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Abstract. In recent years, the positioning of cylindrical nanoparticles, like CNTs and
nanowires, by means of Atomic Force Microscope (AFM) nanorobots has been investigated
widely. Despite this growing scienti�c interest, no one has studied 3D model simulations
of di�erent modes (sliding, rolling and rotation). Previous work has only focused on two-
dimensional simulations, which often cannot be extended to the manipulation of cylindrical
particles. The aim of this study is to present a 3D model for the positioning of cylindrical
nanoparticles. In order to validate the results, 2D and 3D simulations have been compared.
Moreover, the �ndings show that both simulations act similarly with a gradual decrease
in the e�ects of 3D parameters. We have developed a 3D kinematic model, which makes
it possible to predict the positioning process from the moment the tip of the cantilever
touches the particle to when the particle reaches the desired point. These simulations also
determine the displacements of the particle and cantilever during the time when the particle
is stuck into the substrate. In response to real-time monitoring limitations, the introduced
kinematic simulation is able to predict the motion behavior of a cylindrical nanoparticle
during the manipulation process.
© 2014 Sharif University of Technology. All rights reserved.

1. Introduction

The manipulation of nanoparticles by AFM has been
studied ever since the AFM instrument was invented.
The AFM's cantilever tip can be used for particle
moving, writing, cutting or surface touching in nano
scale. In recent years, the positioning of nanoparti-
cles and the manufacturing of nano-scale structures
has been studied in much research work. The term
`manipulation' has come to refer to the pushing process
of nanoparticles by AFM robots. In the manipulation
process, the cantilever tip touches the particle, and be-
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cause of the motion of the cantilever and substrate, the
particle is pushed toward a desired position (Figure 1).

The attractiveness of real-time monitoring, on
the one hand, and the necessity of improving the
automation process, on the other, are the motives
behind many research papers that have been published
on the modeling and simulation of nanoparticle posi-
tioning [1-3]. The existing models have been developed
for 2D manipulation processes, like the positioning
of spherical nanoparticles [4]. The increasing use of
the cylindrical nanoparticle manipulation process in
the manufacturing of nanostructures has prompted the
present work [5,6]. We have tried to present a model
for predicting cylindrical particle motion behavior.

Computational simulations for prediction of the
motion behavior of nanoparticles have received much
attention over the past decade [7]. In the computa-
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Figure 1. Manipulation (pushing) of a cylindrical
nanoparticle by AFM nanorobot.

tional method, particle position can be found using
a force-time diagram [8]. Due to the complex modes
of motion displayed by cylindrical nanoparticles, the
modeling and simulation of cylindrical nanoparticle
positioning has been pursued less often than other
aspects of this �eld.

The process of nanoparticle manipulation has
been gaining increased interest due to the improved use
of AFM in particle positioning [9]. Junno was one of the
�rst to demonstrate a method for controlled particle
positioning [10]. In [11,12], the authors studied the
mechanical characteristics of cylindrical nanoparticles
using the AFM based manipulation process. The �rst
investigations into the moving of CNT particles by
the Atomic Force Microscope found that there are
di�erent motion modes, like sliding and rolling, in the
process [8]. Several studies (e.g. [6,13,14]) have concen-
trated on the subject of nanowire positioning. Research
has tended to focus on experimental methods rather
than practical approaches [15]. The problem with
experimental methods is that they are not repeatable,
the process is not automatic, and a precise manufac-
turing capability does not exist. Therefore, this paper
has presented the modeling of the nanomanipulation
process for a controlled and precise operation, which is
repeatable.

What is known about controlled particle manip-
ulation processes using AFM nanorobots is largely
based on the works of Sitti and Hashimoto. In their
cutting edge article, they proposed a dynamic model for
the manipulation of spherical nanoparticles [7]. They
modi�ed this model in subsequent work to include
the motion mode, and obtained the time and force
relations in a 2D spherical nanoparticle positioning
process [16,17]. Korayem et al. has suggested a
dynamic model for this process, based on coupled
equations, which seems to be a reliable approach. Also,
because of the real-time monitoring obstacle, he has
proposed an algorithm to �nd the maximum size of
particles that can be manipulated [4,18]. The e�ect
of tip position in rectangular and V-shaped cantilevers
has been investigated, and sensitivity analyses of ef-

fective parameters have been presented by Korayem
et al. [19,20]. In the manipulation of spherical nano
particles, the process is conducted in one direction (X)
and the other direction (Z) mainly remains constant
during the process. However, in cylindrical nano
particle manipulation (especially in rotation mode), the
process is conducted in 2 directions (X and Y ), and the
third direction (Z) is mainly considered as constant.
The major shortcoming of these models is that they
are restricted to 2D simulations (X and Z directions)
that only cover the manipulation of spherical particles.

