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Abstract—A real-time augmented reality (AR) user interface for
nanoscale interaction and manipulation applications using an
atomic force microscope (AFM) is presented in this paper.
Nanoscale three-dimensional (3D) topography and force
information sensed by an AFM probe are fed back to a user
through a simulated AR system. The sample surface is modeled
with a B-spline based geometry model, upon which a collision
detection algorithm determines, whether and how the spherical
AFM tip penetrates the surface. Based on these results, the
induced surface deformations are simulated using continuum
micro/nanoforce and Maugis-Dugdale elastic contact mechanics
models and 3D decoupled force feedback information is obtained
in real-time. The simulated information is then blended in real-
time with the force measurements of the AFM in an AR human
machine interface, comprising a computer graphics environment
and a haptic interface. Accuracy, usability, and reliability of the
proposed AR user interface is tested by experiments for three
tasks: positioning the AFM probe tip close to a surface, just in
contact with a surface, or below a surface by elastically indenting.
Results of these tests showed the performance of the proposed
user interface. This user interface would be critical for many
nanorobotic  applications in  biotechnology, nanodevice
prototyping, and nanotechnology education.

Index Terms—Telenanorobotics, Augmented Reality user
inter faces, nanomanipulation, Atomic Force Microscopy

I. INTRODUCTION

TOMIC force microscopes (AFM) are tactile imaging

instruments with a resolution down to atomic scae.
Probing the sample surface with a nanoscale scanning tip
attached to a compliant cantilever, three-dimensional (3D)
topography of a surface and also its tribological properties can
be obtained by detecting the deflection and twisting of the
cantilever using a laser beam. Typical scanning tip apex radii
are around 10 nm and the positioning resolution of the tip ison
the range of some hundred picometers. Measuring the
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deflection of the cantilever, forces exerted on the tip can be
sensed with aresolution down to piconewtons.

Beginning with a pioneering work in 1990 [1], AFMs or
other scanning probe microscopes have been employed not
only for imaging, but also as teleoperated manipulators at the
micro- and nanoscale. The AFM probe is controlled in a
suitably scaled way by a haptic master device on which the
user can feel the forces interacting between scanning tip and
sample surface. Comprising also a 3D computer graphics
environment, which displays a previously scanned image of
the sample surface and the current position of the AFM probe
tip, these systems provide a highly intuitive way of interaction
with objects at the nanoscale. They can be considered as
teleoperation user interfaces for nanomanipulation, where
teleoperation is employed to bridge a huge difference in scale,
rather than in distance.

A great variety of telenanorobotic systems has been
introduced over the recent decade. A wide range of haptic
devices has been employed for telenanorobotics ranging from
a magnetic levitation device with 6 degrees of freedom (DOF)
[1], aforce-reflecting 1-DOF device [2,3], Phantom™ [4-6] or
the Delta™ haptic device [7] with 3-DOF, and even a force-
feedback game joystick [8]. Example nanomanipulation
applications include nanoscale particle pushing [9-11],
chromosomal dissection [12], and cell manipulation [5]. One
of the first AFM user interface systems [13] is now even
available as acommercial product.

In these works, it has been agreed that modeling the physics
of the interaction between tip and sample is necessary to
realize complicated tasks like manipulation of objects
[4,7,9,14], but also to enhance the quality of the user interface
[3,7,15]. Here, the design of AFMs puts two crucia
constraints to these user interfaces in ambient conditions,
which both decrease the intuitiveness of interaction:

- No on-line visual feedback: Deformations induced by the
AFM probe and rea-time AFM tip and nanoobject
positions cannot be seen. Only an off-line previously
scanned image of the surface is shown to the user as no
imaging is possible in ambient conditions while the tip is
employed in manipulation. However, scanning electron
microscope can enable real-time nanoscale imaging in
vacuum conditions which is out of domain of this work.

- No 3D decoupled force measurement: The force sensing
of AFM cannot resolve the force interacting between the
scanning tip and the probed surface in three dimensions
independently. As can be seen in Figure 1, Da deflection
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Figure 1. AFM force sensing: frontal and normal forces are
measured in a coupled way, while lateral forces are measured
separately. Therefore, decoupled 3D-force feedback is not possible.

is due to both frontal forces in x-direction and normal
forcesin z-direction.

