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Abstract |In this paper, a visual and haptic human-madine interface is

proposedfor teleoperated nano scale object interaction and manipulation.

Design speci cations for a bilateral scaledteleoperation system with slave

and masterrobots, sensorsactuators, and cortrol are discussed.Phantom ™
haptic device is utilized as the master manipulator, and a piezoresistive

Atomic Force Microscope probe is selected as the slave manipulator and

as topography and force sensors. Using the teleoperation cortrol system,
initial experiments are realized for interacting with nano scalesurfaces. It

is showvn that ne structures can be felt on the operator's nger success-
fully, and improved nano scale interaction and manipulation using visual

and haptic feedba& can be achieved.
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1. INTR ODUCTION

One of the important future trends of the robotics eld is handling and
interacting with smaller size objects where human sensing, precision and
direct manipulation capabilities lack. Especially, handling and interacting
with materials at the hano and molecular scaleshave beena new challenging
issuefor the robotics eld [1], [2]. At one side, somereseartiers are trying
to understand more about the nano world physics and chemistry, and, on
the other side, robotics researtiers are attempting to construct new tools,
control and sensingtechnologies,and human-madine interfacesspeci ¢ to
the nano world.

Since there is no complete understanding and cortrol of the nano scale
physics, a direct teleoperation systemis mainly used as a human-madine
interface to a nanorobot. In this syitem, a human operator directly con-



trols the motion of a hanorobot while having on/o -line visual and haptic
feedba&. Hence,tasksrequiring high-level intelligenceand exibilit y canbe
realized. This is crucial especially for reliable tele-manipulation of nano scale
fragile samplessudc as biological objects, carbon nanotubes, or polymers.
As the rst example of a direct tele-nanorobotics system, Hollis et al. [3]
tried to get tactile feedba& from a Scanning Tunneling Microscope probe
moving on surface atoms of graphite. The rst nano scale force-feedbak
systemusing an Atomic Force Microscope (AFM) was constructed by Falvo
et al. [2]. They also deweloped a 3-D real-time Virtual Reality graphics
interface for realistic teleoperation [4]. Howewer, they did not considerthe
scaledteleoperation control problem and analysis of AFM probe dynamics
and physical modeling in detail. Sitti et al. studied theseissuesin detail [1],
and introduced continuum physics models [5] and cortrol techniques|6].

In this paper, AFM probe basedsensingand manipulation is connected
with direct teleoperation technology for putting human operators inside of
the nano world for physically interacting with surfacesand manipulating
materials at the nano scale. As contributions of this paper, a real-time con-
tact deformation display of surfacesat the nano scaleis deweloped using a
fuzzy-rule baseddeformation method and Maugis-Dugdale continuum con-
tact medanics, and force sensingand designissuesrelated to AFM probe
based2-D and 3-D tele-nanomanipulation are discussedin detail.

As the outline of the paper, the overall systemis describedat rst. Then,
the slave site, i.e. the nano world, is described with proposednanomanip-
ulator and force and visual sensingcomponerts in Section 3. Next, at the
master site, master manipulator, visual interface with deformation display,
force display and teleoperation control scheme are explained. Experiments
for touching to surfaceswith nano scale force feedbak are reported and
conclusionsare given.
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Figure 1: Overall experimental setup for the scaledteleoperation cortrol system.



2. SYSTEM SETUP

In order to interact with nano scalesurfacesin 2-D or 3-D, a teleoperated
nano-robotic systemis proposedas shown in Figure 1. Phantom™ haptic
deviceasthe master manipulator is usedto cortrol the motion of a piezore-
sistive AFM probewhich caninteract with nano scalesurfacesand give force
feedbak. As a user-friendly interface, the operator alsousesa virtual reality
graphics environment which displays imaged 3-D AFM topographies,AFM
probe tip position, and surface forces and deformation during touching to
surfaces. At below, the componerts of this sytem are explained in detail.