Zhang reported a new method for the manipu-
lation of nanowires using a particular cantilever [21].
A nanowire manipulation process that considers the
ratio e�ect was presented [22]. In the most recent
work, a dynamic model has been proposed to clarify
the dynamic forces in manipulation of a cylindrical
nano particle [23]. In published research work, so far,
no 3D model capable of simulating the kinematics of
sliding, rolling and rotation modes has been presented.
The rotation mode, which has been widely observed in
experimental research, is neglected in 2D models [24].
So, at this point, a complete modeling, which is able to
demonstrate all the possible modes, is greatly needed.
In this work, a comprehensive model to describe the
kinematics of cylindrical nano particle manipulation in
di�erent modes is presented.

This paper investigates the kinematics of the
3D modeling of cylindrical nanoparticle manipulation,
including all possible motion modes (sliding, rotating
and rolling). The modeling process has been divided
into �ve steps. In each step, the kinematic model is
improved based on the e�ective parameters. In the
�rst step, the cantilever and particle are considered a
rigid body, and basic modeling has been introduced. In
the second step, for more accurate modeling, the elastic
behavior of particles has been introduced. Then, the
elastic behavior of the cantilever in XZ and XY plane
has been added to the model in the third and fourth
steps, respectively. In the �nal step, the cylindrical
particle position in the XY plane is added, and the
�nal model, which contains all possible deformations,
has been presented. This model includes variable
and constant parameters which are simulated using
an algorithm. Applying the proposed algorithm, all
possible kinematic modes are investigated and dynamic
modes, such as rolling, sliding and rotating, are demon-
strated.

This paper is organized as follows. In the
�rst section, a kinematic model is presented, which
shows the motion and acceleration variations during
the manipulation process. This model is also able
to demonstrate the elastic behavior of the cantilever
and nanoparticle. In the second section, the relevant
contact model is developed. In the third section,
an algorithm-based simulation is introduced. These
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simulations also show the particle positioning process
in di�erent modes. A veri�cation method based on the
elimination of 3D parameters is outlined in the fourth
section.

2. Kinematic modeling of the manipulation of
cylindrical nano particles

Many experts now contend that the main obstacle in
the manipulation of a nanoparticle using the AFM
nanorobot is particle shape. Therefore, it might be
more appropriate to formulate the kinematics and dy-
namics of the process in 3D form [7,16,17,22]. In order
to properly study the cylindrical particle manipulation,
the kinematic model should be improved. The growing
use of cylindrical nanoparticles in MEMS and NEMS
has motivated us to �nd a kinematic model that is able
to demonstrate the particle positioning process.

With the change in particle shape, a di�erent
contact model should be applied. In an attempt
to simulate cylindrical contact, an improved contact
model has been developed. Therefore, the presented
kinematic model comprises the particle positioning and
the improved contact model. The modeling process
is based on a progressive method that incorporates
e�ective parameters at each step. Finally, a 3D model
encompassing all the possible conditions is introduced.

The following assumptions have been considered
in the modeling process:

1. Modeling variables (
, �) are employed up to the
point where the particle stops in the substrate.
Moreover, during the positioning process, the pa-
rameters are applied as constants.

2. The cantilever deformation is assumed to be for-
mulated in several steps. In other words, all
e�ective parameters are not applied at once, but
a progressive formulation method is used for this
purpose.

The proposed modeling scheme integrates all ef-
fective parameters into the model in �ve steps. In the
�rst step, a model is introduced with no deformation
in the cantilever and particle, which is accepted as a
solid state model with no deformation. Then, with
the application of contact mechanics, the particle and
deformation are incorporated into the model. In the
next step, cantilever deformation e�ects, which are
modeled by 2 variables (
, �), are added to the model.
Finally, the rotation angle related to the rotation mode
is integrated into the model, and the modeling process
is completed.

