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Abstract
This paper describes a virtual reality (VR) simulator, for the purpose of education, training and prototyping of telemanipulation of
carbon nanotubes. Major challenges in interfacing a human operator with tasks of manipulating nanotubes via a haptic VR interface are outlined. After a review of previous efforts, we present the
current state of our VR simulator for nanotube manipulation. The
collision detection, interaction force modeling, deformation simulation and haptic rendering of nanotubes are then discussed. Results
of virtual manipulation of carbon nanotubes are presented within an
immersive VR set-up.
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Figure 1: AFM manipulation of nanotubes

sample and the substrate surface can be obtained. Using an AFM,
it is also possible to manipulate nano-scale objects. For example,
AFM is utilized for positioning particles [Schaefer 1995] or carbon
nanotubes [Falvo and Taylor 1999] on a substrate by contact pushing or pulling operations. Figure 1 shows the situation of nanotubes
pushed by an AFM probe tip.
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1 Introduction
Carbon nanotubes (CNT) qualify for many applications, such as
biomedical, optical and electronic fields. However, the most interesting property of nanotubes is their capability to be maneuvered
to build complex nano devices. Such devices mainly include nano
electronics or nano electromechanical systems (NEMS). The applications of nanotubes for NEMS require the operations of characterizing, placing, deforming, and/or connecting nanotubes [Fukuda
et al. 2003]. Nano manipulation tasks are defined in a similar way as
in macro-scale, such as positioning, assembling, pushing or pulling,
etc [Ferreira and Mavroidis 2006].
Atomic Force Microscopy (AFM), introduced by [Binnig et al.
1986], is a widely used imaging technique at nanoscale. In AFM,
a micro cantilever shaped probe with a sharp downward tip underneath is used to scan samples on substrate surface. The interaction
forces (attractive and repulsive) between the tip and the substrate
cause the free end of the probe to deflect. Through the measurement of the height field of the substrate, 3D topographic map of the
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2 Why VR for nanotube manipulation?
Nanotubes may be more difficult to manipulate than nano particles.
Reasons mainly include our limited knowledge of nano mechanics,
the deformation of nanotubes as compared to the rigidity of nano
particles. Furthermore, direct manipulation of nanotubes is difficult
using an AFM system since the scanning and manipulation are done
in sequences using the same probe. Therefore, operators are blind
during manipulation because they cannot see the real-time environment changing. This scan-manipulate-scan cycle makes nanotube
manipulation a time-consuming, tedious and unintuitive task.
Virtual reality (VR) is a powerful technology which provides interactive and 3D environments into which people are immersed. It
provides a way for people to visualize, manipulate, and interact
with simulated environments. VR technologies enable scientists
to extend their eyes and hands into the nano world and also enable
new types of exploration [Ferreira and Mavroidis 2006]. Taylor
[1994] introduced virtual reality graphics and force feedback for
touching the nano-world. Sitti and Hashimoto [2003] and Li et al.
[2003a] developed nano-contact models in order to simulate tipobject-surface interactions and to provide visual and haptic feedback to a user. VR technology can also help to facilitate manipulation by the means of novel interaction techniques and metaphors.
For example, in [Ammi and Ferreira 2004] [Ammi and Ferreira
2007], interaction metaphors such as force field and virtual fixture
in order to find optimal manipulation paths for nano particles are
discussed. Millet et al. [2008] help operators improve perception
and understanding of nanoscale phenomena using haptic and visual analogy. To our best knowledge, most previous researches on
VR for nano-manipulation dedicate to manipulating nano particles.
This research focuses on nanotube manipulation. Our objective is
to develop a virtual reality simulator with visual and haptic feedback for education, training human operators and prototyping new
strategies for manipulation of nanotubes. The VR simulator can be
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Figure 2: Interaction forces
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used for pedagogical purpose, helping students or new operators to
understand and get familiarized with the nano-scale phenomenon
and behavior. We can also use this simulator to train operators with
specific tasks in virtual environment so that they could be more
skillful and more confident when they face the real task. Another
application of this VR simulator is a virtual benchmark for new
manipulation procedures and techniques. To set up experiment for
prototyping in a real AFM is complex and the procedure is timeconsuming. Therefore, new manipulation tasks or techniques could
be tested virtually in this VR simulator before the experimentation
on the real AFM for the final optimal solution.
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3.1

