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Tip flexibility.

Abstract In this paper, the results of using a Coarse Grained Molecular Dynamics (CGMD) model to
simulate the process of manipulation of nano clusters with a flexible tip are reported, and the reasons
for some failures are discussed. After comparison of these results with those from a macro model, some
failures of the nano manipulation process, due to damage, fracture, or crushing of tip, substrate, and nano
cluster, are examined. At the end, after a parametric study of nano cluster deformations, the use of the tip
cluster, εp-SP diagram, for optimal selection of the tip material, is discussed.

© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Since the introduction of Scanning Probe Microscopes
(SPMs), especially Atomic Force Microscopes (AFMs), they have
been utilized as efficient robots in the nano scale world.
In this regard, SPMs were first used in surface lithography
and later as a device for manipulating the nano objects,
including nano particles, nano wires, nano rods, and nano
tubes, etc. The processing time of nanometric systems varies
from several nanoseconds to several microseconds. Therefore,
even the powerful Molecular Dynamics (MD) method has some
difficulties in simulating such processes, since it is limited to
time intervals of the order of a femtosecond. In this situation,
the existence of different sources of error tends to a significant
deviation in the desired results. Introducing an exact and
appropriate computational method, capable of simulating both
large and small scales of the manipulation system, is one of the
best methods for the compensation of these errors. Use of the
method of CGMD remedies these problems to some extent.
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Typically, classical models have many limitations when ap-
plied. Despite their low computational costs, continuum based
methods are incapable of describing different phenomena in
nano scale fields. On the other hand, molecular dynamics mod-
els are limited with respect to the time scale [1,2]. For this rea-
son, modeling in the order of micro meter and micro second is
only possible by supercomputers. Therefore, researchers are in
search of some comprehensive synthetic methods which have
the advantages, but not the drawbacks, of the original methods.
The outcome of this research work has been the introduction of
multi scale methods [3]. The main concern in the simulation of
multi scale systems is to provide an appropriately exact model
for both the large and small scale environments, based on con-
tinuummechanics andmolecular dynamics, respectively. There
has been much work in the area of continuum based problems
on increasing the precision of the proposedmodels [4–6]. How-
ever, there are still many obstacles in molecular dynamics sim-
ulations for studying the nano scale domain. This fact can be
clearly observed by focusing on nano manipulation researches.

Sitti has surveyed nano manipulation systems in [7]. In
his work, some nano manipulation strategies are grouped
according to their starting point, utilized process, operation
type, manipulation environment, interaction type, etc. The
dynamic behavior of nano particle motion during nano probe
based manipulation is investigated in [8,9]. Zhang et al.
used an active atomic force microscope probe to control
the tip position by changing the cantilever’s flexibility or
rigidity through different control strategies in imaging and
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Nomenclature

HRTS
I Potential for the binary A B dissimilar materials

V
(
rij

)
A pair wise repulsive interaction between atoms
i and j

ρA
i , ΦA, ΦAA, ΦAB, ρB

i , ΦB, ΦBB, Vxy(r), Φxy(r)
Parameters of RTS potential energy

rij Distance between ith and jth atom
p̂i The site occupancy operator
dxy, εxy, Cxy, mxy, nxy, axy Constants of potential energy

for body x and y
ε Energy parameter of potential energy
a Length parameter of potential energy
‘m’ and ‘n’ Positive constants in potential energy
U Internal potentials
Fi External forces
t Current time
t + ∆t Time at next time step
v Velocities
r(t) Positions of atoms at time ‘t ’
r (t + ∆t) Positions of atoms at time ‘t + ∆t ’
T0 Desired system temperature
Ti Temperature in ith time step.
Fz0 Normal preload force
ZP0 Normal deflection offset
FT Pushing force
m The nominal mass of atoms in MD
L Nominal distance of atoms in MD
mc The nominal mass of atoms in CGMD
Lc Nominal distance of atoms in CGMD
SP Success Parameter
Ra and Rb The large and small diameters of the nano

cluster,
εp and εt The parameters of Sutton–Chen potential for

nano cluster and tip.

manipulation modes, respectively [10]. The main challenge
faced by nanomanipulation systems seems to be the surface
interaction of substrate/particle, and manipulator/particle. The
contact deformation and molecular attraction of a ball and a
surface have been developed in [11]. Quesne et al. [12] have
utilized the generalized form of the Lennard-Jones soft-sphere
pair potential to examine the adhesional behavior of particles
on surfaces for different materials. The interactions of some
different clusters of pure Ag, pure Au, and mixed Ag Cu with
the surface have been investigated in [13]. Then, using the
tip of a scanning tunneling microscope, the manipulation of
these particles on the surface has been performed. In [14],
scanning tunneling microscopy is used to study the adsorption
and manipulation of single molecules on Cu. Applying both the
continuum mechanics and molecular mechanics simulations,
Hertel and Robert investigated the strength and effect of
surface van der Waals forces on the shape of multi-walled
and single-walled carbon nanotubes, using the atomic force
microscopy [15]. In [16], some micromanipulations have been
simulated using only the adhesion forces; in this work, based
on the hypothesis that Newton’s laws are applicable to this
scale, dynamic models of a simple task, consisting of picking
up and placing micro spheres, are proposed. Although there
is extensive work available on nano manipulation, this subject
still remains one of the most challenging issues confronted by
the world of molecular dynamics research.