Step one: The model is supposed to be in solid
state. So, it does not exhibit any elastic deformation.
Therefore, using a �xed coordinate system, as shown

Figure 2. Step one: Particle-probe relation in solid state.

Figure 3. Step two: Particle-probe relation in elastic
state.

in Figure 2, the kinematic equation is introduced. In
the presented models for the contact of probe tip and
particle, an angle which is assumed to be constant is
introduced as (�). The axis is demonstrated with X, Y ,
and Z. The position of the reference point is de�ned
by the Xp, Yp and Zp components (Figure 2), Rp is
the particle's radius. It is obvious that both of the
demonstrated origins coincide. So, there is no distance
between these origins, and parameters (Xs, Zs) are
assumed to be zero.

Step two: Elastic deformation occurs in the tip and
particle and also in the surfaces of the substrate and
particle. In the improved elastic model, some changes
have been made to particle positions, which are shown
in Figure 3. These changes are used in the model for
one step improvement. In the related equations, elastic
deformation in the probe tip and particle is indicated
by �t, and contact between the particle and substrate is
indicated by �s. The rest of the parameters are similar
to the previous step. Eventually, the �rst and second
steps are used in Eq. (1):

Xp = Xs +Rp sin�� �t sin�;

Zp = Zs +Rp +Rp cos�� �t cos�� �s;
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Figure 4. Step three: Considering the cantilever's twist
angle (�) in the modeling process.

Yp = Ys: (1)

Step three: Cantilever deformation, which plays a
major role in the manipulation process, has not been
mentioned. The forces exerted during manipulation
move the cantilever up and twist it. A bending also
occurs in the cantilever. The target point changes
and the cantilever deformation is integrated into the
formulation. Cantilever deformation has been illus-
trated in Figure 4, where � denotes the twist angle
(an angle in the XZ plane and caused by the force
in the X direction (Figure 4)). The position of the
probe's height is de�ned by H in Figure 4. The model
is improved by means of the twist angle. The following
equation is proposed to express the position of the
target point:

Xp = Xs + (Rp � �t) sin��H sin �;

Zp = Zs + (Rp � �t) cos�+ (Rp � �s) +H cos �;

Yp = Ys: (2)

Step four: Cantilever deformation has been shown
in Figure 5, where 
 indicates the bending of the
cantilever, 
 (an angle in the ZY plane and caused
by the force in the Y direction (Figure 5)); O is the
contact point between the probe tip and particle; and
H is the probe height. The kinematic model has
been improved using the target point in Figure 5.
Based on geometrical relations, the length of line AB
is equal to 2H sin(
2 ). Therefore, AE's length equals
2H sin(
2 ) cos(
2 ) and EB's length equals 2H sin2(
2 ).
By integrating AE and EB into the equations, a more
accurate model is achieved.
Xp = Xs + (Rp � �t) sin��H sin �;

Figure 5. Step four: Considering the cantilever's bending
angle (
) in the modeling process.

Figure 6. Step �ve: Considering the rotation of
nanoparticle (�) in the modeling process.

Zp =Zs + (Rp � �t) cos�+ (Rp � �s) +H cos �

� 2H sin2
�


2

�
;

Yp = Ys + 2H sin
�


2

�
cos
�


2

�
: (3)

Step �ve: The cylindrical nanoparticle's rotation
is incorporated into the kinematic equation. The
rotation angle has been illustrated in Figure 6 where �
denotes the spin angle (an angle in the XY plane that
demonstrates the rotating mode in manipulation of the
cylindrical nano particle (Figure 6)). L is the particle
length. A, B and D are used to describe the modeling
process, and O is the origin of the axis. �X and �Y
are displacements in X and Y directions, as a result
of rotation. Based on geometrical relations, the length
of line AB is equal to 2L sin(�2 ), with L standing for
the length of the nanoparticle. Obviously, the lengths
of lines AC and BC are equal to 2L sin(�2 ) cos(�2 )
and 2L sin2(�2 ), respectively. By obtaining the new
relations, the modeling process is completed. The
3D kinematic equation, which is capable of expressing
nanoparticle positioning in 3 dimensions, is ultimately
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represented by Eq. (4):

Xp =Xs + (Rp � �t) sin��H sin �

+ 2L sin
�
�
2

�
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�
�
2

�
;
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�


2

�
cos
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2

�
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�
�
2

�
: (4)

In the �nal step of the process, the particle acceleration
during the nanomanipulation process is determined by
taking the second derivative of the kinematic equation.
Taking into account the variable parameters of �, �, 
,
�t and �s, the �nal equation is expressed as:
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Thus, the equations that include the positions and
accelerations in the manipulating process have been
obtained. In the next phase, the deformation relations
shall be determined.

