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Teleoperated Touch Feedback from the Surfaces at
the Nanoscale: Modelling and Experiments
Metin Sitti, Member, IEEE, and Hideki Hashimoto, Member, IEEE

Abstract— In this paper, a teleoperated nanoscale touching
system is proposed, and continuum nanoscale contact mechanics
models are introduced. The tele-nanorobotic system consists of a
piezoresistive nanoprobe with a sharp tip as the nanorobot and
force and topology sensor, a custom-made 1 degree of freedom
haptic device for force-feedback, 3-D Virtual Reality graphics
display of the nano world for visual feedback, and force-reflecting
servo type scaled teleoperation controller. Using this system, 1-D
and 3-D touching experiments and Virtual Reality simulations
are realized. Scaling of nanoforces is one of the major issues
of the scaled teleoperation system since nanometer scale forces
are dominated by surface forces instead of inertial forces as
in the macro world. As the force scaling approach, a heuristic
rule is introduced where nanoforces are linearly scaled with an
experimentally determined scaling parameter. Simulation results
and preliminary experiments of touching to silicon and InAs
quantum dot nanostructures show that adhesion forces at the
nanoscale can be felt repeatedly at the operator’s hand, and the
proposed system can successfully enable the nanoscale surface
topography and contact and non-contact nanoforce feedback.
Index Terms— Nanorobotics, nanomanipulation, nanotechnology, nanomechanics, tele-robotics, haptic feedback.

I. I NTRODUCTION

H

ANDLING of and interacting with smaller and smaller
size objects where the human sensing, precision, and
direct manipulation capabilities lack is one of the promising
future trends in the robotics field. Due to the recent developments in the nanotechnology field, handling of materials
especially at the molecular and nanometer scales has become
a new challenging issue [1], [2], [3], [4], [5]. On one side,
some researchers are trying to understand more about the
nano world physics and chemistry, and, on the other side,
robotics researchers are attempting to construct new tools,
new control and sensing technologies, and human-machine
interfaces specific to the nano world. This study is focused
on using Atomic Force Microscope (AFM) nanoprobes for
teleoperated physical interactions and manipulation at the
nanoscale. These nanoprobes can be utilized for different interaction and manipulation tasks as illustrated in Figure 1 [6].
This paper investigates the touching interaction applications in
particular, but the developed approach could also be directly
extended to other tasks. Most nanorobotics studies do not
include the detailed effect of object deformation during contact
type of manipulation. However, this study also introduces
deformation and indentation models for understanding the
nanoscale contact behavior in more detail.
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Fig. 1. Possible mechanical manipulation tasks using an AFM probe as a
nanomanipulator.