In the molecular models, all the atoms of a particular
material react through inter atomic potentials. These models
are capable of simulating the ultra fine structures of materials
in nano scale. There has been much work concerning the
application of molecular dynamics in the nano manipulation
process. Some mechanisms of the adsorption of gold clusters
on Ni and Au surfaces have been investigated by means of
molecular dynamics simulations [17]. In addition, some recent
works have focused on the dynamic behavior of manipulation
systemsusing theAFM tip as amanipulator.Mahboobi et al. [18]
investigated the effects of material type and manipulation
strategy on the success of the nano manipulation process by
planar molecular dynamics. He later used MD simulations to
study themanipulation ofmetallic nano clusters, and the effects
of material type and manipulation strategy on the success of
the process [19]. Despite the aforementioned, the development
of models that are capable of simulating more comprehensive
conditions is still a high priority among the researchers of
molecular dynamics issues.

The aim of this paper is to introduce a more comprehensive
model for the manipulation of the nano cluster. Therefore,
a planar coarse grained molecular dynamics model covering
tip flexibility is proposed. Newtonian mechanics is employed,
and the Sutton–Chen potential and its extended form, Rafii
Tabar–Sutton, are used. For validation of the proposed model,
the results have been compared with those of previous
work in [20,21]. To study the success of manipulation
results, qualitatively and quantitatively, different failures of the
manipulation process are presented and studies are conducted
on the effect of different parameters on the deformation of the
nano cluster. Finally, the optimal selection of nano cluster and
tip, which results in the most exact positioning, is discussed.

The technical aspects of the simulation details are stated in
the following sections and can be also comprehensively found
in [22].

2. Molecular dynamics

In order to establish the relations of molecular dynamics
for a system of particles, some parameters are required.
Particle mass, initial position of atoms, initial velocity of atoms,
potential energy between the atoms and external force fields,
and the equations of motion are five effective parameters that
must be determined for the system in order to have a unique
solution [23].

In a state of equilibrium, atoms can have different arrange-
ments based on the material phase. It is common for the atoms
of gases and liquids not to have a specific structure. Contrary to
gases and liquids, solids possess a higher potential energy level
relative to the kinetic energy. The atoms of solids, especially
of metals, usually form specific lattice configurations. For met-
als, there are two types of solid lattice that are more common,
namely, Face-Centered Cubic (FCC) and Body-centered Cubic
(BCC) lattices. In the current work, the FCC lattice is applied for
the metal atoms to represent the initial positions.

A classical MD simulation is constructed by introducing
a finite nano-sized cell, including N atoms, of an infinite
model system with any desired configuration. The cell is
replicated in all planar dimensions, generating its own periodic
images as well as those of the original N atoms. This is ‘‘the
Periodic Boundary Condition’’ (PBC), which is used in MD
simulations [24]. Also, in order to carry out atomic simulations,
a way of expressing atomic rules is inevitable. In computer
simulations, these rules are known as ‘‘inter atomic potential
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energy’’. For the simulation of a metal system, the simple two
body potentials, like those of Lenard Jones, are not intelligent
choices, as they lack the desired capability to encompass all the
physical properties of metals. Therefore, the Rafii Tabar–Sutton
multi body long range potential, which is an extended form
of the Sutton–Chen potential and capable of modeling the
interactions of dissimilarmaterials, is used in the current study.
The general form of the Rafii Tabar–Sutton (RTS) potential for
the binary A–B dissimilar materials is [24,25]:

HRTS
I Z =

1
2

∑
i

∑
j�=i

V
(
rij

)

− dAA
∑

i

p̂i
√

ρA
i − dBB

∑
i

(1 − p̂i)
√

ρB
i , (1)

with:

V
(
rij

)
= p̂ip̂jV AA (

rij
)
+

(
1 − p̂i

) (
1 − p̂j

)
VBB (

rij
)

+
[
p̂i

(
1 − p̂j

)
+ p̂j

(
1 − p̂i

)]
VAB (

rij
)
, (2)

ρA
i =

∑
j�=i

ΦA (
rij

)

=

∑
j�=i

[
p̂jΦAA (

rij
)
+

(
1 − p̂j

)
ΦAB (

rij
)]

, (3)

