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Abstract

In this paper, a user interface for the teleoperated
nanometer scale object manipulation is introduced. A
3-D Virtual Reality computer graphics display presents
the topology of the nano world to the user, and a IDOF
haptic device used together with a 2-D conventional
mouse ts the master manipulator, and also enables
force and tactile feedback from the nano world. Prelim-
mary experiments on the user interface shows that the
interface can be utilized for the Tele-Nanorobotics ap-
plications such as 2-D assembly of nano particles and
biological object manipulation.

1 Introduction

In recent years, tele-operation technology has been
developed such that operators can control robots at
the remote sites such as in an outer space, a haz-
ardous environment, an nuclear plant, and so on. Us-
ing this tele-operation technology micro/nano scale
objects can also be considered as the remote target
objects to be manipulated. Since the human being
cannot directly see, touch, move, and manipulate ob-
jects in the nano world, a teleoperation system can be
a possible solution for the human-nano world interac-
tion.

The invention of the Scanning Tunneling Micro-
scope and the Atomic Force Microscope (AFM) en-
ables the 3-D imaging down to atomic scale in the nano
world. These devices utilize a probe with nanometer
size sharp tip to interact with the surface atoms lo-
cally, and get a constant effect related to the surface
topology, or other physical properties. Although the
imaging is possible in the nano world, manipulation
of the nano objects has not been established yet. For
this purpose, probes of these microscopes can also be
considered as a simple nano manipulator, and utilized
in manipulation tasks as push or pull, pick and place,
cutting, etc.

For the teleoperated nano manipulation, the user-
friendly man/machine interface part of the system is
very important. Hollis et al. [2] constructed the tele-
operated atomic scale tactile-feedback system utilizing
STM as the slave device and the 6 DOF device called
Magic Wrist as the master device. Furthermore, R.
M.Taylor 1T et al. [3] constructed the force-feedback
Nanomanipulator system utilizing STM as the slave
and the Force-Feedback Argonne-IIT Remote Manipu-
lator as the master device, and a Head-Mounted Dis-
play was adopted to provide an immersive virtual envi-
ronment created by the Pixel-Planes 5 graphics engine.

In this paper, Tele-
Nanorobotics System proposed in [9] has been pre-
sented. The goal of this system is to manipulate and
assemble the nano scale objects easily in order to fabri-
cate the nano parts of micro machines and manipulate
the biological objects such as a gene or DNA.

a user Interface for the

2 System structure

2.1 Setup

In the Tele-Nanorobotics System, AFM is chosen as
the visual and force sensing device, and also the nano
manipulator. An AFM can measure force as well as
3-D topology and can be used for any material. The
main components of this system are the AFM can-
tilever, the cantilever deflection detection hardware,
the nanometer and higher resolution positioning sys-
tem, and samples. Main controller of the system is the
PC which has Pentium 166 MHz CPU, 32 MB RAM,
Windows 95 OS, 16 bit A/D board, and 12 bit D/A
board. The overall system is shown in Fig. 1.

In this system, the AFM measures the force between
the cantilever tip and a sample, and the topology of the
sample. These data are transmitted to the PC using
A/D board. On the other hand, AFM position control
commands are transmitted from the PC to the position
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Figure 1: Tele-Nanorobotics System.

controller by using a GPIB connection. Furthermore,
the topology data is transmitted to SiliconGraphics
Workstation (IMPACT 10000, IRIX 6.2) from PC by
using TCP/IP (Ethernet 10Mbps).

2.2 AFM : Slave Device

AFM can measure the interatomic force between
atoms of sample surface and the cantilever tip, which
is attractive or repulsive depending on the distance
between the sample and the tip. When the tip-sample
distance is more than 0.3nm the force between the
sample and the tip is attractive, but on the other hand,
when less than 0.3nm it is repulsive. When a reference
value of force is selected, the cantilever moves to the
position until the force becomes the same value. Thus
the height of samples is measured and scanning all
surface gives the 3-D topology of samples surface [9].

The AFM tip behaves not only as a mesurement
tool but also as the 3-DOF nano robot to simply push

and pull the nano objects. 2-D assembly of nano par-
ticles or biological objects can be realized by this nano
robot. The contact mode is used for the AFM oper-
ation mode, and the handmade AFM system is con-
structed.

In this system, the position z,(¢) of not the AFM
tip but the sample is moved by controlling the volt-
age Vi(t) of the piezotube. The teleoperation control
aims to get the response of X (s) — S:Xm(s) and
F,p — S;F, when ¢ — oo, where S, is the position
scaling factor, Sy is the force scaling factor, X,,(s) is
the master position, F,,, is the operator force, and F},
is the nano force.

3 User Interface

3.1 Ideal user interface

Generaly some charactristics are requested for the
user interface, such as the easiness to control, to be
understood intuitively, less fatigue, etc. For the nano
teleoperation user interface, the following features are
required:

e the easiness of seeing and recognizing the nano
world where we can not see the nano world di-
rectly,

e the ability to control finely not to break the AFM
tip and samples, because samples become very
soft in the nano world and the distance between
the tip and sample is very small,

e the realness of the feeling of the nanoscale forces
and topologies in the macro world.