When the objects are scaled down to the nanometer scale,
there are many significant changes in the physics and properties of materials: (1) surface-to-volume ratio increases, i.e. surface forces, friction and drag forces dominate inertial forces,
surface properties could dominate bulk properties, and friction
becomes also a function of contact area, (2) dynamics of
the objects becomes faster, (3) heat dissipation increases, etc.
Thus, a different mechanics, which can be called as nanomechanics, is introduced by many researchers [7], and nanoscale
contact mechanics [8] is one of the main components of
this new field. For understanding the contact phenomenon
of surface atoms and molecules at the nanoscale, Surface
Force Apparatus and more recently Atomic Force Microscope
(AFM) have been utilized [9], [10] as experimental tools
intensively. AFM can enable single asperity contact studies
of any type of sample such as biological objects, polymers,
metals, semi-conductors, etc. Thus, local contact studies with
very high resolution has become possible. For AFM-based
contact mechanics modelling, two main approaches are used:
molecular dynamics simulations and continuum mechanics. In
the former approach, interatomic molecular dynamic models
are utilized for numerically calculating the dynamics of each
atom on the indenter and the surface [11]. On the other
hand, the continuum mechanics approach generates the contact
mechanics by integrating the interatomic forces at each body.
For basic nanorobotic applications, the continuum mechanics
approach is advantageous since it is analytical and computationally efficient while the former is crucial for understanding
the molecular basis of contact mechanics. The continuum
mechanics approach is selected in this paper because the
models are aimed to be utilized in real-time haptic interfaced
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Virtual Reality (VR) simulations.
Hertz [12], [13], [14], [15], Johnson-Kendall-Roberts (JKR)
[16], Derjaguin-Muller-Toporov (DMT), Maugis-Dugdale
(MD) [17], [18], etc. models have been utilized as the continuum mechanics approaches. The Hertz model is realistic
when the external loads are much larger than the adhesion
forces. However, load amounts may have similar magnitudes
to adhesion forces during nanomanipulation tasks, thus this
model should not be utilized in the case of small loads. The
DMT model adds the effect of adhesion to the Hertz model,
and it can be used in the case of rigid systems, low adhesion,
and small radii of curvature. But it may underestimate the
true contact area, and the hysteresis between loading and
unloading cannot be modeled with this model. On the other
hand, the JKR model includes the effect of adhesion forces
and hysteresis behavior where it is realistic for small loads.
But, it assumes that short-ranged surface forces act only inside
the contact area, and this may underestimate loading due to
the surface forces. Finally, the MD model [19] is currently
the best model since it can be used for any case and does not
underestimate surface forces and contact area.
In this paper, nanoscale contact mechanics is connected
with the scaled tele-robotics technology for putting human
operators inside the nano world for touching and physically
interacting with surfaces at the nanoscale. This kind of study
is especially crucial for reliable tele-manipulation of fragile,
soft and complex nanoobjects such as biological samples or
polymers. This paper integrates nanoscale contact mechanics
and teleoperated force and topography feedback for the first
time to our knowledge. Hollis et al. [20] and Falvo et al.
[21] utilized tele-robotics technology for tele-manipulation or
tactile feedback, but did not consider the nanoscale contact
mechanics and scaled teleoperation control design issues in
detail.
Our approach is to utilize Hertz, DMT, JKR, and MD
contact models in a Virtual Reality based nanoscale touching
simulator for an AFM nanoprobe contact interaction with
surfaces, and then compare the results with teleoperated AFM
nanoprobe touching experiments. For the bilateral teleoperation force feedback control, a force-reflecting servo-type controller is used. The scaling problem for this kind of application
is defined, and possible solutions are proposed.
The organization of the paper is as follows: after defining
the nanoscale touch feedback problem in Section II, nanoscale
force models and contact mechanics are described in Section
III. Then, scaled bilateral teleoperation control and force
scaling approaches are given in Section IV. Next, Section
V explains the VR graphics environment for teleoperated
nanoscale touch simulations and experiments. Simulations and
experimental results of the teleoperated touch system are
reported in Section VI, and Section VII and VIII include
discussions of these results and conclusions respectively.
II. P ROBLEM D EFINITION
AFM cantilever with its sharp tip as shown in Figure 2 is
replaced by our finger at the nanoscale as shown in Figure
3. The operations are assumed to be realized in ambient

2

Fig. 2. Bottom view of the piezoresistive AFM nanoprobe (Thermomicroscopes Inc.) [22] by Scanning Electron Microscope where the silicon tip (inner
image) with apex radius of 20 − 30 nm is located around 10 µm inside of
the end.
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Fig. 3. Contact-type physical interaction with deformable surfaces at the
nanoscale using AFM tip as a single asperity contact tool and force/topology
sensor.

conditions with no direct humidity and temperature control
for the AFM system. Here, the sample is assumed to be an
elastic flat half-space, and the cantilever beam is assumed to
be a point mass concentrated on the tip apex with a spring
and damper.
p r o b e tip
R

e
t

h

s u b s tra te

F

v d w

, F

e l

e

Fig. 4. A parabolic nanoprobe tip and a flat surface interacting via the van
der Waals, electrostatic and capillary forces.

III. C ONTINUUM NANOFORCE M ODELS
Assuming the AFM tip apex is spherical (parabolic),
nanoforces between a sphere and an elastic flat surface, as
illustrated in Figure 4, are to be modelled for simulating the
touch interaction in a VR environment. An experimental forcedistance curve of a silicon tip and silicon surface in ambient
conditions is shown in Figure 5. During approach, there is
a non-contact force which starts at around 40 nm distance at
point A for this case, and attracts the probe to the surface. Then
the tip contacts the surface, and after this point contact forces
repel the tip depending on the contact mechanics. When the
tip retracts, there is a hysteresis, and adhesion peak after point
B, and the tip and surface are completely detached at point C.
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Fig. 5. Experimental force-distance curve during approach to and retraction
from a flat silicon surface with the piezoresistive AFM nanoprobe.

Below, the main forces causing the non-contact attraction and
contact repulsion are modelled and explained.
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While approaching or retracting, there are mainly attractive and sometimes repulsive non-contact forces in ambient
conditions (gravitational forces are negligible relative to the
other nanoforces). These forces are mainly van der Waals,
capillary and electrostatic forces such that Fnon−con (t) =
Fvdw (t) + Fcap (t) + Fel (t). For these forces, a minus sign
represents attractive and a plus sign does repulsive force cases.
Assuming a spherical (semi)conducting tip of radius Rt , and
(semi)conducting flat surface separated by a distance h and
peak-to-peak surface roughness b, these forces are given as
follows [23], [4]:
 h 2 HR
t
Fvdw (h) = −
, (h ≤ 100 nm)
h + b/2
6h2