ρB
i =

∑
j�=i

ΦB (
rij

)

=

∑
j�=i

[(
1 − p̂j

)
ΦBB (

rij
)
+ p̂jΦAB (

rij
)]

. (4)

Function V (rij) is defined between atoms i and j, separated by
distance rij. p̂i in the above equations is defined as:

p̂i =

{
1 if site i is occupied by an A atom
0 if site i is occupied by an B atom. (5)

The functions Vxy(r) and Φxy(r) are defined as:

Vxy (r) = εxy
[axy/r]n

xy
, (6)

Φxy (r) = [axy/r]m
xy
, (7)

and the constants are expressed as:

dAA = εAACAA, dBB = εBBCBB,

mAB
=

1
2
(mAA

+ mBB), nAB
=

1
2
(nAA

+ nBB),

aAB =

√

aAAaBB, εAB
=

√

εAAεBB. (8)

In the above relations, a is normally taken to be the equilibrium
lattice constant, and ‘m’ and ‘n’ have the relation n > m. The RTS
potential has the advantage that all its parameters can be easily
obtained from the Sutton–Chen (SC) elemental parameters of
metals. Table 1 lists the SC parameters for some metals:

2.1. Equations of motion

To describe motion in a multi particle system, normally, the
Lagrangian, Hamiltonian, and Newtonian descriptions are used.
The Newtonian formulation (i.e. Newton’s second law) states
that the sum of the internal forces (∇iU) and external forces

Table 1: Parameters of the Sutton–Chen potential [25].

Element m n ε (eV ) c

Ni 6 9 1.5707E−02 39.432
Pt 8 10 1.9833E−02 34.408
Au 8 10 1.2793E−02 34.408
Ag 6 12 2.5415E−03 144.41
Cu 6 9 1.2382E−02 39.432
Ir 6 14 2.4489E−03 334.94
Pb 7 10 5.5765E−03 45.778
Pd 7 12 4.1790E−03 108.27
Rh 6 12 4.9371E−03 144.41

(Fi) exerted on every particle is equal to the inter atomic force
applied to that particle (mir̈i):

mir̈i + ∇iU = F ext
i . (9)

The first term in the above equation denotes the kinetic energy.
The second term is an interpretation of potential energy, which
is related to the inter atomic potential. The external forces
include the force due to the friction of the body with the
surrounding environment and the force exerted on the system
to change its shape, which belong to the non conservative
forces.

Using the Velocity Verlet computational algorithm, the
equations of motion can be solved numerically for the system
of particles, and the positions and velocities of each single atom
can be calculated in desired time steps. In the current study, the
time step is set to 80 fs.

2.2. Solution procedure

The common method for solving differential equations
of motion in molecular dynamics is the well known Finite
DifferenceMethod (FDM). Knowing the positions, velocities and
other essential data of the system at time ‘t ’, the goal of the FDM
is to calculate these parameters for the next time step, t + ∆t .
Therefore, all the differential equations of motion are solved in
a step by step manner. Finite difference based methods utilize
the Taylor series for expanding the position function of particles
[2,23].

Various finite difference algorithms exist for solving the
differential equations of atomic motion. They differ in the way
of calculating ṙ . Since the real nano scale systems consist of
numerous numbers of atoms, the simulation procedure must
encompass large degrees of freedom to take the real behavior
of the system into consideration. Therefore, an algorithm with
both low computational costs and good precision is in great
demand. The Verlet algorithm is one of the most popular
methods among nano mechanics researchers. This algorithm
combines the forward and backward Taylor expansions. With
some simplifications, the relations for velocities and positions
of atoms at time ‘t ’ are expressed as follows:

v (t) =
r (t + ∆t) − r (t − ∆t)

2∆t
, (10)

r (t + ∆t) = r (t) + ∆t × v (t)

+
1
2

(∆t)2 × a (t) + O(∆t4). (11)

In a more advanced form of the Verlet algorithm, known as
the velocity Verlet, the velocity is calculated using the half step
acceleration.

v (t + ∆t) = v (t) + ∆t × a
(
t +

1
2
∆t

)
+ O(∆t2). (12)
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This leads to the final form of the velocity Verlet algorithm as:

ri (t + ∆t) = ri (t) + ∆t × vi (t) +
1
2

(∆t)2 × ai (t) , (13)

vi

(
t +

1
2
∆t

)
= vi (t) + ∆t ×

ai (t)
2

, (14)

ai (t + ∆t) =
Fi(t + ∆t)

mi
, (15)

vi (t + ∆t) = vi

(
t +

1
2
∆t

)
+ ∆t ×

ai (t + ∆t)
2

. (16)

The velocity Verlet algorithm is the most popular computa-
tional method in molecular dynamics simulations. By using the
second derivative formula in this method, the computational
precision gets to about 4th order. This results in a high com-
putational speed, as well as high precision.

