energy barriers associated

with each path and choose the optimal path/strategy.

. To control the interaction mechanism in a solvent. Protein folding and unfolding

can be controlled by assessing the influence of pH value, temperature, electron
density or salt concentration.

The software architecture is composed of three software modules: (i) a haptic

device module controlled by a computer that generates the force environment, (ii) an
interactive molecular environment (IME) module for manipulation, attachment and
assembly of nanocomponents in 3-D virtual world and (iii) a molecular dynamics
(MD) module for determining the effects of force application.

As shown in Fig. 2.2, steering forces are issued from the haptic device which

measures a user’s hand position and exerts a precisely controlled force on the hand
in order to apply different mechanical constraints, force and energy fields on the
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Fig. 2.2 Basic concept of virtual environment and haptics technology coupled to multiphysics
computational methods for bio-nanorobotic design

virtual model in order to prototype bionanorobotic components. The haptics module
sends command data (position, velocity, force) and receives force feedback signals
from the IME module.

The main role of the interactive molecular environment module (IME) module
is to gather the nanorobotic components (proteins, DNA, CNT, graphite,...) in a
one 3-D representative space called visual molecular dynamics (VMD) [12]. VMD
software is a molecular visualization program for displaying, animating and analyz-
ing large bimolecular systems using 3-D graphics and built-in scripting. The VRPN
software package [13] was used to connect VMD to the PHANToM Desktop device.
The Data Glove input device is also supported by VRPN. The user manipulates in
an intuitive way the attachment and assembly of the different molecular compo-
nents within VMD environment. As the linkers and/or connectors between multi-
domain proteins are not always clear during complex assemblies, Pdbswiss software
allows the analysis of structural protein and/or nanostructure misalignments (rota-
tion, translation, orientation). When the 3-D structures are aligned, the molecular
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attachment between the different components is achieved via VegaZZ software.! Fi-
nally, the a molecular structure will be generated, associated to the CAD-designed
bio-nano robotic structure: initial coordinates, force field parameters, structure sol-
vation and ionization.

These data are sent to the molecular dynamics (MD) module through a com-
munication protocol named interactive molecular dynamics (IMD) [14]. The IMD
interface consists of a small set of C-callable functions which can be adapted to any
molecular dynamics and/or visualization program. Periodically, VMD checks for a
coordinate set from the MD program, updates the representation geometry if a new
coordinate set was received, redraws the screen, and updates the restraint position
of the haptic device. If the user has applied a force through the haptic device, VMD
routes this force to NAMD?2, which then integrates the force into the equations of
motion for the molecule. Updates to the haptic restraint point are made when VMD
receives a new coordinate set from NAMD?2 software; while awaiting an update,
the haptic server applies smooth feedback forces based on the most recent restraint
point position.

The main program of the computational is NAMD?2 [15], a fast, scalable, pro-
gram which implements the popular CHARMM27 force field [16] for molecular
dynamics. The absolute speed of NAMD?2 is an essential ingredient of a respon-
sive interactive system. It runs on a parallel cluster composed of 10 Pentium IV—
4.1 GHz personal computers. NAMD’s scalability enables us to use the computa-
tional module to study large bio-nanorobotic structures as well as small ones, given
enough computational power. These computational resources allow the simulation
of systems containing several thousand atoms at a speed sufficient for interaction
(~400 Hz).

When size goes down to nanoscale or molecular scale, besides the widely known
spatial and temporal multiscale problems, new physical properties and coupling
effects between mechanical motion and physical, biochemical properties may be-
come dominant, and multiphysics-scale problems arise. Design of bio-nanorobotic
systems is a complex and need research on modeling and simulation of physical,
chemical, mechanical and biological systems at the nanoscale. These include tech-
niques that mainly cover the range of multidisciplines from atomistic mechanics
to continuum mechanics: quantum mechanics, multi-particle simulation, molecu-
lar simulation, continuum-based models, stochastic methods, and nanomechanics.
Approaches that make use of more than one such technique and focus on their inte-
gration play an important role in this effort.

Current proposed multiscale models for non-organic materials do not integrate
the hierarchical design and focus mainly in the multiscale modeling of single com-
ponents, such as carbon nanotubes (CNTs) [17] or electronic materials [18]. Some
multiphysics models have been proposed but the proposed models does not take into
consideration all physical interactions, such as quantum mechanics (QM), nanome-
chanics (NM) [19], or multiphysics parametrization in order to ensure connection
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between length scales (from atomistic to macroscopic) [20]. Computational meth-
ods based on molecular dynamics (MD) are of great interest for investigations of
structure, function, and dynamics of structural biology from the atomic level to the
macromolecular level [21]. The fundamental issue is to integrate models addressing
phenomena from the level of individual gene and cell features through tissue and
organ models. Recent approaches are combining multiscale modeling of macro-
molecular conformational changes to concepts from rigidity and elastic network
theory [22]. A good example is given in [23] where the structural dynamics of the
lac repressor-DNA complex is described by all-atom molecular dynamics and con-
tinuous elastic ribbon. Still, due to their size, biomolecular systems characterized
by computational methods like molecular dynamics, are often beyond the reach of
real-time feedback for control.

The objective of our work is to demonstrate a framework that couple multiscale,
multiphysics and virtual reality advanced techniques for the design and model-
ing of bio-nanorobotic systems. A three-level modeling paradigm was developed
for this purpose. Quantum mechanics (QM) for designed components parametriza-
tion, molecular dynamics (MD) for mechanical properties characterization and
continuum-model (CM) for system simulation.

Virtual Reality Interfaces

The application of advanced virtual reality (VR) techniques in bio-nanotechnology
allowed to study, simulate, visualize and interact with molecular biology, genomics,
proteomics, structural and computational biology. As far we know, only basic
molecular elements have been studied until now. As a perspective of these develop-
ments, VR-based technology could be used for the biomolecular robot design (see
Fig. 2.3). The multiscale prototyping simulator that is capable of supporting VR
devices such as stereo glasses, 3D trackers, dataglove and force-feedback (haptic)
devices is of great interest. This development effort will permit operators to build
models, combine atomic and volumetric data, and perform manipulation, assembly,
steering forces interactively within a single computational environment.