h − 2e 
Fcap (h) ≈ −4πγL Rt 1 −
,
2r1
0 U 2 S
Fel (h) = −
, (h ≥ a0 )
(1)
2h2
H is the Hamaker constant, r1 is the radius of curvature of
the meniscus, e is the thickness of the liquid layer, γL is the
water surface energy, 0 is the permittivity, U = (φ1 − φ2 )/ec
where φ1 and φ2 are the work functions of two surfaces, and
ec = 1.6 × 10−19 C is the electron charge, S = 4πRt r1 is
the contact area, and a0 is the interatomic distance between
the tip and surface atoms. Here, the surface roughness (b) is
very significant since the surfaces at the nanometer scale are
mostly not atomically flat. As can be seen from the above Fvdw
equation, b can exponentially decrease the surface forces.
1) Simulations: The above non-contact force models are
simulated, and their relative magnitudes in air are compared.
For approaching a spherical silicon tip to a flat gold surface,
the parameters of the simulation are as follows: Rt = 30 nm,
H = 2.03 × 10−19 J, a0 = 1.98 Ao , e = 5 nm, b ≈ 0,
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0

Fig. 6. Comparison of the magnitudes of the Fvdw (uppermost), Fcap
(middle) and Fel (bottom) non-contact attractive forces in air for a silicon tip
and gold substrate.

γL = 72 mJ/m2 , r1 = 1.06 nm, U = 0.25 V , 0 =
8.85 × 10−12 C 2 /N m2 . The resulting forces are shown in
Figure 6. From the figure it can be seen that Fcap > Fvdw >
Fel for the given case. Fcap dominates Fvdw in air for
hydrophilic surfaces since they always have a thin water layer
in ambient conditions, and Fel could be neglected if the surface
is (semi)conducting and grounded while this does not hold for
nonconductive or previously charged surfaces.
B. Contact Mechanics
The contact mechanics of the nanoscale touch using the
AFM tip as the single asperity contact tool is modelled as a
mass-spring system as shown in Figure 7. P represents the
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Fig. 7. Mass-spring model of the contact mechanics for the elastic surfaces
at the nanoscale using AFM tip as a single asperity contact tool.

m∗c ζ̈ + kc ζ = ki (z, ζ)(z − ζ) .

P (t) = kc ζ(t)

= Kaδ
m  1 − νt2
1 − νs2 
=
+
2
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d
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Fig. 8. Contact mechanics models for an elastic sphere and flat surface case
for a load of P and adhesion force of Pa : (a) the Hertz model, (b) the JKR
model, (c) the MD model.

following relation can be computed:
√
Rt Kcosα 3/2
∆=δ+
δ
.
kc

(4)

(5)

where K is the reduced elastic modulus for the tip-sample
system, m is the tip geometry dependent constant (m = 1 for
the cylindrical, m = 1.5 for the spherical, and m = 2 for
the conical tip case), Et and Es are the Young’s moduli, and
νt and νs are the sample Poison’s coefficients respectively.
For our system, the AFM tip is spherical with radius Rt ≈
20−30 nm, and √
using the Hertz model for a sphere-flat object
interaction, a = Rt δ assuming small deformation. Then, the

(6)

If the tip is very sharp, i.e. Rt < 10 nm, the geometry
can be assumed to be conical with the tip half angle ψ where
a = πtanψδ/2. Then,
∆=δ+

where z0 is the stage z-position when the tip contacts to the
sample and ∆ is the stage z-displacement from z0 after the
tip-sample contact.
1) Hertz Model: For the Hertz contact model as shown in
Figure 8a, load P results in a contact radius a with the general
relation of:
P
1
K

(b)

(3)

Here, the special cases are: (1) if ki >> kc , ζ = z at the
equilibrium which means there is no surface deformation, (2)
when ki = −kc , i.e. ki is due to an attractive tip-sample
interaction force Fi with ki = dFi /dz = −kc , then m∗c ζ¨ =
ki z. During the contact, applying a load P by moving the
cantilever base position to z results in the following equalities:

δ(t) = ∆(t) − ζ(t)cosα
∆(t) = z(t) − z0 ,

P

(2)

where m∗c = 0.24mc is the effective mass for a rectangular
probe. Assuming the damping terms are negligible, and removing the time t ∈ R for the notation simplicity:

d
a

a

applied load, kc , bc , mc , ζ are the cantilever force constant,
damping constant, mass, and deflection respectively. ki (z, ζ)
and bi are the tip-surface interaction stiffness and damping,
and δ is the penetration depth. The dynamics of the cantilever
can be given as [7]:
¨ + 2m∗ bc ζ̇(t) + kc ζ(t) =
m∗c ζ(t)
c
ki (z, ζ)(z(t) − ζ(t)) + 2m∗c bi (ż(t) − ζ̇(t) ,

t

πtanψ 2
δ .
2Kkc

(7)