2.3. NVT ensemble

In the NVT ensemble, the system under consideration must
be invariable in the number of particles (N), volume (V ), and
temperature (T ) [23]. This ensemble is usually used for the
simulation of closed systems that just exchange energy with
the environment. To realize this ensemble, there must be some
ways of making the aforementioned qualities constant. A fixed
number of atoms can be realized through periodic boundary
conditions (as explained earlier in part 2 of this article). Using
the total pressure of the system, its volume can be fixed as well.
Temperature stabilization in computer simulations is not an
easy task. However, it can be realized in three different ways,
namely, the stochastic Langevin type method, the constraint
method, and the extended system method [24].

The simple constraint method can be carried out by using a
velocity scaling procedure in each time step. This tends to limit
the total kinetic energy of the system in order to stabilize the
system’s initial temperature. This ensemble can be produced as
the following:

�vi → s�vi, (17)

where:

s =
√
T0/Ti. (18)

3. The proposed nano manipulation strategy

There exist various strategies for the nano manipulation
process in literature [18,19]. The scenarios in this paper,
however, are somewhat different. Since, in real manipulation
systems, the cluster is manipulated by the lateral side of the tip,
a different strategy is considered.

The manipulation process cannot be observed in real time.
During the pushing of objects, imaging is impossible, because
imaging and manipulation tools are the same. As a solution,
the surface and targeted clusters could be imaged before
and after the manipulation. Using the obtained images, the
positions of clusters relative to the basic reference point can
be determined [26]. Due to the lack of real time images, using
the force feedback data during the process is crucial for proper
manipulation. The manipulation strategy for the pushing of a
nano cluster is shown in Figure 1. Using a suitable model, the
force feedback data during the manipulation strategy can be
calculated accurately.

Figure 1: Nanomanipulation strategy using the AFM. (a) Auto parking; (b) snap
in substrate; (c) pull away from substrate; (d) approach to nano cluster; (e) snap
in nano cluster; (f) moving toward the cluster; (g) pushing; (h) pull away from
nano cluster; and (i) going to reference point.

In this problem, both the substrate and the nano cluster
are stationary at the beginning. Then, the probe moves down
to approach the substrate (Figure 1(a)). The Van der Waals
force increases until the snap occurs at the point of instability
(Figure 1(b)). At this point, the tip jumps to the substrate.
This phenomenon can be detected via photodiode data. Then,
the tip starts moving upward (Figure 1(c)). Deflection in the
cantilever increases until the pulling force overcomes the
attraction force (Figure 1(d)). In view of the adhesion force
between the tip and substrate, the retraction force is larger
than the attraction force. Next, the tip moves reaching the
desired cluster, horizontally. Furthermore, the van der Waals
force between the tip and cluster increases until the snap to the
cluster takes place (Figure 1(e)). Then, the substrate movement
follows (Figure 1(f)), and the pushing force on the cluster
increases.

The tip may cross the cluster and the process fails. To
ensure the desired contact, a small normal preload force, Fz0, is
exerted by providing normal deflection offset, ZP0, on the AFM
probe. Then, the substratemoveswith constant velocity and the
cluster sticks to it and moves with the substrate (Figure 1(g)).
The lateral motion of the cluster helps to increase the pushing
force, FT . Finally, the pushing force reaches the magnitude of
the critical force required to overcome the adhesion forces
between the cluster and substrate. The cluster’smovementwith
the substrate stops when the cluster has reached the desired
position (End of part (G) and start of part (H) of Figure 1).
At this time, depending on the dynamic mode diagram of
the cluster, the suggested behavior will be expected from the
cluster. The probe moves upward (Figure 1(h)) and goes to
the initial reference position when the process is completed
(Figure 1(i)).

The pushing force imposes a deflection along the path
of movement during the manipulation. Based on the cluster
substrate properties and the pushing force, three different
deflection results can be expected (Figure 2). Although rigid
clusters can be moved without deformation (Figure 2(a)),
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Figure 2: Three expected results: (a) rigid nano cluster, (b) flexible nano cluster,
(c) soft nano cluster.

Figure 3: Nano manipulation system configuration.

flexible clusters may undergo considerable deformation during
the moving process (Figure 2(b)), and the soft clusters may be
damaged when the pushing force exceeds the yield strength of
the cluster (Figure 2(c)).

Based on the proposed manipulation strategy, a macro
and molecular model are simulated and compared. Using the
appropriate atomic potential, in the molecular model, the
foregoing forces are modeled implicitly, whereas in the macro
model, they are exerted explicitly.