Haptic Interaction

In this section, we describe our design and implementation of a communication
scheme connecting a force feedback device, visualization program, and simulation
engine. The incorporation of virtual reality into molecular science has only just
begun. Several types of software for displaying 3D models of bio-molecules have
been developed. Most of these programs use Virtual Reality Modeling Language
(VRML). Few attempts to use force feedback have been investigated. Force feed-
back technology for protein-ligand docking have been used, i.e., local-minima force
field minimization using haptic interaction [24, 25], steered molecular dynamics for
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Fig. 2.3 Left: Pictures (a)—(c) show some bio-nanorobotic structure designs. Right: Picture (d)
shows the experimental interactive simulation platform using virtual reality interfaces. In the virtual
molecular dynamics (VMD) environment, the user applies forces to bio-nanorobotic structures in
the simulation via a force-feedback haptic interface while manipulation is performed through a
virtual hand. The headtracker is mounted on a pair of shutter glasses for operator immersion

protein stretching [26, 27] or feeling attractive and repulsive forces when screen-
ing molecules [28, 29]. The Interactive Molecular Dynamics (IMD) [14] permits
manipulation of molecules in molecular dynamics simulations with real-time force
feedback and graphical display. It provides interactive steering molecular dynamics
calculations by adding user-specified external forces into the computation on the fly.
Steering implies that the user is able to ‘tug’ an atom or a group of atoms towards
a desired target position. Communication is achieved through an efficient socket
connection between the visualization program (VMD) and a molecular dynamics
program (NAMD) running on single or multiple machines.

A natural force feedback interface for molecular steering is provided by an haptic
device (SensAble Technologies PHANToM Desktop interface). The physical forces
generated by the user’s hand are translated into forces on simulated atoms. Three
scaling parameters define the relationship between the virtual haptic environment
and the simulation environment.

e «, is the ratio of wall clock time required for a molecular dynamics timestep to
the physical simulation time, and is presently at least 10'2.

e f3, is the amount by which forces applied by the user are scaled before being
applied to atoms in the simulation.

e v, is the factor that scaled up atomic coordinates to be perceptible to humans.

These parameters have certain limitations. First, « and § can be set to any value
the user desires; however, the value of 8 has important implications for the sensitiv-
ity and responsiveness of the IMD module. Second, g is limited by the workspace
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of the haptic device, although one could in practice focus on a small part of the
simulation region in order to increase the spatial resolution of the haptic interface.

Let us to derive a model rendering the haptic force exerted on the user’s hand. In
the user-haptic coordinate system, let Fjqpsic be the force exerted by user’s hand on
the haptic device. The particle experiences a force 8. Fuapric, taking into account the
scaling of applied forces.

We can relate the dynamics of the particle as perceived in the haptic environment
to the dynamics of the particle in the simulation. Let x and ¢ be the space and time
coordinate, respectively, of the particle in the haptic environment, and x and t be
the corresponding simulation variables. The dynamics of an otherwise free particle
in the simulation are given by

a? d?x

d> X
mﬁ = ﬁFhaptic =
The user interprets the motion of the particle in terms of Fjpic and an effective
mass m*, defined by
d*x
Fhaptic =m" F (2.2)
Combining (2.1) and (2.2), we arrive at an expression for the effective mass in
terms of the actual mass of the particle and the scaling parameters:

Ol2

*
m*=m—. (2.3)
vB
Now, consider the special case in which the applied force is proportional to the
distance of the particle in the virtual environment from a restraint point that moves
with the haptic controller. In this case Fpqpric = —kx, where k is the spring constant
defining the strength of the restraint. The atom experiences an external force Skx =
kBy x. If the particle is also subject to a potential U due to the presence of other
atoms in the system, the dynamics of the particle will be given by
d’>x

kp dv (2.4)
m— =— - —. .
dz? 0y

Equations (2.3) and (2.4) together describe the interplay of the scaling parameters
in determining the environment experienced by the user in IMD module. In order
for the system to respond to applied forces, m™* must be reasonably small, i.e. a few
kilograms, since the maximum force that can be exerted by modern haptic devices is
~1-10 N. As illustration, Fig. 2.4 demonstrates DNA molecule encapsulation into a
carbon nanotube performed by the operator through force feedback interface. As the
nanotube-DNA interaction experience strong attractive force at near distance (few
nanometers), the operator feels unstable insertion forces and guides haptically the
molecule along the nanotube.



50 2 Methodology of Design and Characterization of Bionano- and Nanorobotic

(a)

Fig. 2.4 DNA encapsulation in the carbon nanotube using operator force feedback

Tracking System and Input Devices

Virtual Environments (VE) offer a new potential by a more intensive experience
of 3D spatial information and natural forms of interaction, to increase the under-
standing of dynamic spatial relationships. This intensive exposure of scientists to
simulation models and data is achieved by representing these as 3D artificial worlds
that are suitable for navigation, interaction, and quantification. Intuitive and natural
interactions are key aspects of virtual nanoassembly applications.

Intuitive virtual hand interactions with parts, subassemblies and tools is provided
by a CyberGlove dataglove (Ascension Technologies CyberGlove18 interface). The
18-sensor data glove features two bend sensors on each finger, four abduction sen-
sors, plus sensors measuring thumb crossover, palm arch, wrist flexion, and wrist
abduction. Connected to a 3D tracking device (tracker sensor mounted close to the
wrist), it provide the CyberGlove motion capture data glove system with absolute
X, ¥, Z, yaw, pitch, roll position and orientation information. A complete tracking
system includes one transmitter, one receiver, a system electronics unit with RS-232
serial port. The dataglove interface allows virtual hand representation for manual se-
lection, manipulation and grasping schemes for virtual nanoassembly tasks. Proper
registration and calibration of the tracking system is very important. Registration of
the tracking system means that we define a transformation from the original tracker
coordinate system to a known world coordinate system. Calibration of the tracking
system should minimize the tracking errors. Research work is under investigation
in order to define grasping patterns based on the abstraction of various mechanic
shapes, kinematics model of virtual hand is built upon the anatomic structure of the
human hand to guarantee motion realism, and real-time collision detection scheme
is used to identify whether the current finger configuration matches a specific manip-
ulation and grasping pattern. Navigation is provided to the user via uniform motion
tracking of head interface with immersive displays (stereo glasses). The headtracker
is mounted on a pair of LCD shutter glasses. The tracking system enables dynamic
spatial measurements of the tracking sensors. The RWB is equipped with a Polhe-
mus Fastrak system, consisting of a control unit, an electromagnetic field emitter
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and one or more tracking sensors. The control unit is connected via a serial port.
The system is able to determine both spatial position (XY Z) and orientation (AER:
azimuth, elevation, roll) of each of the sensors. This results in a total of six degrees
of freedom (6 DOF) per sensor.