Furthermore, some researchers [14]√approximate the contact
radius using simple geometry as a ≈ 2∆Rt for the spherical
tip case, then:
δ=

kc ∆
√
.
kc + Kcosα 2∆Rt

(8)

2) DMT Model: This model accounts for long-ranged attraction around the periphery of the contact area while the
deformation geometry is Hertzian as in the Figure 8a such
that for a sperical tip and flat surface:
Ka3
− 2πRt ω
Rt
a2
δ=
Rt

P =

(9)

where ω is the adhesion energy. Here, ω = γt + γs − γts ≈
√
2 γt γs [23] with γt , γs and γts are the tip, sample and tipsample interface surface energies assuming no liquid layer
between the tip and sample. If there is any liquid layer in
the tip-sample interface, then ω ≈ 2γL where γL is the liquid
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surface tension. In air, if the tip and sample are hydrophilic, a
thin water film layer exists on the sample and γL = 72 mJ/m2
is taken.
3) JKR Model: Adding the short-ranged adhesion forces,
for spherical tip and flat surface as shown in Figure 8b, the
JKR model results in the following equations:

where m is the ratio of the width of the annular region c to
a. λ is a dimensionless parameter that is the ratio of the JKR
theory contact area neck height to the intermolecular spacing
a0 [25]. It is also a measure of the elastic deformation of the
surfaces to the effective range of surface forces. If λ → 0, the
MD model converges to the DMT model, and if λ → ∞ it
converges to the JKR model. For the contact of elastic spheres,
an adhesion map can be constructed using the MD model for
different values of λ and load. Johnson et al. [8] showed that
the MD model can be replaced by the JKR model if λ > 5.8
or by the DMT model if λ < 0.12. For a given adhesion force
Pa and load P , the MD model can be replaced by the Hertz
model if P > 20Pa [8].
5) Experiments and Simulations: For comparing the above
deformation models, a silicon tip and silicon sample are
brought into contact (assuming ESi = 135 GP a and νSi =
0.35). Assuming a water layer between the tip and sample,
ω ≈ 2γL where γL = 72 mJ/m2 , and very smooth
surfaces (b ≈ 0), indentation force and contact radius a
vs. z-displacement from the contact position ∆ curves are
obtained as shown in Figure 9 during unloading (retraction).
In the figure, also the experimental unloading data with a
slope of 8.5 N/m are shown. However, the contact radius
cannot be directly measured, and therefore experimental data
is not shown. The results show that JKR overestimates the
contact area while DMT and Hertz underestimates, and DMT
and Hertz models also underestimates the applied load. For
different samples with different Es , the MD model gives the
load, contact radius and m data as can be seen in Figure
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K
4) MD Model: The MD model assumes a constant stress
σ0 = 1.03/a0 over the annulus d as illustrated in Figure 8c.
By analogy with the plastic zone ahead of a crack, the MD
model can be used for all cases [19], [24], [8] such that:
λa2  K 2/3 p 2
1
1=
[ m − 1 + (m2 − 2)cos−1 ] +
2
2 πRt ω
m
4λ2 a K 1/3 p 2
1
[ m − 1cos−1 − m + 1]
3 πRt2 ω
m
a2
4λa  πω 1/3 p 2
m −1
δ=
−
Rt
3 Rt K


Ka3
πωK 2 1/3 p 2
1
P =
− λa2
[ m − 1 + m2 cos−1 ]
Rt
Rt
m
2.06  Rt ω 2 1/3
λ=
(11)
a0 πK 2
3
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Fig. 9. Applied load and contact radius results for Hertz, DMT, JKR and MD
models during unloading (retraction) in the case of a silicon tip and substrate
contact (Exp. (dotted line) in the load graph represents the experimental data).

10. As the surface becomes softer, i.e. Es is smaller, the
contact area is increased while the applied load is decreased.
This may cause problems in the force feedback scaling since
the same scaling factor can not give the sufficiently scaled
feedback resolution and range on the operator finger for
different surfaces with different hardness values. One solution
is the preliminary calibration of the force scaling factor for all
surfaces for optimal force feedback, and the other solution is
using different AFM cantilevers with different stiffness, i.e.
for soft surfaces small spring constant cantilevers, and for
hard surfaces very stiff cantilevers. In our system, there are
only two types of piezoresistive cantilevers available with the
spring constants of around 1 N/m and 8 N/m, and an initial
calibration is realized for each surface which will be explained
at below.
In the next experiment, a silicon AFM tip is touched to
materials with different hardness values (single crystal silicon
(100) with Es = 135 GP a, polyester with Es = 2 GP a,
and silicone rubber (HSII, Dow Corning Inc.) with Es =
0.6 M P a), and the experimental unloading curves are obtained as shown in Figure 11. Depending on the Es , the slope
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is different, i.e. larger Es has a steeper slope, and the pulloff (separation) point gives information about the adhesion
between the tip and surfaces.