3.1. Simulation procedure

Figure 3 shows the initial system configuration for the nano
manipulation procedure. The problem is considered as a 2D
manipulation of the nano cluster in the xy plane. Therefore,
the atom’s movement is limited to the xy plane. For reducing
the relaxation phase time, in which atoms take their minimum
potential energy positions, the initial positions of atoms are
arranged in ahexagonal network. After the relaxationphase, the
nano cluster is subjected to the proposed nano manipulation
strategy. The manipulator, which is part of an AFM tip, starts
movingwith constant velocity, dictated by the constant velocity
of the uppermost atoms. The manipulator is flexible, so, the
blue atoms can move in both the x and y directions, and make
different vibration modes along the tip length. The substrate
is flexible as well; however, the yellow atoms (as depicted in
Figure 3) are fixed to avoid movement during manipulation.
The manipulator, nano cluster, and substrate can be made of
a variety of materials (Table 1). The aim of the performed
simulation is to study the effect of tip flexibility on the success
of the proposed manipulation strategy.

As mentioned before, simulation of considerable size and
time cannot be achieved using themolecular dynamicsmethod.
However, some techniques are available for modeling sizes
and times greater than in the molecular dynamic case. Coarse
Grained Molecular Dynamics (CGMD) is a good procedure for
this purpose. The time step for the simulations is 80 fs.

Figure 4: Comparison between RDFs of the MD and CGMDmodels.

4. Coarse Grained Molecular Dynamics (CGMD)

Electromechanical processes normally occur in the order of
nano, micro, milli, and, even, a few seconds. In addition, they
have higher-than-nano dimensions, and, therefore, their real
dimensions and time ranges cannot be determined through
the use of the molecular dynamics method. However, by the
use of ‘‘coarse graining’’, larger dimensions, in longer time
ranges, could be modeled. Now, since a remarkable method,
known as Coarse Grained Molecular Dynamics (CGMD), has
been presented for this purpose, during its application, a
general description of this approach is also provided. The
CGMD method is based on the notion that, if, instead of one
atom, a larger number of atoms can be taken as a unit, then,
a larger volume of material, as well as longer simulation
time, can be considered. Even by utilizing the world’s largest
and most advanced supercomputers, the molecular dynamics
simulations cannot be performed for more than several
microseconds. Various procedures have been proposed for
the CGMD methods [27–29]. The only crucial issue in these
models is themanner of predicting and estimating the system’s
potential. Achieving a good potential for the system can
be guaranteed through a process of trial and error, and by
comparing the Radial Distribution Function (RDF) of the system
with that observed in theMDprocess; however, otherways also
exist for this achievement. If, on average, the nominal mass and
distance of atoms are in the order ofmc and Lc , and the nominal
mass and distance of the CGMD samples are in the order of m
and L, respectively, the following relations could be considered
for the time steps that are used:

∆tmax|MD ∼ l
√

m
kT

, ∆tmax|CGMD ∼ lc

√
mc

kT
. (19)

In this paper, for using the CGMD approach, the Sutton–Chen
potential has been rewritten, the RDF diagrams of two cases
of MD and CGMD have been compared with each other, and
the obtained CGMD model has been validated. Figure 4 shows
the comparison between the RDFs of the two noted cases. Each
interacting site consists of 10 atoms in the CGMDmodel.

4.1. Results and discussions

Using the proposed model, significant results have been
achieved. Although all the obtained results cannot be presented,
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Figure 5: Macro and CGMD regions.

Figure 6: Geometry of tip and nano cluster in CGMDmodel.

it is attempted to include the most important and applicable
results in this article. To validate the obtained results, it is
necessary to compare them with already verified results. For
this purpose, the results of the present work are comparedwith
those obtained from the model presented in [20,21].

4.1.1. A comparison of CGMD and macro models
For the sake of comparison and validation, the macro model

in [20,21], which was verified by the available (theoretical and
experimental) results, is modified and used for the case of nano
cluster manipulation. By implementing some changes to the
macro model, it can be reliably generalized to nano cluster
manipulation processes.

Using coarse grained molecular dynamics, a comparison has
been made between the results of the proposed model and
those of the modified macro model. The system geometry has
been depicted in Figures 5 and 6. The tip, nano cluster and
substrate are made of Ag, Ni and Au, respectively. The nano
cluster has the same size in both models, but the substrate and
the tip are considered as depicted in Figure 5.

In the CGMD model, the substrate, nano cluster and, more
importantly, the manipulator tip, are considered to be flexible
to ensure real conditions. The initial and final states of the
proposed CGMDmodel are depicted in Figure 7.

In the macro model, the manipulation procedure has been
simulated by giving the base of the AFM tip (i.e. the stage
in Figure 5) a constant speed along the ‘x’ direction. The
manipulator is the triangular tip of the AFM, which is
considered to be rigid. The deflections of the AFM tip, when
manipulating the nano cluster, is due to the flexibility of
the AFM cantilever. The nano cluster is considered to have
a spherical shape, and no flexibility (it is rigid). The nano
scale interactions between the substrate and nano cluster
are modeled with the JKR contact model. At the start of the

Figure 7: Initial and final states of nanomanipulation process for CGMDMacro
comparison.