Interaction Virtual Environment

The user interface with its interaction methods plays a crucial role in nanorobotic
design. A virtual environment provides the user interface for VR applications. By
using spatial input devices, the user can interact with this computer-generated 3D
Virtual Molecular Dynamics environment. In the design of the user interface of our
system we concentrated on the user’s tasks in scientific visualization and the specific
characteristics of VR on the multiscale modeling tools. The designer can choose
the desired organic and non-organic elements from an homemade “library bio-nano
components”. The library is composed of various organic (peptides, proteins, acids)
and non-organic (carbon nanotubes, nanoparticles, polymers). The bio-nano compo-
nents are accessible via a 3-D graphical user interface developed through the VMD
environment (see Fig. 2.5). The attachment phase between the different links, struc-
ture or peptides with the CNTs can be initiated through 3D virtual manipulation and
stereo visualization. The user performs manually the atomistic connections using
the data-glove interface or the force feedback haptic interface.

Unregistered FroniCam

(1) Component menu (2) Selection

(3) Nanoassembly

Fig. 2.5 Graphical user interface: bio-nanorobot components are accessible via a 3-D graphical
user interface developed through the VMD environment. Illustration task: (/) Choice of the com-
ponents in the library (proteins, biomotors, carbon nanotubes, etc.), (2) molecule handling and
displacement to a desired location and (3) nanoassembly task between a molecule and carbon nan-
otube
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Here we describe the proposed assembly methodology using the described CAD

simulation platform. It involves the assembly of functionally stable bio-nano com-
ponents into complex assemblies. The nanoassembly approach is based on hierar-
chical theoretical and computational assembly methods depicted on the flowchart
shown in Fig. 2.6.

1.

The designer can choose the desired organic and non-organic elements from an
homemade component database (see Chap. 3). The database is composed of var-
ious nanorobotic components such as elastic proteins, carbon structures, protein-
based actuators or molecular attachments. The different mechanical, dynamics
and kinetics properties of the database structures have been previously charac-
terized. The nanorobotic components are accessible via a 3-D graphical user in-
terface (GUI) developed through the VMD environment.

. The attachment phase between the different links, structure or proteins can

then be initiated through 3D virtual manipulation and stereo visualization. The
user performs atomistic connections, i.e. carbon-carbon (C—C), carbon-hydrogen
(C-N) bonds in order to create new residues.

. Such residues are then parameterized through QD simulation in terms of bond

length, dihedral angles and Coulomb charges at around the equilibrium state. We
use semi-empirical PM3 or Hartree-Fock molecular orbital models with SPAR-
TAN and GAMESS tools.
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4. The parameterized attachment is then defined as new residue in CHARMM?27
force field. The assembled total nanorobot structure is energetically minimized
through the steepest descendent algorithm (SDA) with the respect to two en-
ergetic barriers (E1 and E2) corresponding to the energies of acceptable robot
geometry.

5. Thus, the program prevents the user from applying the tools in way that is not
chemically reasonable.

Multiscale Modeling of Bio-Nano Robotic Structures

Understanding the relation between molecular behavior and system/device re-
sponse, requires the development of modeling and simulation tools, which can an-
alyze phenomena spanning the wide spectrum of length and time scales. This can-
not be accomplished with one theory or simulation method. We have developed a
design and modeling platform that dynamically couple all frameworks. We use sev-
eral physics for particular length- and time-scales to characterize and treat aspects
of nanostructure phenomena that operate only over those scales (Fig. 2.7). In the
following we present the main characteristics of these methods and how they are
combined within multiscale modeling strategies.

Temps
Multiphysics

Electrons => Atoms => Segments  => |

Cl ;-'

Continuum methods

Molecular scale methods:
molecular dynamics.

Quantum metheds J ’

pm A nm Hm

Length

Fig. 2.7 Multiscale modeling of bio-nanorobotics structures
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Quantum and Semi-empirical Methods

1. Quantum Mechanics (QM): A wide variety of different procedures or “models”
have been developed to calculate molecular structure and energetics among other
properties. Theses have generally been broken down into two categories, quan-
tum chemical models, which ultimately derive from the Schrédinger equation,
and molecular mechanics models. In atomic units, the electronic Schrodinger
equation is

HY(r; R) = eV (r; R) (2.5)

where r and R denotes electronic and nuclear degrees of freedom and H denotes
the Hamiltonian operator. The term H describes both the kinetic energies of the
nuclei and electrons which makeup the molecule, as well as the electrostatic
interactions felt between the nucleic and electrons. The Hamiltonian is given by

A=—3y V- Z ZZAZB Z; 2.6)

Rag
i>]

where A and B design nuclei, and i and j electrons, Z are the atomic numbers,
and atomic units are used in (2.5).

2. Hartree-Fock Molecular Orbital Models: Although the Schrodinger equation
may easily be written down for many electron atoms as well as for molecules,
it cannot be solved. Approximation must be made. So called Hartree-Fock
molecular orbital models [30], start from the Schrodinger equation and then
make three approximations: (i) separation of nuclear and electron motions (the
“Born-Oppenheimer approximation”), (ii) separation of electrons motions (the
“Hartree-Fock approximation”) and (iii) representation of the individual molec-
ular orbital in terms of linear combinations of atom-centered basis function or
“atomic orbitals”.

The Hartree-Fock approximation is an extension of the above Hartree approx-
imation to include the permutation symmetry of the wavefunction which leads
to the exchange interaction. Exchange is due to the Pauli exclusion principle,
which states that the total wavefunction for the system must be antisymmetric
under particle exchange. This means that when two arguments are swapped the
wavefunction changes sign as follows:

WXy, X2, 0oy Xiy Xjy oo, XN) = —W(X1, X2, ..., Xj, ..., XN)

where x; includes coordinates of position and spin. Therefore no two electrons
can have the same set of quantum numbers, and electrons with the same spin
cannot occupy the same state simultaneously. Instead of using a simple prod-
uct form of the wavefunction, a Slater determinant wavefunction which satisfies
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antisymmetry is used. This can be represented in matrix notation as

i) Y2 Y)Yl
p=[® V@ V@) 07

1ﬂl(n) 1sﬁz(n) l/f3(n) wn(n)

where ¥; (x) are the one-electron wavefunctions.

Following exactly the same method of minimizing the expectation value of the
Hamiltonian H with respect to the one-electron wavefunctions as was used in the
derivation of the Hartree equations, results in the following set of one-electron
equations, the Hartree-Fock equations;

1 2
€vi(r) = (—5v +U,0n(r>>w,<r>+2fd i )'| i)

Y)Y ()

J
—;ss,vs_, f dr! =¥ )

where s; labels the spin of particle i.

3. Semi-Empirical Molecular Orbital Models: The principal disadvantage of
Hartree-Fock models is their cost [31]. It is possible to introduce further ap-
proximations in order to significantly reduce cost while still retaining the un-
derlying quantum mechanical formalism. “Semi-empirical” molecular orbital
models follow in a straightforward way from Hartree-Fock models: elimination
of overlap between functions on different atoms, restriction to a “minimal va-
lence basis set” of atomic functions and introduction of adjustable parameters
to reproduce specific experimental data. The Stewart’s Parametric Method Num-
ber 3 (PM3) semi-empirical model is particularly attractive for equilibrium and
transition-state geometry determinations for large molecules where the costs of
Hartree-Fock models may be prohibitive.