Scaled bilateral teleoperation control system.

the applied operator force fm , measured by a strain gage
full bridge sensor, moves the bar down to a position xm
which is measured by a position sensor. Then, the nanoprobe
z position xs is controlled using a proportional-integral (PI)
controller so that it can track the scaled master device position
αp xm . The new xs position results in a nanoforce of fs
on the surface, and scaled nanoforce αf fs and master force
difference is used to calculate the linear motor torque using
a proportional-derivative (PD) controller. This torque enables
the force feedback in the operator finger.

A. Dynamics Modeling
Force feedback is sensed through the linear motor torque
with the master arm dynamics of:
mm ẍm + bm ẋm = τm + fm ,
F

IV. S CALED B ILATERAL T ELEOPERATION C ONTROL
For feeling the scaled nanoforces on the human finger, the
bilateral teleoperation control system shown in Figure 12 is
constructed. In this 1-D force-reflecting servo type system, the
operator controls the slave AFM nanoprobe z position while
feeling the resulting scaled perpendicular nano scale forces
in her/his finger using a bilateral controller. A 1 degree of
freedom haptic device in Figure 13 [24] is used as the master
device. The operator pushes the bar of the haptic device, and

x

m

(12)

F o rc e S e n s o r

t
m

m

P o s itio n
S e n s o r

B a s e
L in e a r M o to r w ith G e a r D r iv e

Fig. 13. Structure of the custom-made 1 degree of freedom haptic device
with position and strain gauge force sensors for feeling the normal interatomic
forces at the nanoscale.
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with mm is the arm mass, bm is the damping ratio, fm and
xm denote the operator force and arm position, and τm is the
motor driving torque.
In the slave site, AFM tip base position (or sample position)
xs (t) is controlled using Physick Instruments Co. (P-762.3L)
piezoelectric stage with Linear Variable Differential Transformer (LVDT) integrated sensors. Closed-loop resolution is
limited to 10 nm due to the sensor resolution while in openloop 1 nm resolution is possible. The dynamics of the z-axis
stage can be given as [26]:
1
1
ẍs +
ẋs + xs = τs − fs ,
ωn2
ωn Q

ki (xs , δ)kc
xs .
ki (xs , δ) + kc

(14)

(15)

B. Control Scheme
The ideal response of the controller is given as follows [27]:
xs
fm

→ α p xm
→ α f fs

(16)

at the steady state. Here αf > 0 and αp > 0 are the
constant force and position scaling factors respectively. As the
controller, a force-reflecting servo type controller is selected
such that
τm = −αf fs − Kf (αf fs − fm )

τs = Kv (αp ẋm − ẋs ) + Kp (αp xm − xs )

(17)

where Kp and Kv are proportional and differential control
coefficients, and Kf is the force error gain. Using the slave
and master dynamics equations, and assuming a very high
tip-surface interaction stiffness such that ki >> kc , and fs =
kc xs , equalities for the ideal response at the steady state are
given as follows:
xs
Kp
= αp
xm
1 + Kp
fm
1 + Kp
1 
=
+ αf 1 +
.
fs
k c α p Kf Kp
Kf

In this paper, nanoforces and positions are linearly scaled
with parameters αf and αp . For determining these parameters,
there are different approaches. Recently, Goldfarb [28] concluded two cases: Rule 1: αf = 1/αp = 1/l for structurally
dominated interactions, Rule 2: αf = 1/α2p = 1/l2 for surfacedominated interactions where l = (xmax
− xmin
)/(xmax
−
s
s
m
xmin
),
and
assuming
l
>>
1.
Furthermore,
for
α
=
l,
we
p
m
add a heuristic rule for the force scaling as

(13)

with xs = z. Assuming quasi-static, i.e. slow, motion which
means equilibrium at each xs displacement:
fs =

C. Selection of the Scaling Factors

αf =

where ωn = 2πfn , fn = 450 Hz is the resonant frequency,
Q = 20 is the quality factor, xs denotes the AFM cantilever
base position, fs is the force that the tip applies to the sample,
and τs is the stage driving force.
The tip-sample interaction dynamics which is given in Eq.
(3) can be written as:
fs = kc ζ = −m∗c ζ̈ + ki xs − ki ζ ,

7

(18)

