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ABSTRACT 

 

A virtual reality (VR) toolkit that integrates the human operator 

into a virtual environment by means of visual and haptic feedback 

has been developed to design and test manipulation strategies at 

nano-scale. Currently, the toolkit is capable of modeling the 

mechanistic interactions between an AFM tip and spherical 

particles on a substrate surface and generating optimum 

manipulation paths using a potential field approach. In addition, 

haptic fixtures were designed to guide the user to follow the 

calculated paths.  
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1  EARLIER WORKS ON NANO-MANIPULATION 

 

Atomic Force Microscopy (AFM) also known as Scanning Force 

Microscopy (SFM), introduced by Binning et al. [1], is a widely 

used imagining technique at both micro and nano-scale. In AFM, 

a microfabricated cantilever shaped probe with a sharp tip 

underneath is used to scan substrate surface. The combination of 

attractive and repulsive interaction forces between the tip and the 

substrate causes the free end of the probe to deflect. Through a 

measurement feedback and Z positioning of the substrate, 3D 

topographic map of the substrate surface can be obtained. 

Moreover, nanoindentation, scratch, and wear tests can be 

performed and material properties such as elasticity and hardness 

can be extracted from the measurements. 

Using an AFM, it is also possible to manipulate nano-scale 

objects (Figure 1). Taylor [2] introduced virtual reality graphics 

and force feedback for touching the nano-world, Sitti and 

Hashimoto [3] and Li et al. [4] developed nano-contact models in 

order to simulate tip-object-surface interactions and to provide 

visual and haptic feedback to a user. Sirocco and Calotte [5] 

demonstrated the first steps towards automation in nano-

manipulation and designed the autonomous atom assembler. 

The  strategies  for nano-manipulation range  from  simple 

pushing mechanisms to pushing with force feedback [6, 7]. To 

manipulate objects using an AFM tip, particles are pushed 

continuously or kicked step by step with the same sharp tip used 

to  scan  the  surface. Since scanning and manipulation are 

performed with the same probe, continuous imaging during 

manipulation is not possible.  

 

 
 
Figure 1. A Schematic view of an AFM based nano-manipulation 

system. 

 

2 WHY VIRTUAL REALITY (VR) TOOLKIT FOR NANO-
MANIPULATION? 

 

The devices and techniques developed for nano-manipulation are 

presently incapable of handling complex tasks. The existing 

manipulation algorithms and interfaces are mostly designed for 

manual interactions with objects at nano-scale and work well up 

to a certain degree. Manipulation of nano-objects in a robust and 

systematic manner is difficult for several reasons, but mainly due 

to our limited knowledge of mechanics at nanoscale (i.e. forces 

and contact interactions). In fact, direct manipulation of nano-

scale objects is not even possible using an AFM system since the 

scanning and manipulation are done in sequences using the same 

probe. This scan-manipulate-scan cycle is time-consuming and it 

is difficult to manipulate the objects in a controlled manner [2].  

Our objective is to develop a virtual reality (VR) interface that 

integrates the human operator into a virtual environment by means 

of visual and haptic feedback for testing manipulation strategies at 

nano-scale. Our ultimate goal is to develop a toolkit which plans 

and automates the manipulation of nanoscale objects without any 

human intervention. Since our knowledge about the size, shape, 
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location, and the material properties of manipulated objects is 

imprecise and limited, a multimodal virtual reality system that 

integrates perceptual, cognitive and motor-control skills of a 

human operator into the simulation environment to design and test 

manipulation strategies at nano-scale will be an invaluable tool for 

scientists and engineers working on nanotechnology applications. 

The proposed VR system will be utilized to uncover the gaps in 

plans developed by theoretical models through the simulation of 

“what-if” scenarios. Once the operator is satisfied with the plans, 

the commands generated by the planner can be transmitted to a 

nano-manipulator for execution. 

 

3 DEVELOPMENT OF VR TOOLKIT 

3.1 Physics of nano-manipulation 

 
Nanometer sized objects show different mechanics than macro 

sized objects. For example, inertial forces are dominated by 

adhesive surface forces at nano-scale. In addition, non-contact 

forces exist: Van der Waals, capillary, and electrostatic forces. As 

objects get closer than the interatomic contact distance, contact 

mechanics and forces must be considered. The JKR model, which 

is suitable for contacts having low relative stiffness and high 

adhesion forces [8, 9], and the DMT model, which works well on 

stiff contacts with low adhesion [8,10], represent the two extremes 

of the MD model suggested by Maugis [11]. Baur et. al. [6], 

investigated the mechanism of pushing nano particles with an 

AFM tip and concluded that manipulation is only possible with 

repulsive contact forces. In addition to the contact forces, friction 

also plays an important role [12]. 
 

 
 

Figure 2. Interaction forces acting between tip, substrate and 
particles. 