4. Molecular Mechanics Models: The alternative to quantum chemical models are
molecular mechanics models [32]. These do not start from the Schrédinger equa-
tion, but rather from a simple but “chemically reasonable” picture of molecular
structure, a so-called “force field”. In this picture, just as with a Lewis structure,
molecules are made up of atoms (as opposed to nuclei and electrons), some of
which are connected (“Bonded”). Both crowding (“Van der Waals”) and charges
(“Coulombic”) interactions between atoms are then considered, and atom posi-
tion are adjusted to best match known structural data (bond lengths and angles).
Molecular mechanics is much simpler than solving the Schrodinger equation.

The PM3 semi-empirical model is suitable for identifying conformational
minima, and for determining the geometries (bond lengths, angles and charges)
of these minima.

5. Semi-empirical Parameter Generation: When attaching a residue termini to an-
other one, such for example attaching leucine termini to graphite layer, a novel
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nonstandard group become created (see Fig. 2.8(a)), the first task is to determine
exactly which parameters are already known, and which will need to be devel-
oped from scratch. The unparameterized part of the new residue is the connection
between the azote and the carbon. The connection between the azote of LEU and
the carbonyl carbon of the ARM residue is called a thioester bond. Leucine-ARM
linkage is defined as a new residue defined as a new residue in the CHARMM?27
topology [33] file with the name LARM. In order to use this LARM residue in
MD simulations, we need to make a topology file entry for it as well as develop a
complete set of parameters describing it. The unparameterized part of the LARM
residue is the connection between the leucine and the carbon.

To actually determine the optimum parameter values for equilibrium bond
lengths, angles, and to determine the energetic barriers associated with them,
we need to use quantum chemistry. For our study, we use SPARTAN to gener-
ate these values. We calculate the values semi-empirically. With semi-empirical
quantum mechanics calculation, we optimize the geometry of the structure as
shown in Fig. 3.16(b), calculate electrostatic potential (ESP) charges and vibra-
tional frequencies. The LARM linkage, which correspond to C—N bond, calcu-
lated by SPARTAN semi-empirical PM3 methods is 1.449 A and C-N—C angle
is 123.25°. The LARM linkage parameters (angles, bonds lengths, charges) will
be add to CHARMM?27 force field to be used in molecular dynamics level.

Molecular Dynamics

We carry out computer simulations in the hope of understanding the properties of
assemblies of molecules in terms of their structure and the microscopic interactions
between them. This serves as a complement to conventional experiments, enabling
us to learn something new, something that cannot be found out in other ways. The
two main families of simulation technique are molecular dynamics (MD) and Monte
Carlo (MC) [33]; additionally, there is a whole range of hybrid techniques which
combine features from both. In this lecture we shall concentrate on MD. The obvi-
ous advantage of MD over MC is that it gives a route to dynamical properties of the
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system: transport coefficients, time-dependent responses to perturbations, rheologi-
cal properties and spectra.

To predict the dynamic performance of a designed nanodevice (i.e., energy and
force calculation), we are performing Molecular Dynamics (MD) Simulations based
on the calculation of the free energy that is released during the transition from na-
tive to fusogenic state. We used MD software called NAMD (Chemistry at Harvard
Molecular Mechanics) [15]. In MD, the feasibility of a particular conformation of
the biomolecule in question is dictated by the energy constraints. Hence, a transi-
tion from one given state to another must be energetically favorable, unless there is
an external impetus that helps the molecule overcome the energy barrier. When a
macromolecule changes conformation, the interactions of its individual atoms with
each other-as well as with the solvent compose a very complex force system. The
NAMD energy function is given:

- — N —
Url,r2,...,ry) =U(R). (2.8)
The equation used to determine the force on each atom as:

-
d?ri
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Newton’s equation represents a set of N second order differential equations
which are solved numerically at discrete time steps to determine the trajectory of
each atom.

At?
T+ A) =27 (1) =T (t — AD) + ——F. (1), (2.10)
mi
The total energy is given by:
—
U(R):Ub+U9+Uw+Evdw+Eelec- (211)

The individual components of the total energy U are the bond potential Uy, the
bond angle potential Uy, the dihedral angle potential U,,, the Van der Waals Poten-
tial U,g4y, the electrostatic potential function Upj.. The functional forms of these
potentials are as follows: Bond potential is given by

Up= Y k(i —ro).
bonds

The variable r is an instantaneous bond length due to an extension or contraction
of abond and ry is its original length. Similarly, the bond angle potential is given by

Us=Y Kk"® — ). 2.12)

angles

Angle 6 is the deviation from the equilibrium value 6 of the bond angle for a given
set of atoms. Under normal temperature conditions, these two potential values are
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Fig. 2.9 Internal coordinates
for bonded interactions:
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very small, as the bond lengths and angles do not change appreciably. However,
there is rotation around certain bonds (torsion or bond twist). The dihedral angle or
torsion potential is thus formulated, which is given by

Uo= Y k™ [1+cosnii + 8] (2.13)
dihedrals

This term is a four-atom term based on the dihedral angle ¢ about an axis defined
by the middle pair of atoms. The electrodynamic effect of Van der Waals forces is
included by using the Lennard-Jones potential as:

Uvdw=ZZ4eij[<ﬁ)u— (U—’)j (2.14)
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In the above equation, ¢;; represents the energy of the minimum (deepest) point
on Van der Waals curve for the atom pair i — j, o0;; is the separation distance be-
tween the atom pair i — j at the energy minima, and r;; is the current actual distance
between atom i and atom j. The attractive forces between two proximal atoms are
proportional to rl.; % and the repulsive forces due to their nuclear repulsions are pro-

portional to ri;lz. The other important factor in nonbonded interaction is the elec-
trostatic interaction, which for atoms i and j, is given by:

qi4;
Uclec = Z _elr.{ . (2.15)
iog# Y
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Combined Molecular Dynamics and Continuum Approach