Figure 8: Comparison between the results of macro model and coarse grained
molecular dynamics (CGMD) model for the manipulation of nano clusters.
(For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

manipulation procedure, it takes a few seconds for the nano
cluster (and AFM tip) to startmoving, because the pushing force
is not large enough to overcome the resistant frictional force.
Once the movement starts, the AFM tip and nano cluster are
assumed to move together and, therefore, trace the same line
in the traveled distance-time diagram.

Considering the fact that in the macro model, the tip and
cluster are assumed to be rigid and the force is supposed to
be applied from the moment the probe contacts the cluster,
in Figure 8, the diagram indicated by the red square shows
the displacement of the cluster and probe tip, and the diagram
indicated by the black circle, shows the displacement of the
moving substrate. The comparison of these diagrams with
the results obtained from the CGMD model has yielded very
interesting results. As observed in Figure 8, there is relatively
good agreement between the diagrams of the model proposed
in this article and the results of the macro model. There are also
some differences, which have arisen from the higher accuracy
of the CGMDmodel, as well as the imprecise assumptions of the
macro model.

There are several important points regarding the above
diagrams. The macro model has focused on estimation of the
time of nano cluster movement subsequent to the application
of force. In the macro model, after the application of force, the
friction forces resist against the exerted force until they get
to be equal to the applied force. From this moment on, the
cluster starts moving. Therefore, the frictional characteristics
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that are considered between the cluster and substrate could
be very important in determining this manipulation time. In
the CGMD model, we do not necessarily impose any specific
frictional characteristics on the model. It is the forces arising
from the potentials between dissimilar atoms, and the effects
of damping considered in the CGMD model that play the most
significant roles in determining the time of movement of the
nano cluster. In view of the presented diagrams, the CGMD
model has underestimated, a little, the time of movement of
the nano cluster compared to the macro model. The other
noteworthy point is that the amount of traveled distance of the
nano cluster is less than that of the tip. This has two major
causes: first, the existing delay in the start of nano cluster
movement, and second, the initial distance between the probe
tip and nano cluster. This short distance is not necessarily due
to the initial position of the tip, but may be the result of initial
deformations of the tip end.

In the enlarged portion of the diagram in Figure 8, it is clear
that, at the onset of cluster movement, the tip end vibrates
in the CGMD, which is due to local attraction and repulsion
between the tip end and cluster, and also due to the immediate
application of velocity at the tip base. Of course, as a result of
the damping effect and also the local equilibrium of potentials,
these vibrations are gradually eliminated. With regards to the
comparisons and offered explanations, the correctness of the
results of the proposed model is verified, and it can be used
for other studies including the study of the effects of different
parameters.

5. Some challenges

5.1. Tip deformations

Although, for the conditions presented in the previous
section, a successful manipulation has been performed, as
occurs in real operations, the adjustment of a successful nano
manipulation process is very difficult. In some cases, the process
fails because of the damage of the tip. In some other cases,
the nano cluster deeply penetrates the substrate surface, or is
crushed. At any rate, to tune the parameters for a successful
manipulation operation, we need to have enough experience
and spend a relatively long time on the problem. Several
examples of these failures are presented in the following
sections. In each section, only the final moment of the nano
manipulation process has been illustrated. Tip damage is one
of the causes of unsuccessful nano manipulation process.
This phenomenon leads to the formation of crack in the tip,
permanent deformation of the tip end, or even in some cases,
the fracture of the tip. Some examples of this phenomenon
have been portrayed in Figure 9. In Figure 10, the desired
displacement and also the displacements of the nano cluster
and tip end, as a result of tip deformation, have been plotted.
The deviation of the nano cluster manipulation curve from the
desired curve can be clearly seen.

5.2. Cluster deformations

Although, in most cases, tip deformation is highly important
and crucial, in certain cases, such as the manipulation of
biological nanoobjects, the deformation (crushing) of the
cluster could also be significant (see Figures 11 and 12). Some
examples of nano cluster deformation during the process of
nano manipulation can be seen in Figure 11. The desired
displacement and also the displacements of the nano cluster

Figure 9: Some examples of tip damage.

Figure 10: Traveled distances of the tip end, nano cluster, and tip base in the
case of tip damage.

Figure 11: Examples of the crushing of nano cluster.

and tip end, as a result of cluster deformation, have been plotted
(Figure 12). Although the tip end roughly follows themovement
of the tip base, the deviation of the nano cluster manipulation
curve from the desired curve can be clearly seen.