These limitations are inherent in the design of AFM based
nanorobotic systems and cannot be overcome easily. On-line
visual feedback could be provided using a hybrid approach
with a scanning electron microscope (SEM) [16], but this
again introduces new complications such as limiting the
nanorobotic applications to vacuum environments and
handling only conductive or semiconductive materials. Exact
force feedback and position control could be gained by
limiting the directions of movement to two dimensions (y- and
zdirections in Figure 1), however for a random 3D
nanomanipulation application 3D decoupled force feedback is
required [6].

In this paper, for the first time, a real-time physical
simulation of nanoscale surface interactions is displayed by
integrating B-spline based 3D computer graphics techniques
with continuum nanoforce models for non-contact and contact
interactions. Furthermore, a scheme of decoupling 3D forces
in an AFM is proposed for reliable force feedback. Accuracy,
usability, and reliability of the proposed AR user interface are
tested by experiments for three specific tasks. Here, although
real AFM images are used to simulate force and visual
feedback, the system is not currently connected to an
experimental AFM system. This type of user interface would
be critical for many nanorobotic manipulation and interaction
applications for animated rea-time 3D visudization, 3D
decoupled force feedback, and intuitive tel eoperation.

Il. AUGMENTING MEASURED WITH MODELED INFORMATION

In this work, models have been developed to model lacking
information, i.e. surface deformations and 3D resolution of
forces exerted on the tip. This information is simulated and
blended in real-time with the information sensed by the AFM
probe in an augmented reality (AR) user interface as shown in
Figure 2. This way, the interaction with the user interface can
be enhanced concerning haptic as well as also visua feedback.
Combining simulation results and measured information,
decoupled 3D force feedback from the AFM probe can be
given to the user and otherwise invisible deformations can be
visualized in real-time. The following information is modeled
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Figure 2. System concept: Sensed and simulated information are blended
in real-time.
as it cannot be determined from the AFM directly during
teleoperated nanomanipul ation:

- Deformed shape of the sample surface in contact with the
spherical scanning tip,

- Geometry of contact, respectively the normal direction of
the contact between the arbitrarily shaped sample surface
and the spherical AFM tip.

The deformation of the surface and also the deformation of the
cantilever can then be displayed to the user during the
telemanipulation as proposed in [3]. Using the geometry of the
contact and the cantilever deformation model, the two
measured force signals can be decoupled into 3D force
feedback. Also the deflection of the tip from its position at
zero force is obtained in 3D and can be used for position
control.

1. SPLINE BASED SURFACE MODEL

A spline based representation through the widely used and also
OpenGL supported B-splines is chosen for geometrical
representation of the sample surface. A previousy scanned
image of the sample surface is first smoothened with a
Gaussian low-pass filter to remove noise and then a bicubic B-
Spline surface is fitted onto the data points. This way, a
continuous, parametric 3D representation S(u,v) of the sample
surface is obtained. During the teleoperation, a collision
detection algorithm checks for collisions between the spline
surface and the spherical AFM tip. In case of collisions, the
spline is deformed by control point repositioning to visualize
the deformation induced by the tip.

A. Collision Detection

Detecting collisons between the spline representing the
sample surface and a sphere representing the AFM tip as
displayed in Figure 3 can be realized by orthogonal projection
of the tips center onto the spline. Projecting a point C onto the
spline surface S(u,v) corresponds to finding the shortest
distance between C and a point of the spline. The vector



Figure 3. Collision detection yields normal direction n and indentation depth d.

function r(u,v) describes the vector between a point S(u,v) on
the spline surface and a point C:

r(u,v) =S(u,v)-C. (@D}

The following two scalar equations are held when r is
perpendicular to the spline surface, respectively when the
distance between C and Sis minimized:

f(u,v) =r(u,v)>S,(u,v) =0, @
g(u,v) =r(u,v)xS,(u,v) =0.