 
Figure 2 shows the force interactions that are considered in 

our VR interface in order to simulate the physics of nano-

manipulation. Links numbered 1 to 4 represent tip–particle, 

particle-substrate, tip–substrate, and particle-particle interactions 

respectively.  

Link 1) Tip-particle interactions: To enable the testing of 

“what if” scenarios in which non-contact forces between a probe 

tip and a particle are not negligible, non-contact models are 

considered in addition to the contact models. 

Link 2) Particle-substrate interactions: During the 

manipulation of a particle with an AFM probe (pushing), the 

particle is in continuous contact with substrate surface. Therefore, 

contact and friction forces must be considered in Link 2. Friction 

at nano-scale is a function of surface adhesion and applied 

external load [7, 12].  

Link 3) Tip-substrate interactions: Both contact and non-

contact models are used to calculate the interaction forces based 

on the separation distance between probe tip and substrate.  

Link 4) Particle-particle interactions: may occur due to long 

ranged forces and a particle may stick to another particle. To 

observe such effects, both contact and non-contact models are 

considered. 

 

3.2 VR-based nano-manipulation environment 

 
In order to develop realistic models for simulating tip-substrate-

particle interactions, several other factors must be considered: 

temperature, humidity, material properties, electrical charges, etc. 

In addition, the mechanics of manipulation is highly related to the 

shape and size of the interacting objects. In our toolkit, an AFM 

probe is modeled as a cantilever beam. A probe tip with a radius 

of curvature R at the sharp end is used in the calculations. The 

substrate surface is modeled as a height map which can be 

constructed from its AFM scan. The virtual models of particles 

can be constructed from the AFM scan or can be placed on the 

substrate surface artificially by inputting their position, size, and 

material properties. One can also supplement friction map of the 

surface as defined in [13, 14]. The user interface of the VR toolkit 

enables a user to modify the dimensions and material properties of 

the AFM probe as well as the environmental parameters 

mentioned above. This flexibility makes it possible to test a wide 

range of “what-if” scenarios including the cases in which some of 

the parameters are uncertain and cannot be easily measured in real 

world experiments. 

4 USE OF VR TOOLKIT IN NANO-MANIPULATION 

 

VR nano-manipulation toolkit is used for offline planning and 

testing of manipulation strategies. At this stage, different 

manipulation strategies for spherical particles including the 

manipulation along alternative paths and manipulation in different 

environmental conditions can be tested in a simulated 

environment. This helps to predict the potential problems such as 

overloading of the probe tip and sticking of the manipulated 

particle to the probe tip in advance. The components of our VR 

nano-manipulation toolkit are shown in Figure 3. The toolkit has 

been developed in C/C++ using Open Inventor for graphics 

rendering. The position of the AFM tip is controlled by the user 

via a haptic device. Based on the current position of probe tip and 

the manipulated particle with respect to substrate surface and their 

material properties, a proper force model is selected from the 

database and used for the computation of interaction forces. The 

visual scene is updated and displayed in real-time. The forces 

acting on the tip are scaled and fed back to the user via a haptic 

device. The interaction forces and the updated positions of the 

manipulated particle can be recorded to a text file for further 

analysis.  
 



 
 

Figure 3. Flow chart of our Virtual Reality Toolkit 
 

4.1 Simulation scenario: Path planning for spherical 

particles 

 

Fully automated nano-manipulation tasks like pattern formation, 

testing molecular compounds using a micro-array, manufacturing 

a biosensor, and nano assembling, where many particles have to 

be moved one after other, require consecutive runs of a path 

planning algorithm. For a given goal position, our VR-based 

nano-manipulation toolkit is capable of planning collision-free 

path of a particle using a potential field approach. It avoids 

particle-particle and tip-substrate collisions while keeping the 

forces acting on the AFM tip at low level. To demonstrate the 

practical utility of the toolkit, the manipulation paths of randomly 

placed spherical particles forming a circular pattern are calculated 

(Figure 4). Using the potential field approach [15], the working 

area is divided into grid points and the collision-free path of each 

particle is generated using attractive, Uattr, and repulsive, Urep, 

potential components. Using the total potential (Urep + Uattr) 

calculated at each grid point, the path is generated by selecting the 

neighboring grid point that has the minimum potential as the next 

path point and repeating this process until the goal point is 

reached. The magnitude of Uattr is exponentially proportional with 

the Euclidian distance to the goal point. The potential is increased 

in the regions where manipulation is not desired by adding a 

repulsive component (Urep). In addition to avoiding obstacles, 

potential field approach is also used to minimize the height 

deviations along the manipulation path to avoid excessive forces 

applied on the probe tip. For example, sudden height deviations 

on the surface can cause excessive forces on the probe tip. 

Similarly, contact can be lost easily if the surface has a steep 

downward inclination. 

