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Abstract:
With the rise in the use of AFM (Atomic Force Microscope), we have witnessed a growing use of atomic 
microscope based nanorobots in the precise displacement of various particles. There are certain limitations to 
the application of nanorobots in the moving of nanoparticles. One of the most important of these limitations 
is the lack of an appropriate image feedback concurrent with the displacing process; thus, the design of a 
graphical interface is essential in this regard. In this paper, the displacement of a cylindrical nanoparticle in 
a straight path, and in the air medium, has been simulated by means of a virtual reality graphical interface. 
This simulation is actually aimed at eliminating the previously stated limitation through the use of a graphical 
interface. The procedure has been presented in seven stages and the relevant diagrams of each stage have 
been extracted. Then, the obtained diagrams have been interpreted and discussed. In the end, by using the 
experimental results and the existing simulations for spherical particles, the presented results have been 
validated. 
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1. INTRODUCTION

In this paper nanomanipulation refers to pushing 
cylindrical nano particle, with a higher-than-
nanometer accuracy, by the actuator (cantilever) 
of an AFM nanorobot (Figure 1) [1]. Since it 
is impossible to observe and touch nano-scale 
objects, the virtual reality graphical interfaces 
will enable the users of these interfaces to acquire 
a correct knowledge and understanding of nano 
environments. 
The moving and displacing of nanoparticles is 
aimed at producing materials, tools and systems 
with new functions and characteristics required 

by the existing necessities. To achieve the above 
goals, we need to establish a proper relationship 
between the macro domain and the molecular and 
atomic domains, and this necessitates the existence 
of graphical interfaces through which the scientists 
and researchers can gain a deeper understanding of 
the displacement process.
The moving and displacing of cylindrical 
nanoparticles in a laboratory setting is performed 
by pushing them with the help of an AFM nano 
robot’s actuator tip. The displacement operation 
can be performed in different mediums such as 
vacuum, air and liquid. In the present paper, a 
virtual reality environment has been developed for 
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the displacement of cylindrical particles in the air 
medium. With the lack of simultaneous observation 
of the manipulation process, the virtual reality 
environment makes it possible to explore the 
conditions of motion of cylindrical nanoparticles 
before performing the experimental procedure.

Figure 1: Schematic view of manipulation process 
of cylindrical nano particle

The early works on the displacement of nanoparticles 
were conducted on spherical particles. These 
activities then provided the groundwork for the 
investigation of cylindrical nanoparticles. Schaefer 
performed the displacement of spherical particles 
for the first time by using AFM [2]. Then, Falvo 
presented a report on the displacement of carbon 
nanotubes by means of AFM. 
In addition to reviewing the mechanical properties 
of carbon nanotubes, he observed that when these 
particles make proper contact with the actuator, their 
motion modes change from rotating and sliding to 
other motion modes such as the rolling mode [3]. 
In the described research works, the displacement 
operations have been performed manually and 
without the use of modeling and simulation. 
Sitti conducted the first research work on the 
dynamic modeling of spherical nanoparticles 
displacement. In his model, he presented the pushing 
of nanoparticles [4]. Subsequently, Korayem 
investigated the mechanical characteristics of 
AFM actuator for a more effective and secure 
displacement of nanoparticles [5]. As the 
displacement of cylindrical nanoparticles became 
widespread, Xi et al. presented a model for the 
displacement of nanotubes on electrode by means 