The main goal of molecular dynamics studies is to understand the relation be-
tween molecular behavior and nanorobot response. Molecular dynamics computing
time may take a very long time, thus evaluation of the controller design can not
be achieved through realtime simulation. Some nanorobot elements, such as Im-
munoglobulin, DNA and Fibronectin has been described as a molecule that acts like
a molecular spring and different corresponding models can be adopted. To over-
come the long time computing problem, the proteins spring was modeled by the
Worm Like Chain (WLC) or Hookian model in molecular dynamics. The Hookian
and WLC model was implemented as TCL script, and communicate in realtime
with NAMD program during simulations. In order to compare the performances
of quantum mechanics-molecular dynamics (QM-MD) and quantum mechanics-
molecular dynamics-continuum mechanics (QM-MD-CM), we performed several
calculations. It can be noticed that for acceptable results of simulation, the QM-
MD-CM reduces the complexity of nanorobotic structures (decrease of number of
atoms) to be simulated for smaller computational time (around few milliseconds)
and smaller simulation times (nanosecond order), those results will be detailed in
the next chapter. We adopt WLC model for passive joints-based proteins Fibronectin
Fn-IIl9, Immunoglobulin 127, Tropocollagen, silk, DNA and Tropomyosin, that
describes a molecular chain as deformable continuum or rod of given persistance
length, A, which is a measure of the molecule’s stiffness. The relationship between
the end-to-end length (z) and the external force ( f) are given by:

_KT 1 1 z (2.16)
f‘?FEat%ﬁ‘z+z} |

where k is the Boltzman constant, T is the temperature, and L is contour length (the
length of fully extended WLC chain). For our simulations the persistence length
is settled to A = 0.4 nm (see [35]). In order to determine the value of the protein
length L, we summed the contour lengths of all the protein domains when consid-
ered in its fully extended state. It results that the contour length is proportional to the
number of amino acids [36]. The corresponding external force increases linearly as
a Hookes for a-helix deca-alanine, repressor of primer protein and fibrillin protein.
The extension of the Hookian spring is proportional to the force applied at its end

such as:
— (BT (2 2.17
r=(5)(5) @10

Mechanical Characterization by Steered Molecular Dynamics

Biological springs can be classified as active mechano-chemical devices that store
the energy of conformation from various bonded and non-bonded interactions as po-
tential energy. To characterize the mechanochemical energy conversion and to study
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Fig.2.10 Schematic diagrams of the various deformations studied with the attachment points used
for mechanical unfolding experiments. The arrows indicate the positions where the stretching con-
straints were applied and the direction of stretching. (a) Folded configuration of helical protein,
(b) longitudinal stretching, (c) lateral bending and (d) lateral shearing. The moving guiding poten-
tial used in the stretching simulations is represented by a spring & which is pulled with a constant
velocity v

the elasto-mechanical properties of these biological springs external are applied us-
ing steered molecular dynamics. To study some mechanical proprieties various de-
formations properties of mechanical proteins can be simulated when subjected to
external stretching. First, (i) in longitudinal stretching (Fig. 2.10(b)), we fix one end
of the molecule (the C-atom of the N-terminus) at the origin and constrain the other
end (the capping nitrogen atom of the C-terminus) to move only along the longitu-
dinal axis, thereby removing the irrelevant degrees of freedom, i.e., removing the
overall translation and rotation. Then, (ii) in lateral bending (Fig. 2.10(c)), the C-
and N-terminals are fixed and the « carbon at the center is harmonically pulled
in lateral direction. Finally, (iii) in lateral shearing (Fig. 2.10(d)), the C-terminal is
held fixed and the N-terminal is harmonically pulled in lateral direction. The moving
guiding potential:

k 2
u(r,2) =5 [60) = 4] (2.18)

is added to control the end-to-end distance x which is a function of the 3N-dimens-
ional position » of the system. The moving guiding potential used in the pulling
simulations is represented by a spring which is connected to the C-terminus and
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pulled with a constant velocity v. For each protein, the values of the spring constant
k and stretching velocity v were chosen to correspond pulling with a stiff spring in
the drift regime. the external force exerted on the system can be expressed as

F = K(xp + vt — x). (2.19)

This force corresponds to the ligand being pulled by a harmonic spring of stiff-
ness K with its end moving with velocity v. Alternatively, a fixed restraint point at
a distance much larger than the length of the unbinding pathway may be chosen. In
this case, the end of the spring does not move and its stiffness is linearly increased
with time [37], i.e., K = «t, and the force is

F =at(xg— x). (2.20)

Control Parameters Coupled to Molecular Dynamics

pH Control

Numerous protein-based nanodevices show a spontaneous “opening” and “closing”
mechanism upon temperature, pH, light, ionic strength and electron density modu-
lation and can be considered as a basic molecular motor, nanogripper or nanosen-
sor capable of generating mechanical force during its 3D conformational transition.
These control parameters have been included in the molecular dynamics algorithms
in order to prototype controlled mechanical motion. As illustration, Fig. 2.11 shows
the conformation control of a viral protein motor (VPL) when considering the pH
variation. It changes the energetics of the outer (envelope glycoprotein) protein in
such a way that there is a distinct conformational change in a part of it. Proteins

Protein charge

Fig. 2.11 Charge on amino
acids side chains in viral
protein with respect to the o 1 2 3
level of pH
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contain many ionizable groups on the side chain of their amino acids. pH is the neg-
ative log of the hydrogen ion concentration in a solution such as pH = — log[H™].
For a neutral acidic pH value (pH = 7), the VPL protein is in a partially «-helical
stranded coiled coil. The random coil regions are converted into well defined helices
and an extension occurs at lower pH between 5 and 6.5. For this configuration, it is
necessary to protonate the amino acid side chain of the protein. Because Molecular
dynamics simulations are used to simulate the motion of molecules in order to gain
a deeper understanding of the chemical reactions, fluid flow, phase transitions, and
other physical phenomena due to molecular interactions. Rapidly increasing compu-
tational power has made MD simulation a powerful tool for studying the structure
and dynamics of biologically important molecules. Taking into account all elec-
trostatic interactions by using the Particle Mesh Ewald (PME) method, relatively
long (2-3 ns) simulations with the explicit solvent water box can be carried out.
We perform constant-pH molecular dynamics (MD) simulations with an implicit
solvent and explicit treatment of protonation/deprotonation phenomena. The proto-
nation state of each ionizable group in the molecule is allowed to change during
the MD trajectory at predefined time intervals, dividing the whole simulation into
a set of sub-trajectories. Each change in the protonation state of the molecule at
the beginning of a new sub-trajectory is made with a probability determined by the
electrostatic free energies of the available states, based on the last structure of the
preceding sub-trajectory.

In Chap. 3, the influence of these control parameters will be discussed in detail
through the MD study of different bio-nano components. As experimental evalu-
ation for such optimum conditions is very time consuming and costly, computer-
aided modeling and simulation studies are helpful to identify the optimum control
parameters in an effective way.