Development of VR Interface
Physics of nano-manipulation

Nano objects show different mechanics from macro sized objects.
For example, adhesive surface forces dominate over inertial forces
at nano-scale. In addition, there are non-contact forces such as Van
der Waals, capillary, and electrostatic forces. Figure 2 shows the
force interactions considered in our VR interface in order to simulate the physics of nano-manipulation. Links numbered 1 to 3
represent tip-nanotube, nanotube-substrate and tip-substrate interactions respectively.
Link (1) Tip-nanotube interactions: non-contact force models are
considered in addition to the contact force models.
Link (2) nanotube-substrate interactions: during the manipulation,
the nanotube is in continuous contact with substrate surface. Therefore, contact and friction forces must be considered in Link 2.
Link (3) Tip-substrate interactions: both contact and non-contact
models are used to calculate the interaction forces. Tip-substrate
interaction in nano scale is particularly different from one’s experience in macro scale. When the tip is approaching the substrate
surface, it will suddenly be pulled down to the surface because of
the long range adhesive Van der Waals force. During the manipulation, the tip is always attached to the substrate surface. When the tip
is to be detached from the substrate surface, upward force greater
than adhesive force has to be applied to the tip until it bounces back
away from the substrate. According to JKR (Johnson, Kendal and
Roberts) theory, the pull-off force is 75% of the adhesive force [Israelachvili 1991].

3.2 Tip-Substrate-nanotube Interaction Model
Based on the tip-substrate-nanotube interaction model in [Li et al.
2003b], a simplified force model is introduced. Because the lateral
direction stiffness of the tip is much higher than that of normal direction, we believe that the tilting of the probe tip is rather minute.
Therefore, the tip is assumed to be vertical. Also, the tip is modeled with a cylinder since the taper angle of the tip is also very
small. The force variables are labeled in a way similar to [Li et al.
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Figure 3: Tip-Substrate-Nanotube interaction model
2003b], such that the superscript can be: a = adhesive, f = frictional,
or r = repulsive. The subscripts are a combination of two letters (t
= tip, n = nanotube, s = substrate) that indicate the force between
a
the two objects. For example,Fts
means the adhesive force between
tip and substrate. Figure 3 (a) shows the forces applied on the nanotube. According to the equilibrium condition of the nanotube both
in horizontal and vertical direction, we have:
r
f
a
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r
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=
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The forces applied to the tip as shown in Figure 3 (b) should be
balanced by the normal force Fz , and the lateral force Fl from the
cantilever. The equilibrium condition of the tip in the normal and
lateral direction is
r
a
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− Fts
(3)
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According to Newton’s third law,
=
and
=
The
equation for the friction between the nanotube and substrate is:
f
r
a
Fns
= µns Fns
+ υFns

(5)

where µns is the is the sliding frictional coefficient between object
and substrate surface and υ is the shear coefficient. The adhesive
a
force between the tip and the substrate Fts
can be measured by using AFM in force calibration mode. The adhesive forces, such as
a
a
a
Fts
, Ftn
and Fns
, can be assumed to be proportional to the cona
tact area [Li et al. 2003b]. Therefore, the adhesive force Fnt
and
a
Fns can be estimated by relating tip-substrate contact area and the
nanotube-substrate contact area.
a
a
Ftn
/Fts
= Atn /Ats

(6)

a
a
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(7)

The contact area between the tip and the substrate surface Ats can
be approximated as
1
Ats = πRt2
(8)
2
where Rt is the radius of the tip. Ans , the contact area between
the nanotube and the substrate surface can be estimated as 50 percent of the projection area of nanotube on the horizontal substrate
plane. Atn , the contact area between the tip and the nanotube can
be estimated by
Atn = πRt Dn
(9)
where Dn is the diameter of the nanotube.

3.3 Nanotube deformation simulation
There are two major categories of methods for simulation of nanotubes: one is atomic mechanics approaches and the other is the
continuum mechanics approaches [Tserpes and Papanikos 2005].
The atomic mechanics method is precise but it would be too slow
for real-time simulation. Tserpes and Papanikos [2005] suggest that
nanotubes may be treated as solid beams at a global level. In this
research, deformation of nanotubes is simulated based on beam theory in order to achieve real-time updating rate. It is assumed that the
bending stiffness, EI, of a nanotube is given by the classic formula:
EI = E
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where E is Young’s module, R is the radius of nanotube and h is
the wall thickness of nanotube. Based on beam theory, nanotube
is modeled with a mass-spring system. Particles are connected by
linear springs and torsion springs. The length and deflection angle
of the i-th element are denoted as li and γi , respectively. The force
applied with the tip is F and the friction forces applied on each
element is Fif . The moment caused is M. For each element, we
have
n
X

n
X

Fif li

(11)

M = ki · γi ⇒ γi = M /ki

(12)

M =F

li +

i=1

i=1

where the torsion spring stiffness is
ki =

2EI
li2

(13)

The mass-spring system serves as the skeleton for both haptic and
visual rendering. In each visual rendering loop, a NURBS curve
is generated by fitting the skeleton. Then, a NURBS cylinder is
constructed based on the NURBS curve and it is rendered as visual
representation for the nanotube. Usage of the skeleton in haptic
rendering is to be explained in the next section.