4.2 Haptic control and guidance 

 
VR nano-manipulation toolkit utilizes an Omni haptic device 

(Sensable Technologies Inc.) for controlling the tip position of an 

AFM and for reflecting interaction forces back to a user. In our 

simulations, we observed that the usage of a haptic device 

increases the manipulation capabilities of the user. Since the 

forces acting on an AFM probe are in the order of nN, they have 

to be scaled up in order to be felt and controlled by the user. VR 

nano-manipulation toolkit scales the tip position and interaction 

forces using the constants Kpos and Kforce respectively. The value 

of Kpos depends on the working area of the haptic device whereas 

Kforce is related to the maximum force displayed by the haptic 

device. 
 

  

  

  
 

Figure 4. Path planning for manipulation of six nano-scale 
particles. Dark line shows the ideal path generated for each 

particle. Marked areas represent repulsive fields. Blue color is 
used to highlight obstacle avoidance whereas red means height 

avoidance. 
 

In addition to real-time visual and force feedback capabilities, 

a path following assistance, based on the concept of haptic 

fixtures [16] is developed within the toolkit. For example, when 

the path following assistance is active, the user is restricted by the 

artificially created forces from touching any other particle than the 

chosen one.  

During the testing of the system, we have also observed that 

perception of depth (i.e. direction perpendicular to the substrate 

surface) is difficult and important for the effective manipulation. 

One should avoid pressing on the particle with the probe tip while 

pushing it along the desired path. During pushing, any force 

component directed to the surface indents the particle into the 

substrate surface, resulting in higher friction forces. In such a 

case, the manipulated particle may get stuck between the tip and 

surface and the probe tip and the particle itself may get damaged 

due to the excessive forces. In some cases, this may even generate 

a spring effect and toss the particle away from the probe tip. 

While 3D graphics help the user’s perception of the environment, 

it is still a difficult task for the user to adjust the separation 

distance between the surface and tip. 



 
 

Figure 5. Haptic guidance for manipulating nano particles. 
 

For these reasons, our VR nano-manipulation toolkit includes 

a “Z axis” controller. During the manipulation, the movements of 

the probe tip are bounded to be at a constant height with respect to 

substrate surface using a virtual spring. We present a case study to 

demonstrate the potential benefits of the Z-Control. The 

preliminary results of the case study suggest that manipulation 

tasks take less time and the user deviates less from the desired 

path when the Z-Control is on. In addition, the interaction forces 

between tip and particle are less than the ones obtained when the 

Z-Control is off. The virtual environment used in this case study 

is shown in Figure 6. The objective of the task was to push the 

small sphere (blue-colored) along the pre-defined path (dark line) 

while avoiding the larger spherical obstacles (purple-colored). For 

quantitative comparison, we defined the following measures 

(Table 1): a) the average force applied on the manipulated particle 

b) the cumulative force applied on the manipulated particle 

(∑F.dt) c) sum of the absolute error (i.e. a measure of difference 

between the path followed by the user and the desired path). Table 

1 shows that the Z-Control increases the user’s performance by 

reducing the task completion time and by increasing his/her 

ability to follow a pre-defined path more accurately. Moreover, 

the interaction forces between the probe tip and the particle are 

decreased significantly which prevents the probe tip breaking 

quickly (Figure 7). 

 

 
 

Figure 6. Case study: The objective is to push the small sphere 
(blue) along the generated path (dark line) while avoiding other 

spherical obstacles (purple). 
 

 
 

Figure 7. Interaction forces between the probe tip and the 
manipulated particle: a)  Tip-particle contact force versus time without 
the Z-Control. The average contact force is equal to 35.79nN. b)  Tip-
particle contact force versus time with the Z-Control. The average 

contact force is equal to  23.50 nN. 

 

5 CONCLUSION 

 
A VR nano-manipulation toolkit was developed for testing 

manipulation strategies and path planning at nano-scale. The 

toolkit enhances the task performance and perception of the user 

by haptic and visual means and enables testing various “what if” 

scenarios. A potential field approach was implemented to generate 

collision free paths of the manipulated particle. Repulsive force 

fields around the obstacles (i.e. other particles) prevented the 

particle colliding or sticking to them. By employing a second 

repulsive force field for elevations on the map, the manipulation 

path with less height variation was obtained. It was also observed 

that implementing a Z-axis controller with haptic feedback 

increases the performance of the user in terms of task completion 

time, total work done by the user to manipulate the particle, and 

the deviation from the ideal path. These methods reduced the total 

force acting on the tip and the risk of breaking it. The toolkit 

allows exporting the generated manipulation paths to a computer 

controlled nano-manipulator. We are in the process of developing 

a physical set-up for nano-manipulation and will use the toolkit 

for designing manipulation experiments.  

 with Z-Control without Z-Control 

a) Faverage [nN] 23.5001 35.7939 

b) ∑ F.dt 6.3063e+005 1.1616e+006 

c) Esum 4.4557e+004 1.2160e+005 

 
Table 1. Results of the case study showing the effect of Z-Control. 
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