Thermal Control of Nanodevices

The strong sensitivity of the force-extension characteristics of the DNA molecule
and elastic joint proteins to temperature plays an important role in the control of their
stiffness [21]. Indeed, the overstretching portions of the force-extension curves as a
function of temperature decrease greatly as the temperature is increased. As exam-
ple, [56] shows the evolution of the DNA spring constant Kpys with respect to the
temperature ranging from 273 to 450 K. In theory, the results show clearly the linear
decrease of spring constant with respect to the temperature. Constant temperature
molecular dynamics simulations are used to simulate the effect of temperature in
the mechanical characteristics of biological elastic joint. Constant temperature con-
trol during simulation is performed by the use of canonical ensemble NVT where,
moles (N), volume (V) and temperature (7') are conserved. NAMD use a stochastic
coupling approach because it is easier to implement and the friction terms tend to
enhance the dynamical stability. The Langevin equation is used in NAMD to gen-
erate the Boltzmann distribution for canonical (NVT) ensemble simulations. The
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generic Langevin equation is

2ykpT

Mv=F(r)—yv+ R(1) (2.21)
where M is the mass, v = r is the velocity, F is the force, r is the position, y is
the friction coefficient, kp is the Boltzmann constant, 7 is the temperature, and
R(t) is a univariate Gaussian random process. Coupling to the reservoir is modeled
by adding the fluctuating (the last term) and dissipitive (—y v term) forces to the
Newtonian equations of the motion. To integrate the Langevin equation, NAMD
uses the Briiger-Brooks-Karplus (BBK) method, a naturel extension of the Verlet
method for the Langevin equation. The position recurrence relation of the BBK
method is

Tt e MR
T =r —(rp—r
n+1 n 1+ yAL)2 n n
— 2)/kBT
— A |M'F Z 2.22
+1+yAt/2 [ R N n} (2.22)

where Z, is a set of Gaussian random variables of zero mean and variance 1. The
BBK integrator requires only one random number for each degree of freedom. The
steady-state distribution generated by the BBK method has an error proportional to
At?, although the error in the time correlation function can have an error propor-
tional to At.

3 Co-prototyping of Nanorobotic Structures

Carbon Nanotubes Based Nanodevice Co-prototyping

Generally, prototyping of nanorobotic devices and structures may be impractical
due to very high cost or low performance requirements. Much of the costs of to-
day’s processes are the result of meticulous design prior to fabrication and extensive
testing (e.g. defect detection) after fabrication. A solution would be to use hard-
ware and software co-design methodologies focusing on the prediction of system
performance or co-verification of system functionality Fig. 2.12, the design stage
is subdivided into two main parallel steps (namely, computational simulation and
experimentation) leading to the nanodevice prototyping stage. As molecular simu-
lations allow running several nanodevice tests within a theoretical model, we can
update this computational model from real nanodevice experimentation leading to
realistic and low-cost testing and prototyping.

As illustration of this concept, we developed a co-prototyping methodology
applicable to various multiwalled carbon nanostructures. Figure 2.13 outlines the
main steps ranging from basic design specifications to optimized prototyping of the
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nanosystem. The first step in is the design of the nanosystem model by coupling
theoretical data to carbon nanotube experimental measures.

The second phase, presents the nanodevice co-prototyping. The study and the
characterization of the nanodevice is performed mainly by simulations based on
realistic models. The model of the structure is updated interactively from the ex-
perimental. Simulations allow mainly three functions: characterize and explain the
nanodevice behavior, to optimize the nanodevice (such as the determination of the
configuration which correspond to a minimum of consumed electric potential) and
finally to observe specific phenomena, which are not observable by experimenta-
tions (such as the rotation of the inner carbon nanotubes), this can be helpful for the
design of the new nanodevices.

After the prototype has been validated, it is all prepared for the serial fabrication
of the prototype.

Figure 2.1 illustrates the outline of co-prototyping method. In the proposed co-
prototyping methodology, the prototype was intuitively designed in the above step
as described by Fig. 2.13. Prototyping of the proposed nanodevice require several
repetitive experimental tasks, because the hight cost of these kind of manipulation
we use theoretical approaches to performs specific prototyping tasks. Prototyping
flow begins with specification of designed system, by gathering the proprieties of
the system from experimental platform, mainly from experimentation we consider
the device dimension and the control parameters such as the actuation voltage. Pro-
totyping the nanodevice by using simulations require system characterization and
modeling. The designed system is characterized, electric proprieties are carried out,
by using Quantum methods and atomistic moment method we calculate the charge
redistribution along the nanodevice. We perform molecular dynamics simulations
(MDS) to study the system characterization. As initial model used in MDS we gen-
erate the 3D system coordinate (xyz) by using dimensions gathered from experi-
mentation. The we perform molecular dynamics simulation to characterize specific
proprieties of the proposed system, such as the optimal actuation voltage consid-
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Simulation Methods

The methods of modeling the atomic interactions can roughly be divided into three
categories: The first principles, or ab-initio, methods are the most rigorous ones.
Only a few well controlled approximations to exact quantum mechanics are made.
Semi-empirical methods contain more drastic approximations and may also con-
tain empirically defined parameters. Empirical methods are a group of methods that
are tuned to reproduce an empirically defined fitting set. The three categories, their
drawbacks and benefits, and the most popular methods of each are briefly described
in this section. The most rigorous approach to problems of condensed matter physics
are the first principles methods. They do not employ any empirical parameters in
the calculation. The results are based on quantum mechanics and well controlled
approximations. The two most used first principles methods are the Hartree-Fock
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method and the density functional theory [38, 39]. The first principles methods are
highly accurate but the system size that can be handled is restricted to tens, at most
a couple of hundred atoms. The Hartree approach to the quantum mechanical many
body wave function is to approximate the function by a product of single particle
functions. The approximation is refined by adding Fermi-Dirac statistics by replac-
ing the product of the wave functions by the Slater determinant. The method ob-
tained with this inclusion is called the Hartree-Fock approach [30]. Even though
the method is not always extremely accurate, it is much used. The accuracy can be
enhanced but this increases the consumption of CPU-time [40]. In its most rigorous
form,the Hartree-Fock method can be used on systems of tens of atoms. Density
Functional Theory (DFT) [38, 39] is based on using the electron density n(7) of
the system as the basic variable. The ground state is completely described by the
electron density as stated by the Kohn-Sham theorem [38, 39]. There are various
schemes of determining the energy of the system from the electron density. In the
most simple form of DFT, in local density approximation (LDA), the expressions
based on a non-interacting electron gas at the local electron density of the real sys-
tem. Currently DFT is a very accurate method and its accuracy can be enhanced
by the use of methods combining Hartree-Fock and DFT description, for example,
B3LYPI functional description [40]. DFT can be used on systems of a few hundred
atoms.