3. Modeling the elastic deformations in
contact areas

Based on Eqs. (4) and (5), manipulation kinematics has
a relationship with the particle's elastic deformation.

The JKR contact model has been employed in the
modeling process [7,16-17]. This model is the improved
version of the Hertz model, with applications in the
nano scale [25]. Elastic deformation has been applied in
the Hertz model, and, in the JKR model, the adhesive
e�ect has been integrated into the modeling [26-28]. To
consider the sticking e�ect in the nano scale, the JKR
model is used in the modeling process.

The contact model for cylindrical particles is
divided into two parts. The �rst part of the model
shows contact between the probe and particle and the
second part depicts contact between the particle and
substrate. A sphere-sphere contact is assumed between
the particle and probe. The contact area between
the tip and particle is not longitudinal; consequently,
the cylinder's length has no role in the modeling
process. The contact between the nanocylinder and
the substrate is assumed as being between two cylin-
ders.

In the �rst step, the JKR model for tip-particle
contact is developed. Using the JKR contact model,
the same deformation equation as proposed by Tafaz-
zoli [16,17] is obtained:

a3 =
3R
4K

�
F + 3!�R+

p
6!�RF + (3!�R)2

�
; (6)

� =
a2

R0 �
2
3

r
3�!a
K

: (7)

In this equation, F stands for the normal force applied
on the contact surface, and ! denotes the surface en-
ergy. If the surface energy is excluded from the model,
it will act as the Hertz model. In the presented equa-
tions, K denotes the equivalent modulus of elasticity
and R is the particle and probe tip equivalent radiuses,
which are determined by the following equations:

K =
�

1� �1

E1
+

1� �2

E2

�
; (8)

R =
R1R2

R1 +R2
: (9)

The particle deformation due to tip-particle contact has
been formulated by Eqs. (6) to (9). In the introduced
relations, the probe tip is modeled by a sphere with the
radius of 20 nm. Therefore, using these equations, it
would be possible to model the deformations that are
caused by particle-probe contact.

For the modeling of the particle-substrate contact
zone, the JKR model for cylindrical nanoparticles has
been introduced in Eq. (10). In the presented model,
the adhesion forces are based on the JKR model. By
excluding the surface energy from the equation, the
Hertz model is obtained. As expected, for cylindrical
contact, L denotes the length of the nanoparticle.
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a3 =
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The adhesion terms have been modeled by the JKR for-
mulation, and using the presented equations (Eqs. (10)
and (11)), the deformation (�s), due to applied forces,
has been obtained.

4. Kinematic simulation of cylindrical
nanoparticle manipulation

An algorithm has been presented for the kinematic
simulation process (Figure 7). The kinematic model

has been modi�ed based on two assumptions:

1. The substrate speed is constant;
2. The contact angle between the particle and tip is

constant during the process.

The model used in the algorithm is obtained by taking
these assumptions into consideration.

The constant parameters of the simulation process
have been listed in Table 1. The modi�ed simula-
tion model (as shown in the algorithm) is used by
incorporating the three variables of F , � and 
. The
deformations are now simulated by applying the JKR
model (as shown in Figure 7).

The twist angle (�), bending angle (
) and normal
forces (F ) have been used in the simulation process.
At this stage, the particle is stuck into the substrate
and it moves with the same constant speed of the
substrate. Therefore, 3D deformations occur in the
cantilever. The mentioned parameters are assumed
to vary within the following intervals: twist angle,

Figure 7. Kinematic simulation algorithm for cylindrical nanoparticle manipulation.
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Table 1. Constants for kinematic simulation.

Contact
angle
�

Equal
modulus of
elasticity K

Surface
adhesion
energy �

Substrate
speed
VStage

Cantilever
height
H

Tip
radius
Rt

Cylindrical
particle

radius RP

Nanoparticle
length L

45� 5:48� 109 0.1 10 �m 12 �m 20 nm 100 nm 1000 nm

Figure 8. 3D kinematics of the manipulation process before particle's departure (left) and after particle's departure in
spinning mode (right).