Thus, for enabling the ideal responses, Kp and Kf should be
selected as large as possible while they are upper bounded due
to the stability conditions.

max
min
fm
− fm
.
max
min
fs
− fs

(19)

Upper max and min terms denote the minimum and maximum values for the given parameter. This kind of scaling
could be especially useful for nanomanipulation cases where
the resolution of the stages are limited for long ranges of tens
of micrometers, and environmental disturbances largely reduce
the measurement and positioning accuracy.
At first, the measurement limitations should be considered.
For the positioning limits, resolution δp = 10 nm in the
closed-loop control case is taken. Denoting the initial height
of the tip above the sample surface as L, and a maximum
indentation depth as δmax , then xmax
− xmin
= L + δmax .
s
s
The deflection of the cantilever is limited by the electronics
such that −10S ≤ ζ ≤ 10S where S is the conversion
term for the deflection from V olt to µm. It is calibrated
before the experiments (in our case S = 0.033 µm/V ). Thus,
δmax ≤ 10S = 0.33 µm.
For the nanoforce measurements, the thermal and electrical
noise in the piezoresistive cantilever deflection measurement
system, ec , is peak-to-peak 50 mV which means an approximate force resolution of δf = 0.05kc S = 13 nN . Since ζ
is limited, also −10kcS ≤ fs ≤ 10kc S. For kc = 8 N/m,
−2.6 µN ≤ fs ≤ 2.6 µN . However, the attractive nanoforces
are relatively very small as compared to contact forces, and
typically −0.6 µN ≤ fs ≤ 2.6 µN . Furthermore, due to
δp , minimum ζ steps are limited to kc δp = 80 nN . Thus,
the overall force resolution in the closed-loop control case is
δf = 80 nN . On the other hand, for the open-loop control,
there is no limitation from δp , and δf = 13 nN .
The resolutions and ranges can be combined for determining
the possible number of control steps Nf and Np for the
nanoforce and position as follows:
L + δmax
δp
S
Nf ≤ 20kc
.
δf

Np =

(20)

For the case of δmax = 0.3 µm and L = 0.1 µm, Np = 40
and Np = 400, and Nf = 67 and Nf = 400 for the δp =
10 nm and δp = 1 nm cases using above values. For an
accurate control and sensitive feedback, Np and Nf should be
as large as possible. Therefore, 10 nm resolution would not
be sufficient for precise feedback, and 1 nm resolution should
be utilized.
For the master device, the motion range is limited to 2 cm
with δp = 0.004 cm. Thus, Np = 500 for the master positioning which is assumed to be sufficient. Force measurement
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resolution is δf = 0.02 N for the strain gauge sensors
including the electrical noise, and the maximum measurable
range is approximately ±5 N . Thus, Nf ≤ 500 which is also
assumed to be sufficient. Finally,
αp = (L + δmax )/2.0 × 10−4
max
min
αf = (fm
− fm
)/3.2 × 106 .
V. V IRTUAL R EALITY S IMULATOR

AND

(21)

S YSTEM S ETUP

For simulating the nanoscale touch feedback, a VR simulator is constructed for freely changing the physical parameters,
and initial training. In the 3-D graphics interface, probe tip
position and traces are displayed in real-time while the scaled
nanoforces are felt through the haptic device. A realistic
simulator would enable a real-time animator display for realtime nanomanipulation monitoring such that the models could
predict the position of the manipulated objects in real-time,
and could animate this modelled behavior in the simulator.
Using the haptic device, and the nanoscale contact mechanics
models, hybrid simulation type of touching experiments are
realized.
During the experiments, a custom-made AFM system is utilized [29],[4]. The overall hardware setup of the experiments
can be seen in Figure 14. A real-time Linux operation system
is used with 3 ms bandwidth for AFM system, haptic device
and teleoperation control. The AFM tip position on the off-line
3-D surface AFM image is shown with the same bandwidth
update. All signals are recieved and sent using A/D and D/A
boards with high speed (around 10 KHz). Communication
between the teleoperation system and visual display Silicon
Graphics workstation (IRIX-Indigo II) is held by 10 Mbps
Ethernet link.
In the experiments, the surface is scanned by the AFM probe
in the contact or tapping mode to get its 3-D image. This image
is sent to the VR graphics display, and the operator chooses
the most suitable orientation and magnification of the image.
Then, using the haptic device (for z-motion) and mouse (for
x − y motion), the operator controls the motion of the AFM
probe while feeling the scaled nanoforces in her/his finger
using the force reflecting servo-type controller and seeing the
real-time AFM tip position and touch on the surface on the
VR display.
For the simulations, the AFM setup is replaced by the
theoretical nanoforce models given in Section III, and the
operator virtually touches to a given surface while feeling the
simulated scaled nanoforces.
VI. E XPERIMENTS
A. AFM Imaging
At first, the custom-made AFM system is tested for getting
nanoscale 3-D topology images. As an example, a silicon
substrate (TGT-01 grating, Silicon-MDT Inc.) with 300 nm
height sharp conical tips is scanned in the tapping mode
imaging mode as shown in Figure 15. From the image, it
can be seen that topologies down to tens of nanometer can
be observed with our AFM setup.