3. SLAVE SITE: NANO W ORLD

3.1. Nanomanipulator

For realizing medanical, electrical or magnetic manipulation tasks, con-
tact or non-cortact type of manipulators should be designed. In this study,
contact type medanical manipulation is aimed which is an extension of
macro scalerobotics to the nano scaleby utilizing nano physics and chem-
istry. Desired tasks for nanomanipulation would be pushing, cutting, in-
denting, holding, touching, picking, etc. Using one AFM probe, only 1-D
and 2-D tasks suc as pushing, cutting, indenting, and touching are possi-
ble. For 3-D casesud as a pick and place task, new gripper or chemistry
basedmanipulation strategies are neededto be deweloped. A possibleme-
chanical 3-D nanomanipulation systemis proposedin Figure 2 [7]. AFM
probesare intensively utilized as nanomanipulators recerily [8],[9], [10]. A
silicon probe with a piezoresistive sensoron it is selectedin this paper. It
has a very sharp parabolic tip at the end, and is compliant in order to mea-
sure the nanoforceson the probe tip. Probe bending is measuredusing a
Wheatstone bridge electronic circuit [5] indicating the resistancechangein
the piezoresistive sensordue to applied stressat the probe base. For this
type of nanomanipulator, following parameters should be designed:

Mechanical properties of the probe are important for the magnitude
of forces applied on the objects during manipulation or interaction.
Probe stiness k; is the main parameter to design for the applied
forces,and, for a rectangular cartilever, it is given as:

3
Kk, = Ewt
43

whereE is the Youngmodulus, t is the thickness,w and | are the width
and length of probe. In the caseof touching to the nano scaleobijects,
k., should be small for soft samplessuc asbiological objects. However,
for manipulation, it should be large for having su cien t loading force.

1)

Probetip sizeshould be minimized for reducing the risk of nano-object
sticking to the probetip due to surfaceforcesduring manipulation.

Sameprobe is used as a 3-D topography and force sensor. Topogra-
phy sensingis mostly done in tapping mode [1] which needsa beam
with high resonan frequency f, and quality factor Q, which means



large k;, for increasedsensitivity. Then there is a trade-0 between
topology and force sensingsud that k, should be large for imaging
while the force measuremeh sensitivity is reduced. For a hard object
manipulation, this problem doesnot exist sinceforce valuesare large,
but an optimization is necessaryfor soft object manipulation case.

The probe is actuated with piezcelectric x-y-z stadk actuators (piezo-
tub e or precision stage) with a limited range (in the order of microm-
eters), very high resolution (down to pm), high bandwidth (0.01-100
K Hz), and closedloop sensors.Besidesof this high resolution stage,
a coarselong-range x-y-z stage is also neededfor searting samples
and initial alignmert.

During manipulation or interaction, sampleor the probe canbe moved
by a piezcelectric actuator depending on the design. Moving the probe
is simpler for teleoperation cortrol while its mecanical designis more
challenging.
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Figure 2: Conceptual drawing of the proposed 3-D medanical pick and place
nanomanipulation using two independertly controlled nanoprobeswith sharp tips
oriented outwards and piezoresistive force and de ection sensing.

3.2. Force sensing

Forcesat the nano scalecan be given as van der Waals, capillary, electro-
static, magnetic, double layer, friction, contact repulsion, etc. [11]. These
forcesare highly nonlinear, attractiv e or repulsive, and can belong and short
range. Thus, even without contacting to the surfaces,attractiv e or repulsive
forcesexist at the nano scale,and they should be felt with the teleoperation
system. AFM probeis usedfor sensingtheseforces. Taking the force vector
asF = [Fx Fy F,]", the normal de ection and lateral motion vy from
the initial positions can be measuredusing an optical detection system so
that

Fysin F,cos N F,sin + Fycos

k, Kyz
Kz = %kz
k = 3(1+72)32k2
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1
_— @

whereE = 2(1+ )G, G, 0:33, S = H=l, and H are the beam Young's
modulus, shearmodulus, Poisson'sratio, structural constart, and tip height
respectively, and is the beamtilt angle from the base. Here, depends
both onFy and F, while 'y dependsonly onF,. Therefore,the forcesensing
d.o.f. could be de ned as 2(1=2). Furthermore, maximum de ection max
and force F"® beforefailure for the nanoprobe can be also computed as:

L
max- T 3Et
wt?

PP = TS, @3)

where Sy is the probe material yield strength. Thus, during a nano scale
interaction, cortact forcesshould not exceedFmax and proper probe dimen-
sions should be chosenfor high contact force interactions.

In Eqg. (2), Yy isdetermined by both torsional, k , and lateral, ky, bend-
ing sti nesses. Howewer, using an optical detection system, only torsional
twisting can be measured. Therefore, ky k condition should be held
for only twisting basedy-position change of the beam. This meansthat
following condition should be held for the beam:

wH It 4)

Then, by keepingk; in a reasonablerange,i.e. 1 50N=m, t and | should
be minimized while w and H are maximized for this measuremenh system.