Solving this equation system for the two unknown u and v can
be done using binary search on the spline parameters u and v
like in [17]. This approach has the advantage that binary
search always converges after a defined number of steps. Yet,
it is only guaranteed to work for convex surfaces and may lead
to errors for concave ones. We therefore chose the Newton-
Raphson method, which works also for concave surfaces, to
solve the above equations as described in [18].

As convergence is not guaranteed, additional starting
guesses are selected in the case that the algorithm does not
converge. The following double iterative scheme gives good
convergence for a broad range of surfaces:

1. Try last solution as the start value if algorithm does not
converge.

2. Project C onto S along the z-axis yielding S, and use the
obtained parameter pair (u,v,) as start values, if
algorithm does not converge.
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3. Repeatedly try points in proximity of S until a solution
isfound.

The collision detection agorithm yields the point S closest to
the center C of the spherical tip, and also the normal direction
n of the interaction between tip and surface and the
indentation depth d, with which the tip penetrates the surface.

B. Surface Deformation Modeling

In order to visualize the deformation of the sample surface,
the control points of the spline are repositioned in case of
contact. A copy of the spline used for collision detection is
first atered and then rendered using OpenGL’'s NURBS
implementation. Two different repositioning schemes are
possible:

Repositioning only 4 control points, moving S exactly as
far as the indentation depth d along the contact direction
n (i.e. to the predicted contact point S),

Repositioning all control points in the area of contact
such that the spline conforms to the spherical shape of
the AFM tip.

The first approach was chosen by [17] and can be found in
[18]. It gives visually acceptable results for smaller indentation
depths and is computationally less expensive. However for
greater indentation depths, it gives visually disturbing results.

The second approach which repositions al control pointsin
the area of contact is mainly used in this work. All control
points in the area of contact, i.e. points which lie within the
contact radius, are projected onto the sphere representing the
tip as shown in Figure 4. Here, contact radius, a, is
determined by the Maugis-Dugdale elastic contact mechanics
model [3] which is the most accurate continuum micro/nano-
contact mechanics model for AFM studies. As a B-spline
always lies in the convex hull of its control polygon, the shape
of the surface approximately conforms to the spherical shape
of the tip in the area of contact. This approach gives avisualy
good approximation for the shape of the deformed surface
sufficiently many control points are repositioned. This way,
both indentations and adhesion effects of the sample surface
can be visualized when the tip sticks to the sample.

“Adhesion”

Figure 4. Screenshots and schematics of surface deformation: the interaction between tip and surface can be visualized to the user in 3D (the
sphere and cone represents the AFM tip and forces acting on the tip, respectively). The left two images show the indentation (elastic deformation)
of the surface and repulsive contact forces while pressing to the surface, and the right two images show the adhesion regime while retracting from

the surface which result in an attractive force and adhesion neck.



IV. DECOUPLING AFM MICRO/NANOFORCES

Using the results of the collision detection, namely the
indentation depth and the normal direction of the contact
between tip and sample surface, the two force signals from the
AFM, one for lateral forces and one for normal and frontal
forces, can be decomposed into 3D. Using a smple model for
bending behavior of the AFM probe, the force exerted on the
tip can then be determined in 3D by geometric considerations.

A. AFM Probe Model

The probe of the AFM consists of a cantilever beam with a
parabalic tip at its end (here, this parabolic tip is approximated
as a sphere). For the case of a rectangular cross-sectioned
cantilever, the relation between forces exerted on the tip and
the tip's deflection from its position at zero force can be
obtained by sating the Bernoulli-Euler eguation and
integrating twice, which first yields the slopes of the deformed
beam and then its deflections. Evaluating the normal z-axis and
lateral y-axis deflections and torsional deflection caused by y-
axis lateral force, the following model is obtained (Figure 1)
[6,19:
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with the following stiffness variables, expressed in terms of

Y oung's modulus E, width w, thicknesst, length |, tip height h,
and Poisson ratio 1 of the AFM probe;
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The force in lateral y-direction cause both lateral and
torsional bending of the cantilever beam. The optical lever
method however only measures angular twisting of the beam,
which in case of torson without bending is directly
proportional to the exerted force. Therefore, wide and thin
cantilevers for which lateral bending can be neglected are
selected here. Lateral forces can therefore be determined
directly as the resulting torsion angle Dg can be approximated
by the following expression [19]:

o NF,
9= bGwt?