(a)

(b)
Fig. 15. Experimental AFM topology image (6 × 6 × 0.3 µm3 size) of
sharp silicon tips by the custom-made AFM: (a) 2-D grey scale image, and
(b) 3-D Virtual Reality graphics image (spherical ball on the surface displays
the 3-D real-time position of the AFM nanoprobe tip).

B. Single-Asperity Contact Feedback
For the teleoperated point touch to a surface using the AFM
tip and the custom-made haptic device, a low-speed approach
and retraction of the cantilever tip to a mica sample by the
control of sinusoidal operator force is simulated by the forceposition teleoperation control approach. In this simulation, the
slave controller is open-loop and xs = αp xm is assumed to
be held all the time. From the Figure 16, the master and
slave forces converge to the same value which means that
the controller enables a reliable feedback. The simulation
parameters are αp = 15 × 10−9 , αf = 4 × 106 , Mm =
0.1 kg, Bm = 100 N s/m, Kf = 100, H = 1 × 10−19 J,
Rt = 25 nm, a0 = 3.49 Ao , E = 0.05 GP a, ν = 0.3,
and kc = 30 N/m. Also a white noise with the zero mean
and 0.001 variance is added for simulating the operator force
measurement noise by the strain gauges.
As an example of the teleoperated nanoscale touch experiment results, silicon AFM tip approached and retracted from
a silicon (100) flat substrate. The AFM probe parameters are
Rt = 20 nm, kc = 8 N/m and S = 0.033 µm/V . Touching
to the silicon sample at the 40% humidity conditions, resulting
master and scaled slave position and forces can be seen in
Figure 17. Experimental parameters are Kf = 2, initial tip
height L = 0.6 µm, αp = 4 × 10−3 and αf = 2.0 × 106 .
As can be seen from the figure, ideal responses of tracking
the master and scaled slave forces and positions are realized
successfully. The negative attractive forces are significantly
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Experimental system setup for the teleoperated nanoscale touch feedback applications using the custom-made AFM and 1 d.o.f. haptic device.

large enough to feel the sticking to the surface. However,
this sticking effect is small during the approach, and very
large when retracting back. The reason is the adhesion force
which results in an increased attractive force during separation.
This difference causes of the force tracking error during the
approach phases since the force occurs only very close to the
surface (20 − 50 nm). However, there is almost no tracking
error for the positions since the piezoelectric z stage and the
haptic device have the same bandwidth of 33 Hz, and z stage
is controlled in closed-loop.
C. Surface Tactile Feedback
In this experiment, surface forces and topographies are felt
on the operator’s hand while moving on the sample surface
in x − y coordinates. At first, the cantilever tip is approached
to the surface, and put in contact with the substrate. Then, by
controlling the x − y AFM cantilever motion, the operator can
feel the contact nanoforces and surface topography by the bilateral teleoperation controller during the x−y motion. As the
experimental result, silicon square gratings (TGZ-03 grating,
Silicon-MDT Inc.), which are seen in the optical microscope
top view image as in Figure 18a, is scanned along the line
shown in the figure. The resulting tactile-sensing with the scale
parameters of αp = 10−6 and αf = 1×106, and the force error
gain of Kf = 10 is given in Figure 18b. The upward jumps
stand for the silicon grid structures of 480 nm height. Here, the
nanoobjects are assumed to be fixed on the substrate since the
touching operation could move the non-fixed nanoobjects on
the substrate by the applied pushing/pulling forces. However,
if the objects are not completely fixed, the same operation
could be utilized to manipulate them.
As another tactile feedback mode, the force feedback is
turned off, and just the measured 3-D surface topography is
sensed at the operator’s hand while moving on the sample surface in x−y coordinates. Here, AFM z position is controlled in
real-time for constant contact force control, and held z position
at each x − y position is scaled, and sent to the teleoperation