of an AFM nanorobot [6]. 
Following that, the prediction of the motion modes 
of cylindrical particles and their displacement was 
studied [7, 8]. Moradi investigated the manner 
of movement of cylindrical nanoparticles while 
considering the size effect in the 2D case [9]. 
Korayem and Hoshiar introduced a 3D model for 
manipulation of cylindrical nano particle. In the 
recent works, dynamic and motion modes were 
widely investigated [10, 11]. In all the mentioned 
researches, in spite of presenting various motion 
models for the displacement of spherical and 
cylindrical nanoparticles, the virtual reality medium 
which establishes an appropriate connection between 
the macro and nano worlds, has not been used.
By introducing a model and assuminga spherical 
probe tip, Sitti was able to simulate the forces and 
deformations three-dimensionally and to produce 
the image of the substrate at the same time [12]. 
Then, since it was impossible to observe the 
process of nanoparticles displacement, Korayem 
did some research to predict the sizes of particles 
that could be transferred by this method [13]. In 
fact, the main reason for the creation of a virtual 
reality environment is that a probe is not able to 
move the particles and perform imaging at the same 
time. A virtual reality environment was designed 
for spherical particles in which the nanoparticles 
could be moved and the displacement process can 
be observed simultaneously [14]. 
This virtual reality environment was later expanded 
to include the use of actuators with different 
geometries (rectangular, dagger-shaped, triangular 
and V-shaped) in the displacement operation 
[15, 16]. Subsequently, a graphical interface was 
presented which produces 3D images of the nano-
world. 
In this technique, a tactile tool with one degree 
of freedom and a common 2D mouse were 
used in the main manipulator. By utilizing this 
graphical interface, the feedback of forces could be 
obtained as well [17]. In the most recent work, the 
possibility of drift problem was investigated [18]. 
To reduce uncertainty during the pushing process, 
a stochastic predictive model was applied [19]. 
Moreover, a sequential parallel pushing method 
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was used for more effective pushing strategy and 
new toll was used to overcome sliding problems 
of tip [20, 21]. The simulations presented in the 
introduced works were for the spherical particles. 
In this paper, the virtual reality environment and the 
motion simulations associated with that have been 
adapted to the process of cylindrical nanoparticles 
displacement.

2- KINEMATIC  AND  DYNAMIC 
MODELING

Since the elastic deformations are negligible, they 
can be disregarded, and the kinematic free-body 
diagram of the actuator can be sketched according 
to Figure 2. To better display the deformations, they 
have been enlarged in the drawings. It should be 
mentioned that the figures and relations presented 
in this section have been obtained by expanding the 
existing relations for the displacement of spherical 
particles [5, 10, 11, 13, and 14].
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Figure 2: Investigating the kinematics of motion in 
the 3D state

To present the dynamic model governing the 
displacement of these particles, the free-body 
diagram of the actuator should be sketched. The 
external forces applied on the probe tip are XF , 

YF  and ZF , which produce the internal forces and 
moments of V, W, X

Mθ , Y
Mθ , xF , yF and zF . The 

required accelerations have been determined with 
regard to the dynamic model [11].
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Fig. 3- Forces applied on the actuator (front view) 
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Figure 3: Forces applied on the actuator 
(front view)
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Figure 4: Forces applied on the actuator 
(side view)
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Two different regions have been considered for modeling the probe tip-particle contact 

( t ) and also the particle-substrate contact ( s ).The contact between probe tip and 

particle, because of the size of the contact area and the no-effect of the 

nanoparticlelength, is very similar tothe contact between two spheres, which has been 

investigated in previous works. Therefore, the spherical mode of the JKR model has 

been used to simulate the probe tip-particle contact [9, 10].The contact between 

cylinder and flat surface is modeled by means of the JKR relations presented for 

cylindrical contact; and the contact radius, sa  is obtained from the following equations 

[9, 10, 22]: 

 23 )3(63
4
3 RwRPwRwP
K
Rat  

           
(7) 

2

2

6

8
3

lka

P
R

lka

w
s

s

















          (8) 

In the presented relations, K is the equivalent modulus of elasticity, R is the equivalent 

radius, L is the length of contact surface, W is the surface energy and P is the force 

normal to the surface. Force is the only variable parameter, andthe changes of contact 

radius for a specific surface are obtained in proportion to it. It should be noted that it is 

not possible to solve relation (8) analytically. Hence, by arrangement based on sa , for 

different forces (P), a numerical solution is presented by using MATLAB software, and 

the sa values are determinedaccordingly. Also, by knowing the contact radiuses )( ta and

sa , the indentation values, t  and s  are determined withusing the following relations:  

K
wa

R
a tt

t
 6

3
22

                                                                                                          (9) 

K
wa

R
a ss

s
 6

3
22

                                                                                                       (10) 

3- Simulating the displacement process of cylindrical nanoparticles  

First, the physical parameters and the characteristics of materials, probe and substrate 

are specified and input into the simulation process as constants. In the presented 

Two different regions have been considered for modeling the probe tip-particle contact 