1R ©)

 3hb k,

where b=t/w is a geometry-dependent constant and G is the
shear modulus of the beam material.

Forces in normal (z-axis) and frontal (x-axis) direction both
cause equally directed changes in angular orientation of the
beam's end. Therefore their measurement obtained by the
optical lever method, is coupled. As the angular change Da is
very small, it can be approximated by the slope at the end of
the beam Z (I)=tan(a), which yields:

Figure 5. Geometry of the tip-sample contact.
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where I=wh?¥12 is the beam's flexure momentum of inertia
referred to the y-axis.

For a force in either x- or zdirection, there is a one-to-one
correspondence between tilt angle a at the end of the beam
and the acting force. For a force composed of both,
components in x- and zdirections, this one-to-one
correspondence is no longer valid. This means that while
lateral forces can be determined directly, frontal and normal
forces cannot be measured separately and the overall direction
of the force exerted on the tip cannot be obtained from the
AFM done.

B. Blending Modeled Contact Geometry and Force
Measurement

The information obtained from the AFM is the changes in
angular orientation of the beam's end Dg caused by lateral
forces on the one hand and Da caused by frontal and normal
forces on the other hand. The desired information are two
vectors F'=(F,,F,,F,) and x'=(xX,,%,), describing the overall
force acting on the tip and the deflection of the tip from its
position at zero force, respectively. As discussed, the
measured torsion angle D and the lateral force F, are directly
proportional for thin wide cantilevers. Thus, in latera
direction, all necessary information is known and can be
determined directly from (5). However, neither F, nor F, can
be determined directly from measured angular change. Yet
with a simple geometric consideration, one more relation for
the components of the overall force vector F can be obtained.

Ascan be seenin Figure 5, it is obvious that F, consisting of
a force component norma to the surface and a friction
component tangential to it, has to be in the plane defined by n
and f. The direction of the friction force is opposed to the tip
movement represented by v and tangential to the surface at the
contact point. Letting v'=(v,V,v), f can be written as f'=(-v,,-
v,f,) where
f = v,n, +v,n, )

n

f$n=0p

This eguation assumes a surface topography with no
perpendicular inclinations (which would mean n=0) which is



realistic since AFM scans with a parabolic tip can not image
side-walls (only carbon nanotube tip attached high aspect ratio
AFM probe tips can image this type of side-walls).

Now, the vector p=(nxf), which is perpendicular to the plane
the overal force is in, can be computed. F and p are
perpendicular such that

F$E,:Fxpx+pry+szZ:0. (8
Combining (6) and (8) yields:
Py F,+ 2EI2Da Py F,+ ElDa
_p, I _ P, la
Fo=2— Fo=tr <%
2a_ Py P 9)
I p, 2a p,

This calculation is used when the tip moves in contact with the
surface in x-y-z plane and al (Fy,Fy,F,) force components and
(P Py, P,) are non-zero. If the tip moves in x-z or z-plane only
while in contact with the surface, then p.~=p~=0 or
p=p,=p~=0, respectively which causes singularity in (9).
Therefore, for the z-plane motion case, F,=F,=0 is taken, and
F, is calculated only using the Maugis-Dugdale €lastic
deformation model in z-direction as shown in Figure 4. For the
x-z plane motion case, z-deflection Lz is a function of both F,
and F, from (3) as

Dzziéﬁ;h[:x.ylzzg. (10)
k,é2l g

Then, to compute F, and F, separately, a micro/nanoscale
friction model is required which could be given as [20]

F, =nF, +tA . (1D
where mand ¢ are the friction coefficient and shear stress
between the tip and surface, respectively, and A is the contact
area which is a function of the vertical load F,, interfacial
surface energy, and equivalent modulus of elasticity between
the tip and surfaces materials [3]. Here, assuming the normal
load based friction is relatively much higher than the adhesion
dominated friction, we can take F,=nf, which resultsin

F = k,Dz

1+—
(12)
Fx = nFZ .