controller. Quantum dot structures with 10-30 nm diameter
sizes are felt along the scanned line as shown in Figure 19.
VII. D ISCUSSIONS
From the experimental and simulation results, it can be observed that the proposed bilateral scaled teleoperation control
system is successful for providing tactile and force feedback
at the nanoscale. The important parameters for the repeatable
and stable touch feedback are as follows:
• Scanning speed: taking the bandwidth effect problem into
consideration [1], the scanning speed should be small for
feeling the small features reliably.
• The stage closed-loop positioning accuracy is around
10 nm during the experiments which added limitations
to the resolution of the felt nanoforces. This sometimes
caused instability problems in the case of very hard
surfaces where vibration could occur if a large Kf is
selected. Therefore, the accuracy of the stage should be
increased to the sub-nanometer level for more stable and
high resolution force feedback.
• Selection of αf force scaling factor: For high surface adhesion, i.e. large tip radius (Rt ) and high adhesion energy,
αf = 1/αp , and for small adhesion forces, αf = 1/α2p
could give a better force feedback from the theoretical
calculations of Goldfarb [28]. However, depending on
the softness of the samples, these rules would not apply
since the interaction forces could become exponentially
very small while the motion range increases. Thus, our
proposed heuristic rule becomes more attractive where
the minimum and maximum contact force values, and
motion ranges are measured before the experiments, and
αf is selected according to the Eq. (19).
• Electrostatic forces could be negligible for previously
non-charged surfaces and grounded substrates. However,
for a non-conducting sample, even if the tip is conductive
or semi-conductive, charges can be generated during
the contact interaction which can result in increased
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electrostatic forces by time. Furthermore, adhesion forces
can increase over time as the tip could wear and Rt could
change during the contact interaction. Thus, the adhesion
forces could be time dependent which should be included
in the nanoscale touch feedback simulator models [30].
During the approach process, non-contact forces become
large only in the close vicinity to the surface. Therefore,
the approach speed should be slow and the positioning
accuracy of the stage should be high for a repeatable
approach nanoforce feedback. Thus, in the experiments,
approaching non-contact forces are felt only sometimes
with 10 nm positioning accuracy. As a possible solution
to these kinds of cases: αf could be selected depending
on the region such as approaching, indenting and retracting regions. However, in this case, the continuity of the
felt nanoforces would be a difficult issue during passing
from one region to another.
Water layer on the surfaces and tip can cause the instable
jump-in-contact problem when approaching surfaces with
soft cantilevers if dFnon−con /dh = ki > kc , and
increases the adhesion meniscus bridge length during
the retraction. Therefore, for hard surfaces with water
layer, hard cantilevers (high kc ) should be selected for
preventing these unstable problems.
Cantilever parameters such as the force constant kc , tip
size Rt and shape, resonant frequency fr , and quality

Master (solid) and Scaled Slave (dashed) Forces (N)

Xm (solid) and Xs (dashed) (m)

1.4

3

2

1

0

−1

−2
0

Fig. 17. Touching results to a flat silicon sample with a silicon tip: master
(solid) and scaled slave (dashed) position (upper) and forces (lower). In the
force plot, negative forces correspond to the attractive approach or separation
forces while positive ones do the repulsive contact forces.

factor Qc should be measured for each probe to be used
in the experiments for realistic theoretical predictions.
Proposed force modelling is put into the VR nanoscale
touch feedback simulator which enables a simulated training
and test environment. At the simulations, also the effect of
all different contact mechanics models can be tested easily.
Frictional models are also added for a 2-D Simulator [31],
and, as a future work, by changing the simulator graphics to
3-D, also the 3-D simulations would be possible [32].
VIII. C ONCLUSIONS
In this paper, a teleoperated nanoscale touching system is
proposed, and nanocontact mechanics models are introduced.
Using a 1 degree of freedom haptic device, and force-reflecting
servo type scaled teleoperation controller, preliminary touching experiments and simulations are realized. The MD contact
model gives the best results in the Virtual Reality based
nanoscale touch feedback simulator experiments since it can
be applied to all cases without any assumption. Scaling issue
of the nanoscale forces and positions is discussed and possible
solutions are proposed. Experimental and simulation results
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show that the proposed system can be used for nanoscale
touching applications. During the experiments it is observed
that only visual feedback is not sufficient for interacting in the
nano world since the visual feedback includes many source of
errors such as positioning drifts, nonlinearities, noises, etc.,
and there is no real-time nanoscale visual feedback possibility
at present in air. Therefore, real-time force feedback is one of
the promising solutions for compensating these errors.
As future works, a novel 3 degree of freedom haptic device
specific to the nanoscale force feedback applications would
be constructed where the AFM system would also enable
frictional force feedback. Furthermore, biological object manipulation experiments would be realized for sensing their
elasticity and viscoelasticity, and mechanical manipulation
tasks such as cutting, pushing, etc. In the biological application
case, operation environment becomes liquid, and the proposed
non-contact force models will be changed accordingly by
eliminating capillary and electrostatic forces and adding hydrophobic, steric, double-layer, etc. type of new force models.
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