Figure 4: Hardware setup

firstly. Then, the tip is attracted by Van der Waals force and remains
adhered to the substrate. From this moment, the collision detection
module starts to detect the collision between the tip and the nanotube. The collision detection algorithm is similar to the 3D point
to mesh ”god-object” haptic rendering approach [Zilles and Salisbury 1995] but only in 2D space. The task is to find the proxy point
on the line segments according to the current position of the probe
tip. When the tip is approaching to a line segment, a ”side indicator” is computed as the cross product of the line segment and the
probe tip’s perpendicular to the line segment. When the ”side indicator” is found reversing to the opposite direction, meaning the tip
has crossed the line segment, a collision is detected and the proxy
point is found as the closest point on the current line segment.
The haptic rendering is of admittance type, which outputs positions
and inputs forces. Therefore, the new position of the probe tip is
scaled up and then fed back to the haptic device so that the operator can feel the force feedback. The operator applies a force to the
haptic device in order to move the virtual probe to manipulate nanotubes. The input force sensed by the haptic device is scaled down
as the force applied from the probe to nanotubes. Then, the physics
simulation engine evaluates the deformation according to the user
input force.

4 Implementation

3.4 Collision detection and haptic rendering

The VR interface has been developed in C/C++ using HOOPS for
graphics rendering [TechSoft3D 2008]. The simulator utilizes a
Virtuose 6DOF device from Haption [Haption 2006] for controlling the tip position of an AFM and for reflecting interaction forces
back to a user. Besides the haptic feedback, an stereoscopic immersive visual display, similar to [Arsenault and Ware 2004], is
provided to obtain the better depth cue and eye-hand coordination.

With our current AFM platform, the manipulation of nano-objects
is mainly 2D, i.e., nanotubes are always adhered on a planar substrate due to the Van der Waals force and the manipulation movements are also constrained on the substrate surface. In this research,
the substrate is represented with a horizontal plane and nanotubes
are represented with 2D line segment chains formed by the massspring deformable model skeleton which locates on the substrate
plane. Before the tip touches the substrate, forces applied to the tip
are long range non-contact attraction forces from the substrate. To
manipulate a nanotube, the probe tip has to be put on the substrate

The system is illustrated in Figure 4. The stereoscopic display image is reflected by a horizontal mirror to the operator. The visual
coordinate system is coincident with the haptic device coordinate
system. LCD shutter glasses are used to provide a stereoscopic display with a refresh rate at 150 Hz. There is no head tracking in
this system. Instead, a forehead pad is provided and the operator
is required to lean his/her head against the pad so that the position and orientation of the shutter glasses, the position of eyes are
fixed and the corresponding rendering camera is fixed too. In this
way, a correct perspective image is rendered for each eye. After
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Figure 5: Manipulation scenario
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proper calibration, the virtual AFM tip and operator’s hand remain
co-registered from the viewpoint of the operator. The visual display is designed in a way similar to the microscopic view field. We
expect that this metaphoric similarity is helpful for the operator. In
this example, we simulate carbon nanotubes with the diameter of 60
nanometer and the length of 800 nanometer. The radius of the AFM
probe tip is 20 nanometer and its height is 15 micrometer. A manipulation with the purpose of characterizing electronic properties
of the nanotube is used as the simulation scenario in this research.
We chose this manipulation as our simulation scenario because it is
a typical and widely-used 2D manipulation. In this scenario, a single nanotube is manipulated in a number of steps onto a conducting
thin wire and stretched over an insulating barrier. Figure 5 demonstrates the virtual manipulation process, with (a) as the initial status
and (c) as the final position.

5 Conclusion and future work
This article described a haptic VR interface for manipulation of
nanotubes. With both haptic feedback and immersive visual display
provided by the interface, it is expected that virtual manipulation
would be conducted more intuitively. Besides its role in education
and training for new operators, the current VR simulator can serve
as a fast and reliable tool to test various hypotheses or manipulation methods to find the optimal one. Although our first users have
expressed satisfaction with this simulator after trials, quantitative
evaluation and test must be conducted in the near future. In addition, interaction techniques and metaphors specific for nanotube
manipulation are to be developed and tested in this VR benchmark
in the future.
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