As an important conclusionfrom here, if decoupledforce feedba& to the
teleoperation system is desirable, the probe should be moved in y-z direc-
tion. Thus, Fx and F, coupling can be eliminated. Howewer, if 3 d.o.f.
force feedbadk is desirable during x-y-z motion, these forces should be de-
coupled by modeling of forces, or a new nanoforce sensingmethod should
be introduced.

3.3. Vision sensor

AFM probe is also utilized as the 3-D topography sensorwhich enables
the imaging of any type of object in any ervironment. Howewer, real-time
imaging is the main problem of AFM. Moreover, the range of AFM imagesis
limited by the scannerrange and scanningtime. Therefore, AFM scanning
speed should be increasedby integrated actuators on the probe or using
uoroscent optical microscopy kind of far- eld real-time imaging.

4. MASTER SITE: MA CRO WORLD

4.1. Master manipulator

Using a master manipulator, the motion of the nanomanipulator is directed
by the operator motions while the scalednano scaleforces are felt by the
operator. As the desired design speci cations of the master haptic device:
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Figure 3: Design of the force feedbadk point on the probe, and haptic master
device.

Figure 4: Phantom™ asthe 3 d.o.f. force feedbak master device.

(1) high bandwidth (0:1 1 KH2z), (2) minimized friction and badklash for
feeling the tiny nanoforcechanges,(3) 2 or 3 d.o.f. with force feedbak, (4)
selectingthe force feedbak point asshown in Figure 3.

In our setup, the 3 d.o.f. Phantom™ haptic device displayed in Figure 4
is utilized asthe master manipulator. It has few friction and badlash and
around 1 K Hz sampling time (around 15 Hz bandwidth), and operator
force is not measured,i.e. it is impedane type. Therefore, it could be used
for tele-nanorobotics applications.

4.2. Visual graphics interface

3-D topography image of a surfaceis held by AFM tapping mode scanning
with a 200 200 pixel resolution. This 3-D topography data is displayed o -
line in a computer graphics ervironment as a 2-D gray-level image (Figure
5a) or 3-D rendered surface (Figure 5b). Depending on the surfacetopog-
raphy, the former or the latter are preferable[12]: if the surfaceis at and
there are objects scattered on the surface, 2-D image is easierto visualize
while for rough and 3-D complex surfaces3-D image would shav better
details. In the surfaceimage, the end of the cartilever tip is displayed in
real-time as a small ball. This ball is operated by the Phantom™ so that
it tracks the scaledx-y-z motion of the Phantom™ . Figure 5 is an example
view from the 3-D Nano Graphics system.

4.2.1. Displaying surface deformation Sincethe scandata is taken only
oncebeforethe task starts, any changein the surfacedue to manipulation is
not known to the operator. Soany method which will changethe graphicsas
closeaspossibleto the changesin the real environment will help the operator



Figure 5: Visual display of an array of silicon tips with 700 nm height scanned
by AFM: 2-D gray-level visal display (left) and rendered 3-D image (right) (the
spherical ball represers the nanoprobe tip and x-y-z tip position relative to the
surfaceis shovn by dotted lines).

to adiieve the task. This method should calculate the shape variation in
the surface when the tip interacts with the surface using the information
available on-line. At the current state of our system, this on-line information
which can be provided during the task is the position of the cartilever tip
on the surface,actually it is the end of Phantom™ tip. The tip canbe over
the surfacewith a certain distance which would not causeany deformation
on the surfaceor it can be immersed into the surface which will aect a
certain areaaround the contact point.

On the other hand, depending on the type of the surfaceand the tip in-
dentation depth, surfacedeformation changes. With the samedepth value,
while soft surfaceswill give wider deformed areas with small interaction
forces, hard surfacesare expected to give smaller deformed areasbut large
interaction forces. Also the hardnessof the cartilever will e ect the inter-
action. AFM probetip material is generally selectedto be silicon or SizNy,
therefore it is very hard. So a good model which represens the surface
deformation should include all these parameters.

To represen the deformation on the surface,a fuzzy model is utilized for
an intuitiv e graphical display. Vertex basedand spline basedmeth-
ods are commonly usedto represen surfacevariations in a Virtual Reality
(VR) ervironment [13]. These methods are e ective in realizing the de-
formations on the surfacebut it is dicult for the userto understand the
relation betweenthe parametersof thesemodelsand the parametersgovern-
ing the tip-sample interaction. Also whenthe scandata consistsof 200 200
points, the amourt of calculations is quite large making these methods not
applicable as a real-time display method for the AFM image basedvisual
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Figure 6: Input spacesfor the new fuzzy rule sets.

interface.