3.2 Visualization

3.2.1 Aim

During controlling, building, or manipulating nano ob-
jects, the visual feedback, to see what the operator
does, 1s very important since we have many uncertain-
ties in the nano world.

An optical microscope is inadequate for visualizing
in the nano world. The Rayleigh criterion limits the
resolution d to a few hundred nanometers, based on
the equation:

y 1.22) 0
" NAcond + N Aobj’

where A is the wavelength, and N Acond and N Aobj
is the numerical aparture of condenser and objective,
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respectively [7]. In our system, d is 671nm where
N Acond = N Aobj = 0.5, X = 550nm.

Scanning Electronic Microscope has also long
proved success in visualizing down to tens of nanome-
ter resolution. However, it can provide only 2-D im-
ages, the working area is restricted to the vacuum, and
biological samples such as cells can not be visualizad
since their electrical properties can change.

We adopted the OpenGIL 3D graphics software li-
brary to show the nano world. The height data of
a sample is transmitted from PC to SGI by using
TCP/IP network with 10Mbps. On the SGI, the 2D
black and white image using X11 library is also run-
ning, which can show the position of the AFM can-
tilever. The 3D image can be rotated, zoomed, and
changed its height scale by the software. The 2D im-
age and the 3D image are connected to each other. An
example of the visual interface on the SGI display is
shown in Fig. 2.

AFM Cantilever Tip

InAs dots

5

Figure 2: 3-D virtual reality graphics image of InAs
dots with around 5nm radius and 10nm height on the
InAs surface with the size of 150 x 150nm? interface.

3.2.2 User Modes

Considering the procedure of the nano manipulation
in this system, there are three steps as shown in Table
1.

The first step is an image viewer: scanning a sam-
ple surface, sending the data to graphic software, and
displaying the topology. At this step, the nano scale
height data at the x-y position (i, j) is transformed to
the graphic data as follows:

rij = (1Az, jAy, z5), (2)

Step
1 Image viewer
2 Setting environments
3 Operation

Table 1: Procedure steps.

where i = 0,...,(S; — 1), j =0,...,(S, — 1), Az
is the step length when scanning the surface in z di-
rection, Ay is the step in y direction. Usually these
steps are the same, Az = Ay = A. S; and S, are
the maximum number of points in the scanning range
in z and y directions, respectively. The point (3, j) is
transformed to the position in the 3D image as:

(i,§) — (i=(int)(S:/2),j—(int)(Sy /2)) = (i',§") (3)

After this translation, the point (i'Az,j'Ay, z;) is
drawn in the 3-D image.

AFM 2D viewer ver.1.0

Figure 3: 2-D grey scale display of an AFM data. The
line 1is the trace of the mouse.

The 3-D image can be presented to the user in dif-
ferent ways such as using a 3-D glass, a Head Mounted
Display, or shaded image on the computer display. At
present, only the shaded image is being used. More-
over, a 2-D grey-level image is also displayed in order
to facilitate the x-y motion intuition from upper view-
ing. 2-D grey-level image color depends on the height
such that the higher is the point, the brighter is the
color as shown in Fig. 3.

The second step is setting control environment: ro-
tating and zooming the sample to select the best angle
and size to see, and changing the color of the surface.
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This mode is for selecting the user-selected best pa-
rameter to visualize, such as selecting the view point,
colors, angle, zoom, etc.

The last step is the operation step where there are
three kinds of operations for the time being as shown
in Table 2: force-feedback, tactile-feedback, and ma-
nipulation modes.

1. Force-feedback mode is for feeling the local force
interaction between the tip and the sample. In
this mode, no object moves, no position feedback,
therefore no image update. User moves the tip in
the z direction at the one point or on a line, the
tip is moved by the force and the user feels the
atomic force.

2. Tactile-feedback mode is for feeling the position of
the sample, i.e. geometry feedback. In this mode,
also no objects move, no image update, but only
the position feedback is done where the force is
automatically set to be a constant value.

3. Manipulation mode is for manipulating the nano
objects. In this mode, there is a real-time force
feedback, objects are movable, and image is up-

dated.

3.2.3 Requirements for visualization

The requirements for the graphics are different de-
pending on the mode as described above. At first, the
cantilever position (z,y,z) should be shown in real-
time at every mode, and especially in force and tactile
feedback. Secondly the sample image should be up-
dated in the manipulation mode after each manipula-
tion tasks. Thirdly the deformation and the position-
change of the objects can also be shown during the
manipulation mode. At the present, the first two re-
quirements are realized, and the third is a future work.

3.3 Master device

3.3.1 Functions/Modes

The haptic modes of the master device are the same as
the operation modes in the visualization, which are the
force-feedback, the tactile-feedback, and the manipu-
lation mode. The haptic device and AFM cantilever
interaction in each mode is shown in Fig. 4-6.