0 � � � 10, bending angle, 0 � 
 � 2, and
normal forces, 0 � F � :1 �m. Using the formula
and applying the constant and variable parameters
furnishes the 3D kinematics of the manipulation from
the point the tip touches the particle to the point
the particle dislodges and departs from the substrate
(Figure 8).

At the next stage, the particle dislodges and de-
parts from the surface, instigating the dynamic mode.
Regarding the motion modes, two possible outcomes
are expected. In cases of sliding and rolling modes,
rotation parameter � is eliminated from the equations,
and variables 
, � and F take on their last values. Thus,
one-dimensional linear motion is expected, and the only
position change (duo to substrate velocity) is in the x
direction.

In the case of spinning mode, rotation parameter
� is a variable. So, 3D kinematics is expected, as shown
in Figure 8. Based on the simulation, the particle has a
constant motion on the Z-plane. Eventually, using this
algorithm, it is possible to demonstrate 3D kinematics
during the manipulation process.

The presented simulations demonstrate the 3D
kinematics of the manipulation process. At this
point, displacements during the process are investi-
gated. Based on the presented formulation and relevant
simulations, particle positioning is possible to perform.
At this stage, the simulations are divided into three
cases:

1. Cantilever deformation and the corresponding par-
ticle position;

2. Sliding and rolling modes in the manipulation;
3. Spinning mode during the positioning process.

Figure 9. Simulation of target point before departure in
X and Y directions.

In the �rst case, parameters 
 and � are variables
(relevant simulations are shown in Figures 9 to 14). In
the case of probe deviation, an directions increase in the
target point position in the Y direction and a decrease
in the target point position in the X direction have
been observed (e�ect of changing the bending angle (
),
Figure 9). Besides, the target point changes position in
the Z direction, as shown in Figure 10. The twisting of
the cantilever (�) during the manipulation process re-
sults in the decrease of target point position in both X
and Z directions (Figures 11 and 12), while it leads to
an increase in target point position in the Y direction.

In the case of rolling and sliding modes, one-
dimensional displacement occurs in the X direction.
The sliding and rolling simulation is presented in
Figures 13 and 14. Obviously, no displacement occurs
in the Y and Z directions; that is why dots are used
in the simulations for no displacement. The only
displacement is in the X direction, and it is due to
substrate movement.
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Figure 10. Simulation of target point before departure in Y and Z directions.

Figure 11. Simulation of target point before departure in
X and Z directions.

Figure 12. Illustration of target point before departure
in X and Z directions.

In the third case, particle spinning is investigated.
First, the cantilever has deformed due to applied forces.
Then, the cylindrical particle starts to spin relative
to substrate speed, and its spin is formulated using
the rotation angle, �. According to the presented
model, particle displacement in the X and Y directions

increases, as shown in Figures 15 and 16. The
negative value is due to the target point's incremental
displacement.

5. Veri�cation of the 3D kinematics used for
the manipulation of cylindrical
nanoparticles

To verify the set up we have used, we refer to [16,17].
In the veri�cation process, a 2D model, which has
been applied for spherical particle manipulation, is
compared with the proposed 3D model intended for the
manipulation of cylindrical nanoparticles. First, the
2D model is introduced. In the 2D model, the distance
between �xed coordinates and moving coordinates is
indicated by Xs, Ys and Zs. Also, as a result of
having the same origin in the X and Z directions, the
initial values of Xs and Zs are zero. In the simulation
algorithm (Figure 17), Rp is the particle radius, � is
the contact angle, � is the tip's twist angle and H
is the cantilever height. Deformations due to contact
forces are denoted by �s and �t for particle-substrate
and particle-tip contacts, respectively.

The presented parameters are divided into two
types. The �rst type, consisting of Xs, Ys, Zs,
Rp, H, �, remains constant during the manipulation
process; and the second type, which is time dependent,
includes the cantilever's twist angle (�), and also �s and
�t (as the particle's elastic deformation parameters).
The model we have used is detailed in Tafazzoli's
work [16,17].