Using only the angular orientations (Dg, Da) measured by
the AFM and the geometric information obtained from the
collision detection algorithm, the force exerted on the tip can
be resolved in all possible cases using (9) and (12). Having
determined the force vector, aso the tip's deflection from its
position at zero force can be obtained. This way, decoupled
3D force feedback can be given to the user and the tip
deflection can be used in the control scheme to compensate for
the compliance of the probing tool and to allow direct position
control of the AFM tip, not only of the compliant cantilever's
base.
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Figure 6. Augmented reality system overview.

V. SYSTEM SETUP

The implemented system as illustrated in Figure 6 comprises a
3D computer graphics interface based upon OpenGL, a real-
time nanomechanics simulation of the tip-sample contact
behavior, and a Phantom® Premium 1.5T mode haptic
interface. Here, AFM system is currently just smulated using
real AFM images and micro/nano-physics simulations and
using areal AFM system with real nanoforce measurementsis
a future work. Figure 7 displays the visual and haptic user
interface setup. The system was designed in a multithreaded
way: while graphics are updated at a rate of approximately 25
Hz, the smulation, haptic control, and the AFM control are
updated at arate well above 1 kHz. The details of the graphical
user interface are displayed in Figure 8. In this interface, real-
time 3D surface deformation, AFM tip position, and
nanoforces on the AFM tip in a zoomed area, 3D AFM image
of the scanned real surface, AFM cantilever deflection, and on-
line 3D force and position data are displayed.

At the current status, the system is implemented as a
simulation environment, in which AFM online control is not
yet integrated, but the behavior of the real AFM is ssimulated.
However, the system is designed in a manner that any
commerciad AFM with a low-level control interface can be
integrated modularly. The system can currently be used as
experimental environment for haptic exploration of previously
scanned AFM images and for experimental evaluation of the
augmented reality user interface quality.

V1. EXPERIMENTS

To test the accuracy, usability, and reliability of the proposed
user interface system with simulated nanomechanics, a set of
experiments is designed using the setup given in Section V.
The below is an overview of the different components of the
experiments.
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Figure 7. The photo of the visual and haptic user interface setup.

A. Tasks

Experiment is made up of three tasks. Each involves

positioning the probe in a pre-defined position on, above, or
below the surface (Figure 9). Each task has its own set of
challenges, given that our models accurately approximate the
nanophysical properties of the surface. Task A is expected to
be the most difficult to achieve. Since Task A requires
positioning the probe at such a small distance above the
surface, nonlinear non-contact forces pulling the probe
towards the surface may prevent the probe from being held at
that distance. However, thisis a crucial task to consider since
many applications, such as manipulating carbon nanotubes and
nanoparticles with direct friction measurement, require holding
the probe up close to but not touching the surface. Task B
involves the positioning of the AFM tip on the surface for 3D
topography following with minimal deformation. Task C aims
to position the tip below surface by indenting it elastically to
get surface compliance feedback or plastically deform it for
nanomanipulation applications. For a silicon tip, Task C may
not be applicable to surfaces that are very stiff, such as glass.

B. Constants

For all tasks, user interface system consisting of the visual and
haptic feedback was kept the same. In addition, in order to
decrease the complexity, experiments were performed on a
locally flat surface. The tip size of our AFM tip radius was
kept at 15 nm (which is the standard tip size for most
commercialy available AFMs). Findly, the probe stiffness
was taken high (14 N/m). This is preferable for two reasons.
First, since a stiff probe applies more force on the surface, it is
more responsive to topographical change. In addition, a soft
probe would easily be subjected to the attractive nature of the
non-contact forces. This makes it difficult to perform tasks that
reguire the probe to be above the surface (such as Task A from
Figure 9) since the probe could jump-into-contact easily which
is undesirable. Thus, high probe stiffness allows us to perform
experiments on alarger variety of surfaces.

Force Vector

Tip

AFM Probe

Substrate

Figure 8. Snapshot of the implemented graphical user interface: left window
shows the 3D real-time probe tip, zoomed AFM image of the surface, and
nanoforces; right-bottom window displays the overall 3D AFM surface
topography; right-middle window displays the AFM cantilever deflections;
right-top window shows the real-time data of 3D forces and AFM tip position.