Semi-empirical Methods

Semi-empirical methods employ various approximations and may include experi-
mentally fitted parameters. Their power with respect to the first principles methods
lies in a smaller consumption of CPU-time but they must be employed more care-
fully to obtain reliable results. Semi-empirical methods include interaction schemes
like the tight binding method (TB) [41] and various molecular orbital methods of
computational chemistry [40]. The tight binding method avoids most of the heavy
calculation of the ab-initio methods. There are several methods in this family. The
TB-methods have in common a number of simplifications such as minimal basis
sets compared to the first-principles methods and elimination of difficult integrals,
that are either made small by mathematical transformations or used as parameters
to be fit to experimental data. In principle, everything that can be calculated by the
ab-initio methods can be calculated by an appropriate tight binding method and
with less CPU-time. The keyword above is the ‘appropriate’: the generality and the
transferability of a tight binding method depend on the approximations. Although
valid for thousands of particles, the method used must be assessed case-specifically.
In computational chemistry the methods similar to tight binding are called the ne-
glect of diatomic differential overlap methods [40]. Also these methods simplify the
involved integrals but retain the molecular orbital description. The group involves
various methods such as AM12 and PM33 [40].
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Empirical Methods

The category of empirical methods contains a wide set of parameterized classical
force fields that reproduce more or less accurately the fitting set that is determined
either from experimental data or from ab-initio simulations. Force-field methods
have the benefit of being computationally simple and thus fast. They allow the
simulation of large systems (up to hundreds of millions of atoms) over a greater
time-span (up to microseconds) than the methods presented above. The simplest
approximation for the interaction potential takes into account only two-particle in-
teractions. Potentials like this are called pair potentials. The Lennard-Jones poten-
tial [42] and the Morse potential [43] are two very well known examples of pair
potentials. Although pair potentials are not ideal for the study of the mechanical
properties of materials, they are very much used because they are simple to imple-
ment and algorithms based on pair potentials are kind on computational resources.
There are, however, some severe shortcomings which should be taken into account
whenever pair potentials are used. For example, an interaction described by a pair
potential model can depend only on the distance between the two particles. Thus
the potential can not model directional bonding. Pair potentials often predict wrong
vacancy formation energies and melting temperatures [42, 43]. The construction of
an accurate force-field encounters often system and material based difficulties, and
often even fundamental limitations. Difficult media are metals, alloys, semiconduc-
tors, and oxide-based insulators. In this thesis the emphasis is, of course, on carbon.
Describing carbon accurately requires a lot of caution and is difficult because the
2s electrons participate in molecular bonding and together with the 2p electron or-
bitals hybridize to form a wide variety of potential bonding configurations that de-
pend on the environment and on the ambient conditions. Even by itself, carbon can
form structures as diverse as the isotropic diamond crystal or the anisotropic planar
graphite and nanostructures. If the consideration is extended to organic molecules,
even only hydrocarbons, the bonding variety, and at the same time the complexity
of describing it accurately, becomes vast. If covalently bonding materials, like sp2-
carbon, are simulated, the modeling of directional bonding is essential in order not
to obtain outright wrong results. In general this means that the interaction potential
used must include at least a three-body interaction term. Because carbon is the basis
of all organic materials and because diamond and graphite have various applications
in materials science, numerous attempts to create accurate classical interaction po-
tentials have been made but only a few of the proposed schemes are widespread. For
example, carbon interaction potentials developed by Tersoff in [44—46] and Brenner
in [47] are widely used in the modeling of carbon. The Brenner model is considered
more versatile because of additional conjugated bond description while the struc-
tures modeled by the Tersoff model suffer from an overbinding of radicals and the
description of systems involving bonds that exhibit a mixture of sp3 and sp2 hy-
bridization is inaccurate. Both models are short ranged and cover only the nearest
neighbors to speed up the calculations. For description of graphite or multi-walled
nanotubes, much longer range interactions are required. Various long-range exten-
sions that are most often based on Lennard-Jones type additional term to describe
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the d-bonding have been proposed. Stuart et al. [48] have aimed at maintaining the
reactivity description of the Brenner [47] model while introducing the long-range
interactions. Therefore, this model was chosen where long-range interactions are
required. In general the force-field methods can give information on the structure
and dynamics of a system, the total energies, entropies, free energies, and diffusive
processes in the system. By their construction the methods are incapable of predict-
ing any properties related to the electronic structure such as electrical conductivity,
optical, or magnetic properties. In short, the classical force field methods are struc-
tural tools. The general accuracy of results obtained by classical force field methods
is far from the level of accuracy obtained by ab-initio simulations but so are the
feasible system size and attainable time scale as well.

In this work the emphasis is on studying carbon nanotube properties through
classical means. The choice allows studying structures that have dimensions com-
parable to the experimentally observed ones. Classical molecular dynamics with
AIREBO potential [48] are employed in the simulation. The potential used for this
work is based on the reactive empirical bond-order potential of Brenner.

The reactive empirical bond-order (REBO) model is a widely-used theory to cal-
culate the potential energy of covalent bonds. In 1988, based on works of Abell [49],
Tersoff proposed a many-body energy function [44] parameterized for carbon [45]
and multicomponent systems [46]. The expression of the total potential energy of
system is a sum of nearest-neighbour pair interactions which depend not only on the
coordination of atoms but also on their local atomic environment. A simple parame-
terized bond order function was used to describe chemical pair bonded interactions.
This theory could realistically describe single, double and triple bond energies of
carbon structures such as some hydrocarbons and diamond. A significant step was
taken by Brenner for conjugated hydrocarbons and carbon system in 1990. He ex-
tended Tersoff’s potential function by introducing two additional terms into the bond
order to describe radical and conjugated bonds.

Because only nearest-neighbour interactions have been considered, the REBO
function could be quickly evaluated. This computational efficiency could therefore
be well adapted in numeric simulations [50]. In the research works concerning the
mechanical properties of carbon nanotubes in past 20 years, REBO functions have
been used to study the elastic properties [51] and the structural stabilities (defect,
buckling, ultimate strength and bond breaking, ...) [52] of CNTs. An acceptable
accuracy has been reported in some of these works, by comparing with the experi-
mental, ab initio or tightbinding results. Despite numerous successful applications of
the first-generation REBO potential functions, they suffer from several drawbacks.
First, its form is too restrictive to simultaneously fit equilibrium distances, ener-
gies, and force constants for all types of carbon-carbon bonds. Second, the possibil-
ity of modeling processes involving energetic atomic collisions is limited because
both Morse-type terms go to finite values as the distance between atoms decreases.
Third, the absence of dispersion and the non-bonded repulsion term make the poten-
tial poorly suited for any system with significant intermolecular interaction. In the
simulation of carbon nanotubes under bending strain, the REBO potential has been
reported to lead direct inaccuracy at high level of deformation [53]. Finally, it has



3 Co-prototyping of Nanorobotic Structures 69

been reported by Pettifor and co-workers [54] that the neglect of a separate d bond
contribution leads to problems with the overbinding of radicals and a poor treatment
of conjugacy. So as to resolve these problems, an adaptive intermolecular reactive
bond order (AIREBO) function has been proposed by Stuart and co-workers [48] in
2000. In this theory, the entire system energy was given by the expression
UP = UREBO + Unon-bonded + Usingle-hond-torsion (2.23)
ynon-bonded i the non-bonded interactions term (Lennard-Jones 12-6 potential func-
tion), and Esingle-bond-torsion yenresents the torsional interactions about single bonds.
Both the repulsive and the attractive pair interaction functions have been modified
to simultaneously fit bond properties that could not be fitted by the first-generation
Brenner’s function. This potential function can be well adapted to reactive systems.
In the REBO potential, the chemical binding energy U}, is a collection of that of
individual atoms, in which only the nearest-neighbour interactions are considered.