In the force-feedback mode as shown in Fig. 4, the
teleoperation controller is designed for getting the fol-
lowing ideal responses:

F,, = a;Fy, (4)

Xs =apXm, (5)

where Fy and X are the tip force and position re-
spectively, F,, is the operator force, X, is the haptic
device position, and o and o) are the scaling factor
for the force and the position respectively. An opera-
tor can feel the normal force at any point (z,y, z) on
the sample.

In the tactile-feedback mode as shown in Fig. 5,
an operator can feel not the force but the topology of
samples, using only the Eq. (5). The force control is
that F keeps the constant value, that is the height is
constant.

In the manipulation mode as shown in Fig. 6, ideal
responses at the equations (4) and (5) are used. In this
figure, F1 is the inercial force between the AFM tip and
an object, Fy is the force between the surface and an
object, F3 and F, are the friction. The modeling of
these forces is the difficult issue for the manipulation
where they are mainly attractive, repulsive or friction
forces, and the gravity is ignored [4].

3.3.2 Requirements for the Haptic Device

In the case of the haptic device to manipulate the nano
objects, the special characteristics different from an or-
dinary device are requested. The first is the high speed
response because the phenomenon in the nano world
is faster than the macro world. Another is the ability
to feel the 3-DOF (x-y-z) attractive or repulsive nano
forces with dimensions around nN — pN. The first
one influences the mechanism of the device, and the
second influences the teleoperation control parameters
such as a scaling factor.

On the other hand, for the convinience to an oper-
ator, an enough work space, a good design to use, and
many degrees of freedom (at least 3DOF and at most
6DOF) are neccesary. Furthermore, for force-feedback
at least over 50H z bandwidth is requested.

3.4 Haptic device control

In this system, the 1DOF haptic device as shown in
the Fig. 7 is used for the z direction force feedback,
and the mouse is used for the x-y direction control
without force feedback. The details of this haptic de-
vice control is given in [8].

An operator puts his/her finger on the master de-
vice, applies the force F,,(t) to the device, and feels
the motin z,(¢) of the arm.

The teleoperation control utilizes the virtual
impedance model. The tactile-feedback mode does not
use the bilateral tele-operation control but only uses
the control as shown in Eq. (5). The details of this
teleoperation control are given in [9].
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Objects Image Update | Position feedback Aim
force-feedback mode | NOT Movable No Off Feeling force
tactile-feedback mode | NOT Movable No On (F=const) Feeling position
manipulation mode Movable Yes Off Manipulating

Table 2: Operation mode.
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Figure 7: 1DOF haptic interface with a linear moter,
and force and position sensors.

4 Experiments

In the tactile-feedback mode, the measured3-D
topology are felt on the operator’s finger while
scannning a sample. At first, the cantilever tip is ap-
proached to the surface, and contact it. By controlling
the x-y position on the 2D window with the mouse, the
operator who puts his/her finger on the haptic device
can feel the relative height of the surface by the posi-
tion change of the device control. As the experimental
result, the trace of the mouse, the height of the traced
points, and the position of the haptic device are shown
in Fig. 8.

According to this result, the distance between the

Figure 5: Tactile feedback mode.

T

af FST Fop

Figure 6: Manipulation mode.

tip and the sample looks like almost constant. Thus
the tele-operation control is well done. The delay time,
from when the click the point to move z — y point to
when the haptic device is controlled to the relative
height, takes about 500msec. Furthermore, the up-
date rate for a 100 x 100 pixel size image in the 3-D
virtual reality graphics system is approximately 2sec
while the the scanning time of a sample with 100 x 100
pixel size is around 10min which is due to the AFM
hardware scanning and positioning speed, and PC-
controller communication delay. The AFM hardware
will be enhanced for faster imaging. The other delays
are due to the TCP/IP communication time (between
the mouse and the AFM system) and the cantilever
position control time. Moreover, writing to and read-
ing from the Shared Memory delays the 3D drawing.

5 Conclusion

In this paper, a user interface for the teleoper-
ated nanometer scale object manipulation is intro-
duced. A 3-D Virtual Reality computer graphics dis-
play presents the topology of the nano world to the
user, and a 1DOF haptic device together with a 2-D
conventional mouse enables force and tactile feedback
from the nano world. Preliminary experiments on the
user interface shows that the interface can be utilized
for the nano object manipulation applications. How-
ever, some problems still remain such to be solved as
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the time delay. In order to reach the first goal of the
2-D assembly, the future work includes expanding the
haptic device to 6DOF, decreasing the time delay, and
constructing a new device for x-y positioning.
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Figure 8: Tactile-feedback mode result : Silicon sam-
ple surface with FIB etched number and 10 x 10um?
area is scanned. 3-D graphics (upper), 2-D image with
mouse traces (middle), and resulting haptic device tac-
tile feedback (lower) are given.