TABLE 1 MATERIAL PROPERTY OF THE TESTED SURFACES

Material I\Y/I%Léirzj?uss A?;?;?n Plg;st?gn
(GPa)
Silicon Oxide 70 0.2 0.27
Polystyrene 2 0.066 04
Silicon Rubber 0.001 0.022 05

C. Physical Parameters

There are three parameters that we varied in our experiments.
One is the Young's modulus which represents the hardness of
the material or surface. Second is the adhesion or surface
energy of the surface; this factor determines how sticky the
surface is. Finally, the Poisson ratio is aratio of the transverse
strain to the normal strain of the material. We will use three
different types of material ranging from a hard surface (glass)
to a soft surface (rubber) each having its own set of values for
the parameters given in Table 1.

D. Method

At the beginning of the experiment, each user was briefly
introduced to the system. They had about five minutes to

Small distance

(5-50nm) above Right on the Small distance
the surface surface below the surface
Task A Task B Task C

Figure 9. Experiment tasks (the sphere represents the AFM tip).



Figure 10. @) Global view of target position (in green) b) Detailed
view of target position (black crosshair).

familiarize themselves with the haptic device as well as the
visual interface. Afterwards, they began the experiment. For
each task, the user's probe position would start approximately
in the middle of the surface. They then had to use the global
view (Figure 10a) to locate the target (in green), and move
towards the target. The goal is to position the probe as close to
the target position as possible. The target in the interface is
depicted by a three dimensional crosshair (Figure 10b); its
center is considered the target position. Hence, the error is
measured from this point to the probe's center.

For each task, the user would press a button to begin, and
the same button again when they feel that they have positioned
the probe as accurately as possible. Directional buttons
allowed the user to rotate the view vertically and horizontally
along the plane. After each target acquisition, the material
properties would be changed, and the procedure repeated.
Each task is performed with al three materias, with the
exception of the third task. The third task omits the first
material (silicon oxide) since the third task requires deforming
the surface; elastic deformation is very tiny for hard surfaces.
Finally, each task is repeated two more times. A total of 162
data points were collected for six different users.

E. Evaluation

Positioning error and average time is calculated for each task
and material. If our nanophysical and geometry models are
accurate, Task A should produce the highest percent error
since it is the hardest task to achieve given the nature of the
task. Also, Task C should be more difficult with Silicon
Rubber than Polystyrene. The softness of Silicon Rubber will

a Task A —Silicon Oxide b. Task A - Polystyrene

c. Task A — Silicon Rubber d. Task B — Silicon Oxide

e. Task B — Polystyrene f. Task B — Silicon Rubber

g. Task C - Polystyrene h. Task C — Silicon Rubber

Figure 11. Sample force (x107 N) vs. time (sec) experimental plots for each
task and material.

give the user less force feedback, which facilitates
overshooting the deformation position. In addition, user's
performance should improve with the number of trials since it
is expected that they will need some time to become familiar
with the interface. For analysis purposes, trajectories and
forces are aso recorded.

F. Analysis

Before any experiments were conducted, one untrained user
was put through certain parts of the experiment and asked for
feedback. This was used to make quick improvements to the
experimental setup. With the exception of one user, all further
experiments were performed with untrained users. For these
users, this was their first time using the interface. Data related
to the positioning error as well as the time required to
complete each task was collected for each task and each
material.



VII.

This section shows the test results and discusses its
implications. Among the untrained users, it was expected that
the percent error would decrease with the trials. We expected
the user to become more and more familiarized with the
interface and hence, make more accurate target acquisitions.
This was not the case however. In fact, we found no
correlation between the number of trials and the accuracy of
the results. Sample force vs. time experimental datafor agiven
user is shown in Figure 11. Also, we expected Task A to be the
most difficult, and anticipated that it would have the highest
percent error. Based on our data (Figure 12), Task B had the
highest average percent error, followed by Task C and then
Task A. The difficulties in terms of materials are fairly even
for Task A. Silicon Oxide made Task B more difficult than
Silicon Rubber. Task C was much more difficult in Silicon
Rubber than Polystyrene.