U;,_ZZ [VR(rij) = bi i VA )] (2.24)
i=1 ]—1
where gz)R(r,-, ;) and goA(r,-, j) are the interatomic repulsion and attraction terms, r;;
is the distance between atoms i and j and b;; is the bond order function between
atoms i and j that is derived from Huckel electronic structure theory. All many-body
effects are included in this function.
In the AIREBO potential, the dispersion and intermolecular repulsion interac-
tions are modeled with a Lennard-Jones 12-6 potential function

o\ 12 N\ 0
ULy = 4e ("i) - (ﬂ> . (2.25)
I’j,‘ rji

The other new component of the AIREBO potential is a term dependent on dihe-
dral angles. The original REBO potential lacked any torsional interactions about sin-
gle bonds, reflecting its original focus on network solids such as diamond and small
molecular fragments relevant to the chemical vapor deposition of diamond. With
no barrier to rotation about single bonds, however, the original REBO potential is
poorly suited for the simulation of saturated hydrocarbons larger than methane. As
with the nonbonded interactions, the reactive nature of the potential requires some
modifications to the conventional method of introducing torsional interactions. The
usual form for the torsional potential is a cosine power series in the dihedral angle .

The total potential energy of system is

Ulot — UelEC + UP (226)

where U¢¢ is the electrostatic energy due to the extra charges on two carbon atoms
and U? is the AIREBO interatomic potential. The electrostatic energy can be cal-

. 4 4i4;
culated by the coulomb law: E; = yrrs ,él,j, where ¢; and g; are extra charges on
carbon atoms, R;; is the interatomic distance, and ¢ is the permittivity.
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The charge distribution on the carbon nanotube is obtained by an atomistic mo-
ment method based on classical electrostatics theory [55]. In our simulations, we
consider a multi walled carbon nanotube (MWCNT) with finite length. For sim-
plicity, the nanotube is assumed to be located in an idealized electric field, i.e., the
voltage on the on the nanotube surface is Vj. If we consider a carbon nanotube with
n atoms, the potential at an arbitrary atomic position is given by [55]:

n
4qj

Vi) = P 2.27

i) me_m (2.27)
j=i
where V is the electric potential, g; the point charge on the atoms, r; represents
the location of the charged atom, and &g is the permittivity of vacuum. Because the
equipotential status of the nanotube surface, n equations can be written in a matrix
form, i.e.,

[Al{g} =V (2.28)

where {g}, V are the charge vector and the potential vector, respectively, and [A] is
the n * n order matrix. Equation (2.28) is no longer applicable. For calculating the
diagonal terms of the coefficient matrix, we need to recall the original assumption
that the charge is uniformly distributed on a triangular surface area surrounding
the carbon atom, as shown in Fig. 2.14. For simplicity, we treat the actual three-
dimensional curve surface approximately as a flat triangle. The area of the triangle
3“/45172, where b = 0.142 nm is the carbon bond-length in a carbon nanotube.
The charge density on this triangular area can be written as d = qA—' The electric
potential at the center of the triangle, i.e. the atom i, is resulted from the uniformly
distributed charge and can be expressed as [55]

qgi/s
Vr); = ———d&dn. 2.2
(ri) /£4M0 = &dn (2.29)

The diagonal term extracted from (2.29) is

iss =

1 1
iy = g / / mdgdn (2.30)

Fig. 2.14 Electric charge
distributed on a triangular
area surrounding a carbon
atom
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which has a closed form expression as

b/31n(2 4+ +/3)

2.31
4meps ( )

ajj =

4 Conclusion

The objective of this chapter was to interface multiscale simulation tools with real-
time truly virtual reality techniques for bio-nano robotic prototyping at the design
stage. Molecular modeling is advocated here as a key methodology for research
and development since it predicts the nanoscale interaction of unfamiliar combina-
tions of biological and inorganic materials, and evaluates strategies for designing
nanostructures for nanotechnological uses. The ability to interact with a computer-
generated object in the same manner that a person would interact with a physical
object—to investigate its structure by simply moving around it, to change its posi-
tion by grabbing the object and moving the hand in space, without such artificial
devices as computer mice. The design and prototyping methodology is illustrated in
this chapter through the proposition of two case studies.

The first one involves multiscale modeling tools (quantum mechanics, molecular
dynamics, continuum mechanics) coupled to virtual reality advanced techniques. In
order to design and evaluate the characteristics of molecular robots, we proposed
nanophysics-based simulation coupled to multimodality perception and real time
computation. We have introduced a collection of utilities and programming libraries
aimed at enhanced sampling and multiscale modeling applications in structural bi-
ology and nanotechnology. The tool set interfaces with the standard quantum and
semi-empirical PM3 or Hartree-Fock molecular orbital models, molecular modeling
packages for all-atom modeling, and elastic continuum models for structure design.
We have built many software components and used virtual reality interfaces which
together constitute an implementation of this interactive multiscale simulation plat-
form. Design, simulation, and control of novel bio-nano structures, actuators and
robotic systems are developed in Chap. 3 in order to illustrate the proposed interac-
tive multiscale prototyping platform.

The second one integrates a co-prototyping approach based on a dual paradigm,
i.e., experimentation and molecular modeling. Usually, nanodevice optimization is
only based on experimental investigation of nanodevice characteristics. As all de-
sign parameters are not accessible by experimental measurements, the designer is
not able to characterize deeply the nanodevice operating principles leading to op-
timal performances. As alternative, we propose to use jointly modeling tools to
support the designer in order to characterize novel phenomenons, evaluate energy
densities or new operational principles. The proposed modeling methods uses elec-
trostatic calculation methods with classical molecular dynamics with AIREBO po-
tential. The cooperative work between experiments and simulation paves the way
for high-performance nanorobotic components. As illustration of this concept, a co-
prototyping methodology applicable to optimized multiwalled carbon nanostruc-
tures is proposed in Chap. 4.
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