5.3. Surface related challenges

Elastic and viscoelastic substrates are other factors that may
lead to flawed and incorrect manipulation results. Figures 13
and 14 show the effects of a highly compliant substrate surface
(with large deformation) on the manipulation of nano clusters.
An example of nano cluster deformation in the process of nano
manipulation can be observed in Figure 13. In Figure 14, the
desired displacement and also the displacements of the nano
cluster and tip end as a result of cluster deformation, have been
plotted. Although the tip end roughly follows the movement
of the tip base, after the tip base is displaced, the substrate is
indented by the cluster, and the kinetic energy of the cluster
is spent on the internal deformation of the substrate. Thus, the
cluster’s speed and displacement are reduced.

Normally, substrate surfaces on which the manipulation
process takes place are hard metal surfaces, and the intention
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Figure 12: Traveled distances of the tip end, nano cluster, and tip base for the
case of crushed nano cluster.

Figure 13: An example of nano cluster indentation into the substrate.

Figure 14: Traveled distances of the tip end, nano cluster, and tip base for the
case of substrate indentation.

has been the manipulation of metal nano clusters. In view
of the diagrams of this section, it seems that from among
the aforementioned damage, after tip damage, the crushing
of the cluster has the most negative impact on the successful
accomplishment of the nano manipulation process, because
the deviation of the nano cluster’s position from the desired

Figure 15: Initial form of the nano cluster with equal diameters of Ra and Rb .

Figure 16: General case of the nano cluster box with unequal diameters of Ra
and Rb .

position is relatively large. Therefore, in the following sections,
the effects of several factors responsible for cluster crushingwill
be thoroughly discussed.

5.4. Effects of parameters on nano cluster deformation

In this part, the effects of two parameters on the success
of the manipulation procedure have been studied. These
parameters are: εp (Sutton–Chen coefficient for the cluster) and
εt (Sutton–Chen coefficient for the tip). The criterion considered
for the success of the manipulation process, called the Success
Parameter (SP), is defined as the change in the ratio of two equal
orthogonal radii of the nano cluster.

SP =
Ra

Rb
. (20)

Ra and Rb have been depicted in Figures 15 and 16, respectively.
When the nano cluster is spherical, the SP ratio will be

equal to 1.0, and, as the nano cluster deforms, the value of SP
will deviate from 1.0. Although this parameter indicates cluster
deformation, in some rare cases also (while the nano cluster has

www.SID.ir



Arch
ive

 of
 SID

1296 M.H. Korayem et al. / Scientia Iranica, Transactions B: Mechanical Engineering 19 (2012) 1288–1298

Figure 17: Data and the fitted SP curve with the change of εp .

Table 2: Results of various simulations with the change of εp and εt .

(A) Values of SP with the change of
εp (Ag tip: εt = 2.5415E − 03)

(B) Values of SP with the change
of εt (Cu nano cluster: εp =

1.2382E − 02)

εp SP εt SP

0.000707 2.0981 0.0000684 1.1000
0.002707 1.9872 0.0002333 1.2104
0.005707 1.6512 0.000563 1.1710
0.007707 1.4046 0.0012225 1.2389
0.010707 1.3083 0.0022118 1.2937
0.012707 1.1969 0.0028712 1.3640
0.015707 1.1670 0.0033659 1.3681
0.017707 1.1448 0.0038605 1.3790
0.020707 1.0195
0.023707 1.0245
0.026707 1.0232

deformed and its shape is no longer spherical), this parameter
might be equal to 1.0. In any case, as far as the change of
the nano cluster box is concerned, with regards to Figure 16,
the change of nano cluster shape can be generally defined as
Relation (20).

For a general case, Ra is the distance between the farthest
atoms. The x′ axis is defined along these atoms. With a
coordinate transformation from the xy axes to x′y′, Rb is defined
as the distance between the highest and lowest points in the y′

direction. Using these definitions, all atoms are swept with a
rectangle of area RaRb.

Since cluster deformation is one of the crucial parameters
in the success of a nano manipulation process, to analyze
and evaluate this phenomenon, a new parameter called SP
has been introduced. This parameter can be very useful in
the displacement of biological clusters, particularly in the
manipulation and making of special biological objects.

Table 2 summarizes the results of different simulations with
various amounts of εp and εt . The base materials of the tip and
nano cluster are copper (Cu) and silver (Ag), respectively. The
substrate is made of Au. By fitting an exponential curve in the
form of y = aebx+cedx to the case A data of Table 2, the values of
1.697, 88.73, 0.545, and 17.29 are obtained for the coefficients,
a, b, c , and d, respectively. The R square value of this curve is
equal to 0.986. The data and the fitted curve have been shown
in Figure 17.

As in the previous case, by fitting an exponential curve in the
form of y = axb + c to the case B data of Table 2, the values of

Figure 18: Data and the fitted SP curve with the change of εt .