( t ) and also the particle-substrate contact ( s ).The contact between probe tip and 

particle, because of the size of the contact area and the no-effect of the 

nanoparticlelength, is very similar tothe contact between two spheres, which has been 

investigated in previous works. Therefore, the spherical mode of the JKR model has 

been used to simulate the probe tip-particle contact [9, 10].The contact between 

cylinder and flat surface is modeled by means of the JKR relations presented for 

cylindrical contact; and the contact radius, sa  is obtained from the following equations 

[9, 10, 22]: 

 23 )3(63
4
3 RwRPwRwP
K
Rat  

           
(7) 

2

2

6

8
3

lka

P
R

lka

w
s

s

















          (8) 

In the presented relations, K is the equivalent modulus of elasticity, R is the equivalent 

radius, L is the length of contact surface, W is the surface energy and P is the force 

normal to the surface. Force is the only variable parameter, andthe changes of contact 

radius for a specific surface are obtained in proportion to it. It should be noted that it is 

not possible to solve relation (8) analytically. Hence, by arrangement based on sa , for 

different forces (P), a numerical solution is presented by using MATLAB software, and 

the sa values are determinedaccordingly. Also, by knowing the contact radiuses )( ta and

sa , the indentation values, t  and s  are determined withusing the following relations:  

K
wa

R
a tt

t
 6

3
22

                                                                                                          (9) 

K
wa

R
a ss

s
 6

3
22

                                                                                                       (10) 

3- Simulating the displacement process of cylindrical nanoparticles  

First, the physical parameters and the characteristics of materials, probe and substrate 

are specified and input into the simulation process as constants. In the presented 

3- SIMULATING  THE  DISPLACEMENT 
    PROCESS OF CYLINDRICAL 
    NANOPARTICLES 

First, the physical parameters and the characteristics 
of materials, probe and substrate are specified and 
input into the simulation process as constants. In the 
presented simulations, the contact angle between 
probe tip and particle has been considered as 60º.      

Table 1: Surface features in the displacement of 
nanoparticles

Surface 
energy(ω )

Surface adhesion 
(τ )

Surface 

friction (µ )
 28M.pa .8

Table 2: Specifications of the AFM actuator
Module of 
elasticity (E)

Radius of probe’s 
tip (ν )

probe’s density 
(r)

169(Gpa) 20 n.m

Nanotube radius: In order to obtain clearer images 
during the displacement of nanoparticles, radius 
of 50 nm has been considered for the nanotubes. 
However, for the validation and comparison 
of data, radius of 30 nm has been used in all the 
relations and diagrams. Nanotube length: In order 
to obtain clearer images during the displacement of 
nanoparticles, length of 200 nm has been considered 
for the nanotubes. However, for the validation and 
comparison of data, length of 1.8μm has been used 
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in all the relations and diagrams. 
The designed virtual reality environment is 
introduced step by step. The steps for the transfer 
of nanoparticles have been presented in 7 phases. 
The most important step in the moving operation 
of nanoparticles is the step of establishing contact 
between probe tip and particle until reaching the 
threshold of movement, which is covered in phase 
5. It should be noted that the time duration shown 
for each phase is exclusively allocated to that 
phase; and to get the total time for the nanoparticles 
displacement operation, these separate times should 
be summed up. 
Phase 1- In the first phase of the program, the user 
is asked to choose the number of particles between 
1 and 15. Then using the facilities provided, the user 
himself enters these particles into the program’s 
environment.

Figure 5: The first phase ofthe program and 
introducing the particles into the environment

Figure 6: Implementing the second phase of the 
program and determining the desired coordinates

Phase 2-In this phase, first, the user selects the 
target particle. Then, he can determine the particle’s 
secondary location by using the provided facilities.
Phase 3- After determining these coordinates, it is 
time to move the probe. It should be pointed out that 
the probe is situated in the middle of the substrate, 
and at a safe height ( safeh ), in order to prevent it 
from hitting the nanotubes. In this phase, the probe 
starts to move and comes to rest at a location close 
to the nanotube. This distance has been chosen so 
that the probe can make contact with the nanotube 
from every direction.