The algorithm is divided into two parts. On
the left side of the algorithm, �rst, the constants are
introduced into the simulation process. Also, since the
origins of the �xed and moving coordinates are the
same, the values of Xs and Zs are set to zero. The twist
angle (�) is obtained from the diagram of Figure 18,
based on Tafazzoli's model. Also, �s and �t (particle's
elastic deformation parameters) are determined using
the diagram in Figure 18 [16,17]. The normal force
is obtained using the twist angle in the simulation.
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Table 2. Constant parameters of the simulation.

Cantilever parameter Process parameters Particle geometry

Probe height, H Contact angle, � Spin angle, � Cylinder length, L Cylinder radius, RP
H = 12 �m � = 45� � = 0 L = 1 �m RP = 50 nm

Figure 13. Simulation of sliding and rolling displacements during the manipulation.

Figure 14. Simulation of particle displacement after
departure in the rolling and sliding modes.

Finally, our simulation method practically becomes
the same as the one proposed by Tafazzoli. Applying
this method and using the mentioned parameters, the
manipulation kinematics of a spherical nanoparticle is
ultimately demonstrated (Figure 19).

The manipulation of a cylindrical nanoparticle
is similarly determined. Using Tables 1 and 2, the
constant parameters are obtained. The twist angle
(�) and normal force are also determined using the

Figure 15. Simulation of particle displacement after
departure in the spinning mode.

presented model. Using the cylindrical elastic de-
formation equations (Eqs. (6) to (11)), the particle's
elastic deformations (�t,�s) are obtained, and, by
using the constant and variable parameter values, the
kinematic model is achieved. As Figure 20 clearly
shows, deviation between the two diagrams is very
small.

The displacement in the Y direction, which only
occurs in 3D kinematics, is eliminated by reducing the
e�ect of 3D parameters, as shown in Figure 20. The
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Figure 16. Simulation of spinning displacements during the manipulation.

Figure 17. Veri�cation of the algorithm for the manipulation of cylindrical nanoparticles.
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Figure 18. Particle's elastic deformations �t and �s (left) and the twist angle variation based on Tafazzoli's method [10]
(right).

Figure 19. Deviation between the existing 2D simulation and the presented 3D simulation in the X and Z directions.

Figure 20. Elimination of displacement in the Y
direction as a result of reducing the 3D parameters.

deviation in the X and Y directions is due to using
di�erent deformation models in the simulations. In
conclusion, using analytical methods and simulations,
and through comparison with the existing 2D simula-
tions, the 3D model is validated.

6. Conclusion

Our research underlined the importance of 3D kine-
matics in nanoparticle manipulation processes. The
represented models make it possible to predict the kine-
matics of nano scale manipulation processes through
computational simulations. In this model, it is also
possible to predict particle displacements during the
manipulation process. Moreover, the 3D capability of
the model makes it possible to consider all the probable
displacement and motion modes. The introduced
model and the related algorithm could be used as
a tool to determine particle positioning during the
manipulation process. These simulations provide a
clear image of the manipulation process.

The presented model makes it possible to de-
termine the displacement, velocity and acceleration
of cylindrical particles during positioning by AFM
nanorobots. Also, the modeling can help improve the
precision of particle positioning. Moreover, this kine-
matic model provides the �rst step in the development
of a fully-
edged dynamic model.



1918 M.H. Korayem and A.K. Hoshiar /Scientia Iranica, Transactions B: Mechanical Engineering 21 (2014) 1907{1919

During the time in which the particle is stuck
into the substrate, a deformation of 1:2 � 10�5 is
observed in the Z direction, which is basically due
to the force applied to the tip-particle contact area.
However, the curve of displacement variation in the
Z direction, as a result of applying a constant force,
does not have a sharp slope (1.5%). In this simulation,
the main objective is displacement in the X direction.
The X direction displacement starts from zero and
reaches a value of 4:14 � 10�5 in its �nal position.
Displacement in the Y direction is similar to that in
the X direction.

With numerous applications of cylindrical
nanoparticles in NEMS and MEMS structures, on
the one hand, and the lack of real-time monitoring
in the manipulation process, on the other, kinematic
modeling and simulation becomes highly important.
Besides, this type of modeling plays a great role
in the improvement of the manipulation process at
an industrial level, which needs higher automation
capability for a practical manufacturing approach.
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