As a surface deformation method for a VR environment, a fuzzy model
was proposedby Takagi and Sugenoin 1985[14]. In this model the fuzzy
rules are represetted as follows;

R':If x; is A} and::and x,, is Al ;
then y' = aj + alxq + :: + al xm (5)

then the output is calculated as;

g = Pyl U= L AN(X) ¢ (6)
i=1
In our system we take the scandata as the original, undeformed surface
and calculate the deformed surfaceusing this fuzzy model. When the probe
tip touches or indents the surface, a new fuzzy rule set is created which
de nes the deformed shape of the surface. Then this deformed shape is
addedto the original shape. The outline of our method is as follows:

1. 3-D topology graph is drawn from the AFM scanexperimental data.

2. When the cartilever tip touchesthe surfacewith a certain depth, a
fuzzy rule is de ned as

j new i new
y 1

then z' = a'x + by + ¢ (7)

RI™ . if x is AL™ andy is A

Here, R1"" (i = 1;2;3;4) is the fuzzy rule set for the i!" input space.
How the input spacesare formed can be seenin Figure 6.

3. Parametersa'; ;¢ are calculated using the tip position, the surface
height and dp.



4. New Gaussianmenbership functions are de ned as:

i New

x p
Ax expf (Tx)zg

y p
expf (pr)zg ®)
wherep; piy are calculatedfrom Xg; yo; do. That is how the areaaround

the touching point is e ected is determined by the membership func-
tions and the depth of pushing.

i new
Ay

5. The surfacewhich represerts the deformation is addedto the original
data to get the deformed surface.

One of the adventageouspoints of this model is that the model provides
the userwith a familiar manner for understanding the relation betweenthe
model parametersand the physical properties of the interaction. This means
that the designercan easily determine the related parameters.

During the task, while the tip is moving above or on the surface, the
tip position is measuredcorntinuously. Each time the position data of the
tip is taken, and the deformation is calculated. Therefore the computation
time is very important for this kind of a real-time application. To decrease
the computation time, the number of the fuzzy rules should be small and
the rules should be easyto calculate. Increasing the number of rules will
probably give a better shape deformation which is more closeto the real
situation but whenwetrade o betweenclosenesso reality and computation
time we prefer small computation time sincethe operator needsto track the
changeson-line.

4.2.2. Force feedlack during surface deformation When the probe tip
touchesthe surfaceand is pushedfurther into the surfaceof nano object a
repulsive contact force occurs betweenthe surfaceand the tip. Since both
object and tip can be broken due to excessie forcesthe system should be
designedto display the force to the operator to prevernt excessie forces.

In our system, we deweloped a force display model to give the operator
somedegreeof cortrol on the interaction force. The forceis displayed astwo
componerts: magnitude and direction. In the current state of our system
we calculate the magnitude of force through a Maugis-Dugdale cortinuum
contact mechanics model using tip-surface seperation [1]. This model is the
most realistic cortinuum model for AFM probe based nano scale corntact
medanics.

To provide the operator with force feedba&, the magnitude of the force
is displayed as a conein the graphicsdisplay (Figure 5). The conebecomes
larger when the force is larger. Also the direction of the cone represerts
the direction of the force sincethe interaction force betweenthe tip and the
surfacecan be attractiv e aswell asrepulsive. Also consideringthe direction
of the tip-sample contact, x-y-z componerts of the force are calculated and
the force vector is displayed in 3-D.

4.3. Bilateral teleoperation control
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Figure 7: Teleogeration control structure for the Phantom™ haptic device.

Bilateral teleoperation cortroller generatesinputs for both slave and mas-
ter manipulators in order to track scaled positions. Here, the operator is
assumedto move slowly and smoothly for undesiredinstabilities.

The operator cortrols the cartilever contact x-y-z position while feeling
the normal interaction forces between the tip and sample. Teleogeration
cortrol structure for Phantom™ device is given in Figure 7. The aim
of the teleoperation system is to track the scaled master position X, =
(Xm:;¥Ym;Zm) in the nano world as xs = (Xs;Vs;Zs) whent! 1 to enable

[15]
Xs ! pXm )

where , is the position scaling factor and in the range of 10 > 10 7 in
general.

As the cortroller, a PD cortroller is usedfor tracking the desired scaled
master positions so that

s= Ku( pXm  Xs) + Kp( pXm  Xs) ; (10)

whereK , and K, are proportional and derivative cortrol parameter matri-
cesand s is the x-y-z stageinput torque.