Figure 7: Implementing the third phase of the 
program and moving the probe tip

Figure 8: Implementing the fourth phase of the 
program and adjusting the probe height

Phase 4- In this phase, the height of the probe tip 
is adjusted for establishing the contact. To have 
a defined height, it is necessary to determine a 
reference; so, the substrate is considered as the 
reference. Now, the probe is moved downward until 
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its tip contacts the substrate. This point indicates 
the zero location. Following the contact, the probe 
moves up to a specific height.
Phase 5- After determining an appropriate height 
for the probe, it is time to make the contact, which 
is the most important and sensitive stage of the 
operation. Since it is possible for the probe tip and 
also the nanotube to get damaged when contact is 
made, the speed of probe movement is reduced to 10 
nm/s. Therefore in this phase of the program, first, 
the probe moves to make contact with the particle. 
Then, this contact continues until the nanotube is 
on the verge of movement, but the particle doesn’t 
yet move. 

Figure 9: Implementing the fifth phase of the 
program, establishing contact, and reaching the 

movement threshold

Figure 10: Implementing the sixth phase of the 
program and transferring the nanoparticle to the 

desired coordinates

Phase 6- All the events in this phase of nanoparticles 
displacement occur after reaching the movement 

threshold. The particle on the verge of movement 
starts to move with the slightest application of force. 
Thus, the probe begins to move with a constant 
velocity and transfers the particle to the considered 
location. 
Phase 7: The last stage of nanoparticle displacement 
is the return of the probe to its initial location, i.e., 
the center of substrate.

Figure 11: Implementing the seventh phase of 
the program and returning the probe to its initial 

location

4- ANALYZING THE RESULTS AND 
DIAGRAMS

In this section, the presented diagrams are analyzed. 
It should be mentioned that in the first and second 
phases, only the virtual reality environment is 
created, and there are no diagrams to be analyzed. 
In phases 3 through 6, the changes of force and 
the location of probe tip can be observed and 
investigated by the operator. In the third phase, the 
probe is moved to a position suitable for pushing 
the nanotube. In the fourth phase, the height of the 
probe is adjusted for making the contact and in 
the fifth phase, the probe contacts the particle and 
proceeds to the threshold of movement. Then, in the 
sixth phase, the particle is moved to the considered 
location. No diagram has been presented for the 
final phase in which the probe returns to its initial 
location.
Plotting and analyzing the diagrams of the third 
phase: As we previously mentioned, in this phase, 
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only the probe is displaced from the center of 
substrate to a suitable location for the moving of 
particle. So it is obvious that the force diagrams 
should have values of zero. 
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Figure 12: Changes of forces with time in the third 
phase of nanoparticles displacement
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Figure 13: Change in X direction (to transfer the 
nanoparticle to the target point)

From Figure 15, it is observed that the height of probe 
from the substrate doesn’t change, and the probe 
remains at the same initial height ( safeh ). Since, at 
this stage, the probe doesn’t contact the particle or 
the substrate, all the forces and the indentation depth 
in the contact of probe tip and particle are zero, and 
the indentation depth and the contact radius in the 
contact between particle and substrate remain at 
their initial values.
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Figure 14: Change in Y direction (to transfer the 
nanoparticle to the target point)
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Figure 15: Displacement along the ‘z’ in the third 
phase of the movement at height ‘h’

Plotting and analyzing the diagrams of the fourth 
phase: This phase shows the steps to determine the

seth . In this phase, as in the preceding phase, the 
probe and nanotube have no contact with each other; 
therefore, the diagrams of forces along the ‘x’ and 
‘y’ directions are like Figure 12, with values of zero. 
The only difference between the diagrams in this 
phase and the previous phase is the time duration 
of the process.
A sudden jump is observed in the zF diagram (Figure 
16), which can be explained as follows: as long as 
the probe tip does not contact the substrate, no force 
exists along this direction. At the moment of contact 
between probe tip and substrate, force Fz0 is created, 
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and when the probe moves upward and separates 
from the surface, this force becomes zero again. The 
magnitude of force Fz0 depends on the shape of the 
actuator [15, 16]. 
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Figure 16: Changes of zF during the 
implementation of the fourth phase of the program
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Figure 17: Changes of  the probe tip coordinates 
along the z direction