As for time, we expected the time required to perform each
task to decrease with the trials (Figure 13). This was also not
the case. In addition, it was expected that if the average time
was longer, then the percent error should be less. This is
because the user would be taking more time to perform the
task, hence making fewer accuracy errors. With the exception
of Task C, no correlation was found between how accurate a
user was, to the average time required to complete the task.
The faster users did not necessary have a higher average error
and likewise, the slower users did not necessarily have a lower
average error. For Task C however, the average time required
to complete the task for Polystyrene is much higher than more
Silicon Rubber (Figure 13). Consequently, the average error is
much less for Polystyrene than for Silicon Rubber.

RESULTS

VIIIl. DISCUSSION

Although Task A (positioning the probe dlightly above the
surface) seemed like the hardest task, most users did not have
much difficulty completing it. It seemed manageable,
especialy if the user made contact with the surface first. Using
this strategy, the user did not have to feel the nonlinear forces,
since they were already making contact with the surface.
Hence, they ssimply had to apply a force to counter the contact
forces, which are much more stable than the nonlinear forces.
This strategy was not as successful for Silicon Oxide. Silicon
Oxide has a higher Young's modulus. Since it is a harder
meaterial, the probe does not stay in contact with the surface as
long as for softer materials when pulling up from the surface.
Users who made contact with this type of surface had to first
apply a force to disengage from the surface in order to reach
the target position. The extra force caused the user to go
beyond the target, requiring them to then reposition.

Task B (positioning right on the surface) was the most
challenging. Most users wanted to position the probe dightly
above the surface, instead of on the surface itself. Therefore,
they were constantly fighting the nonlinear forces. These
forces caused the haptic device to oscillate, making if difficult
for the user to hold it still. In essence, this task unexpectedly
represented the difficulties of what we initially predicted Task
A would represent.

Figure 12. Comparing the average percentage positioning error for each task
and material.

Figure 13. Comparing the average completion time for each task and material.

As predicted by our models, Task C (positioning below the
surface) had a higher percent error for Silicon Rubber than
Polystyrene. The softness of Silicon Rubber resulted in less
normal force feedback (Figure 11c, 11f, and 11h); this made it
easier for users to unnoticeably push too far into the surface,
surpassing the target position.

The average time required for each task did not vary based
on the number of trials. Depending on the trial, some users
encountered more difficulties with one tria than with another
trial of the same task and material. This was caused by
unexpected interactions that took place during the trial. For
example, for Task A on onetrial, the user might easily move to
the target position without any complications. For another
trial, however, they may accidentally make contact with the
surface; therefore, they will have to adjust the probe, taking
more time. As a result of these random interactions, the time
required to complete each task does not necessarily decrease
with each trial as predicted. By the same reasoning, it is also
not necessarily true that the more time spent on atria the more
accurate the trial.

These results suggest that many challenges exist in the
nanoscale world which needs to be vaidated with real AFM
experiments. Despite these challenges, with some training, it is
possible to achieve good accuracy and smooth trajectories.

IX. CONCLUSION

Using real-time simulations to gain additional information,
which cannot be obtained from an AFM directly, is an
effective way to enrich the intuitiveness of AFM-based



telenanorobotics without the need to introduce new visua
sensing methods. Using the models proposed in this paper and
blending their results with the measurements sensed by the
AFM, surface deformations are visualized in real-time and the
user can be given heretofore impossible 3D feedback. The
geometry of the contact between tip and sample surface is
simulated in a fast and efficient model, assuming a sphere-
based probe in contact with an arbitrarily shaped surface.
Testing the proposed user interface for three tasks of
positioning the AFM tip above on a surface gave new insights
about the difficulties and errors in the user interface due to
non-contact and contact nanoforces.

The implemented user interface works well in simulated
mode, while it remains to be shown in experiments that
simulations and AFM can be matched closely sufficient. As
future work, rea-time AFM based nanomanipulation
applications such as nanoparticle and carbon nanotube pushing
and polymer nanofiber pulling using the proposed AR user
interface for animated real-time visualization of the AFM tip
and nanoobjects will be demonstrated. Here, aso
nanomanipulation mechanics will be integrated to the current
nanomechanics models for also animating the nanoobject
motion and behavior.
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