5. EXPERIMENTS

Using a custom-made AFM system described in [5], 3-D nano scale to-
pography imagesof a given substrate are generatedby contact mode scan-
ning. This AFM image is displayed in the 3-D Virtual Reality graphics
display, and then simulated touch feedba& experimerts are realized using
the human-madine interface described before. Here, instead of real AFM
probe force measuremeits, modeled nano forces are felt on the operator's
nger. Contact deformation of the surfacesare displayed in real-time using
the Maugis-Dugdale contact mecanics and proposedfuzzy-models.

Calibrating the sensitivity of the piezoresistive sensoron the probe as

344 nm=V with a hard silicon surface, is computed. Piezoresistive
cartilever specications are: | = 155 m,w=50 m,t =3 m,H =
3 m,Ls=I=H =517, = 15° k, = 8 N=m, and resonar frequency of
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13528 KH z. Thus, ky, = 276 N=m, k 11225N=m, and ky = 2222N=m.
Then, measured corresponds to = 0:036Fx 0:12F,.

As the rst teleoperation experiment, 2-D/3-D point corntact touching ex-
periments are realized. A previously scannedsilicon surfaceis displayed in
the Virtual Reality graphics ervironment, and the AFM tip is moved in
X 'y z coordinates to get a touch feedba&. For nanoforces,simulated
modelsare utilized to generateattractiv e (negative) and repulsive (p ositive)
nanoforces. Here, silicon tip and surface have Young's Moduli of 169 GPa
and Poisson'sratios of 0:3, and probe tip radius is takenas30 nm. At rst,
the AFM tip is touched to the surfacein z direction only, and the resulting
forces on the operator nger are shown in Figure 8. It can be seenthat
the operator felt attactive forcesin the order of 80 nN during retracting
from the surface. Secondly the tip is touched to the surfaceat the x vy
direction asshown in Figure 9 wherethe felt x y nanoforcescan be seen.
Thus, attractiv e and repulsive nanoforcescan be felt successfullyon the sur-
facesat 3-D. During this experimert, nanoforcesand surface deformation
are displayed asin Figure 10.

To evaluate the systemperformance,loop times of ead systemcomponert
are computed asgivenin Table 1. As can be seen,graphics sampling rate is
around 33 H z while the haptic device sampling rate is 1 KH z. Therefore,
for areal-time task display system,the method usedto calculate the surface
deformation should be designedto have minimal amount of calculations.

Phantom™ 1 [msec]
3-D Nano Graphics | 31.5[msec]
Force Calculation 6[ sec]

Table 1: Loop times of ead system componert.

6. CONCLUSIONS

In this paper, designof a teleoperated nano scaleinteraction and manipu-
lation systemis proposed. Here, design methodology for AFM probe based
nanomanipulators is intro duced, and fuzzy-rules and Maugis-Dugdale con-
tinuum contact mecanics modeling are combined to enable novel real-time
nano scale surface deformation display. Using a 3 d.o.f. Phantom™ hap-
tic device with a scaled teleoperation cortroller, preliminary experimens
for interacting with AFM scannedsurfacesare realized. Experimental and
simulation results shav that the proposed system can be used for nano
scale interaction and manipulation applications. During the experimernts,
it is obsened that only visual feedbad is not su cien t for interacting the
nano world since the visual feedbad includes many sourcesof errors suc
as positioning drifts, nonlinearities, noises,and etc., and there is no real-
time visual feedba& possibility at presert in ambient conditions for nano
scale obsenation. Therefore, real-time force feedbak is one of the solu-
tions for compensating these errors and problems. As the future works,
tele-nanomanipulation experiments will be conducted, and biological ob-
ject manipulation experiments will be realized in liquid ervironments for
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sensingtheir elasticity and viscosity, and cutting, pushing, etc. type of me-
chanical manipulation tasks. As an example manipulation material, carbon
nanotubeswill be pushedand cut in order to characterize their medanical
properties [16], [17].
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Figure 8: The AFM tip is touched to the surface at the z direction by the
Phantom™ haptic device cortrol (upper), and resulting simulated nanoforcesare
shown (lower).
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Figure 10: 3-D Nano Graphics basedforce and surface deformation display: the
AFM probetip comescloseto the silicon surfaceand still there is no nanoforce(up-
per left); at a closevicinity, an attractiv e force (the conerepreserting the nanoforce
magnitude and direction is downwards) pulls the probeto the surface(upper right);
cortinuing to approad, the tip contacts to the surfaceand a repulsive force (the
coneis upwards and the ball becomesred) pushesthe tip and deforms the sur-
face (lower left); pushing with higher forces (the conesizeis larger) the surfaceis
deformed more (lower right).
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