At this stage, in a fixed location, we can witness 
changes along the ‘z’ to reach the height desired 
for the operation. The displacement along the ‘z’ 
is in a back and forth manner. According to Figure 
17, first, the probe impacts the substrate and then 
it rises. Due to this impact with the substrate,
is created which typically indicates the deformation 

between the probe tip and substrate (Figure 18).   
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Figure 18: Changes of   with time in the fourth 
phase of nanoparticles displacement

Plotting and analyzing the diagrams of the fifth 
phase: In this phase, since the probe moves along 
the ‘x’ and ‘y’ to establish contact with the probe, 
no displacement occurs along the ‘z’. When contact 
is made, all the forces change along all three ‘x’, 
‘y’ and ‘z’ directions. These forces increase until 
the nanotube reaches the movement threshold. The 
changes of zF  from the moment of contact to the 
movement threshold are so negligible that it can be 
disregarded.
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Figure 19: Changes of Fx with time in the fifth 
phase of nanoparticles displacement

Due to the contact between particle and probe tip 
and the emergence of forces, some indentation is 
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created between probe tip and particle, which is 
designated by . The amount of this indentation 
increases with the increase of forces. Also, due to 
the existence of a force along the ‘z’, the indentation 
between particle and substrate, which is shown by

, changes as well. However, since the changes 
of Fz are negligible, the changes of from the 
moment of contact until the movement threshold 
can be overlooked. The diagrams plotted in Figures 
25 and 26 illustrate the radius of contact between 
particle and substrate and between particle and 
probe tip, respectively.
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Figure 20: Changes of Fy with time in the fifth 
phase of nanoparticles displacement
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Figure 21: Changes of Fz with time in the fifth 
phase of nanoparticles displacement
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Figure 22: Changes of FT with time in the fifth 
phase of nanoparticles displacement
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Figure 23: Changes of with time in the fifth 
phase of nanoparticles displacement
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Figure 24: Changes of sub with time in the fifth 
phase of nanoparticles displacement
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Figure 25: Changes of the particle-substrate 
contact radius
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Figure 26: Changes of the probe-particle contact 
radius

Plotting and analyzing the diagrams of the sixth 
phase: Since the particle is displaced with a constant 
velocity, no acceleration is created and in this phase, 
all the forces have constant values. Also, assuming 
that the nanotube moves in a straight path, only 
coordinate ‘x’ of the particle changes in this phase. 
The presented results were compared with the results 
obtained experimentally for the displacement of 
cylindrical particles, and for particles with a length 
of 1.8 μm and a diameter of 100 nm.These results 
show an adequate agreement. In these experiments, 

the cylindrical particles were pushed by the tip of 
the AFM actuator and the obtained results match 
the dynamic diagrams presented in this article for 
similar particles shown in figure [23]. 
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Figure 27: Changes of the particle ‘x’  coordinate 
with time in the sixth phase of the program
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Figure 28: Comparing the experimental [23] and 
simulation results of critical force and time for the 

manipulation of cylindrical particles

5- CONCLUSION

To remove the distance between the real macro-
world and the nano-world environment, it is 
important to create a virtual reality environment 
that can convey a real sense to the one who uses 
the medium. In this paper a new 3D simulation of 
cylindrical nano particle manipulation in virtual 
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reality environment has been introduced.The use of 
a virtual reality environment is a practical way of 
overcoming human limitations.
As stated earlier, by means of the presented 
environment all the forces and displacements can 
be observed during the manipulation operation and 
a correct knowledge of what goes on in the process 
is achievable. The simulation demonstrate that for a 
particle with radios of 50 nm and length of 10 nm 
the dynamic mode is slides; however, for particles 
with longer length (a particle with radios of 50 nm 
and length of 1.0 μm length) the spinning mode is 
the dominant mode with a critical force of 1.8 μN.
The most effective parameter in manipulation 
process is the nanoparticle radius; in case of 
increasing it from 20 to 100 nm, a large increases 
in critical motion force can be observed (2×10-9 to 
1×10-8 N) which indicates the impact of geometrical 
parameters on motion modes. In this way, by 
knowing the duration of operation and the forces 
created during the displacement of nanoparticles, 
a highly precise manipulation can be implemented.
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