6.41, 0.5563, and 1.095 are obtained for the coefficients, a, b,
and c, respectively. The R square value of this curve is equal
to 0.9318. The data and the fitted curve have been shown in
Figure 18.

Figure 17 shows that, with an increase in the εp coefficient,
the value of the SP parameter, and consequently, the deforma-
tion of the cluster, decreases. The increase of the SP increases
the cohesion of the nano cluster’s atoms and, therefore, εp is
proportionate to the hardness of the cluster, and the obtained
result is very reasonable. Also, it can be observed in Figure 18
that in general, with an increase in εt , the SP parameter and,
consequently, the cluster deformation, increases, although the
local data changes do n,ot necessarily have an ascending trend.
At any rate, the increase of the SP is not favorable to the nano
manipulation process. It seems that tip flexibility (softness of
the tip) can be beneficial for not deforming the nano cluster, as
long as it does not hinder the other objectives of the manipu-
lation. This conclusion also seems reasonable, because part of
the energy which is supposed to deform the nano cluster will
be absorbed through the deformation of the tip, and the nano
cluster will remain more rigid.

5.5. The tip cluster ε − SP diagram

Some simulations for the manipulation of several different
clusters have been performed by using various manipulator
tips. The following diagram (Figure 19) covers all the metals
of the Sutton–Chen table. By using this diagram, one can easily
select the appropriate manipulator tip for the considered nano
cluster, so that the smallest SP number, and thus, the least
amount of physical change could be resulted. As an example, if
the considered nano cluster is made of gold, it is suggested that
a platinum tip be selected. The use of a silver tip is the worst
choice, and will result in relatively large deformations of the
nano cluster. These facts can be also concluded from the data
of Table 3, which lists the value of SP number versus the change
of εp and εt (i.e. the change of cluster and tip materials). In the
foregoing example for the gold nano cluster, use of the platinum
tip would lead to the least SP number (i.e. 1.111) and use of the
silver tip would lead to the highest SP number (i.e. 1.225).

6. Conclusion

In the present paper, the manipulation of nano clusters
with a flexible AFM tip was modeled using the CGMD model,
and the effects of different parameters on the success of the
nano manipulation procedure were studied. To validate the
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Table 3: The values of SP number with the changes of εp and εt .

Cluster material (εp) Tip material (εt )
Ag (2.5415E−3) Rh (4.9371E−3) Au (1.2793E−2) Pt (1.9833E−2) Al (3.3147E−2)

Ir (2.4489E−3) 1.934 1.861 2.035 1.903 1.869
Ag (2.5415E−3) 1.925 1.846 2.006 1.86 1.842
Pd (4.1790E−3) 1.758 1.647 1.655 1.446 1.54
Rh (4.9371E−3) 1.689 1.574 1.548 1.361 1.464
Pb (5.5765E−3) 1.634 1.519 1.471 1.309 1.414
Cu (1.2382E−2) 1.241 1.194 1.148 1.116 1.18
Au (1.2793E−2) 1.225 1.184 1.141 1.111 1.173
Ni (1.5707E−2) 1.137 1.129 1.106 1.088 1.135
Pt (1.9833E−2) 1.06 1.083 1.076 1.069 1.098
Al (3.3147E−2) 1.024 1.018 1.009 1.042 1.037

Figure 19: Change of SP parameter versus the changes of εt and εp .

proposed model, it has been compared with the results of
previous work. Although for all the conditions presented in
this paper, a successful manipulation has been performed,
as occurs in real cases, the adjustment of a successful nano
manipulation process is very difficult. To show the failures of
themanipulation process, some examples of these failureswere
presented, and it was shown that nano cluster crushing was
one of the most crucial failures, which must be taken deeply
into consideration in real manipulation systems. Investigations
were, therefore, conducted on the effect of different parameters
on the deformation of the nano cluster to study the success
of the manipulation procedure. It was observed from the
obtained results that by increasing εp and εt (the parameters
of Sutton–Chen potential for nano cluster and tip) coefficients,
the cluster deformation decreases and increases, respectively.
The obtained result is reasonable, since the increase of εp
increases the cohesion of the nano cluster’s atoms and, thus,
εp is proportional to the hardness of the cluster. It seems that
tip flexibility (softness of tip) can be beneficial, in order to
avoid deformation of the nano cluster, as long as it does not
hurt the other objectives of the manipulation. This conclusion
also seems reasonable, because part of the deformation energy
of the nano cluster will be absorbed through tip deformation,
and the nano cluster will remain more rigid. Moreover, for
the benefit of designers andmanufacturers of nanomanipulator
systems, a diagram was developed, in which, the simultaneous
effects of εp and εt parameters on the success of manipulation
of nano cluster have been shown. If the nano cluster material
is known, by using the diagrams of Figure 19, the optimal
selection of the tip, which causes the least deformation in the
nano cluster and leads to the best positioning result, can be
obtained.
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