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Abstract

In this paper, a teleopemted macro/nano scale
touching system is proposed, and micro/nano contact
mechanics models are introduced. Using a 1-DOF hap-
‘tic device, force-reflecting servo type scaled teleoper-
ation controller, and Atomic Force Microscopy can-
tilever 'tip, touching ezperiments and Virtual Reality
Simulator for micro/nano-touch are realized. Scaling
issue of the micro/nano forces and positions is dis-
cussed and possible solutions are proposed. For the
first time upon our -knowledge, such issue is discussed
with nano scale experimental results. Experimental re-
sults show that micro/nano contact force feedback can
be held for flat surfaces with the proposed system.

1 Introduction

In our da.ilyj lives, “direct physical ' interac-
tion/contact with objects such as shaking hands,

grasping a glass of water, opening the tap of the bot--

tle, and etc. constitutes one of the most impottant
sensings. ‘However, this kmd of direct interactions
.are hmlted to only macro’scale objects where spe-
“cial tools are needed for interacting with small (mi-
cro/nano) scales ‘Tele-Nanorobotics technology en-
ables such tools, and this ‘study is focused on one of
the applications of our Tele-Nanorobotics System [1]:

teleoperated.. physxcal contact interactions with sur-.

faces at the micro/nano scale .Most of the micro/nano
robotics researches does not include the detailed: ef-
fect of object deformation and adhesion effect during
contact type of manipulation, and this study also in-
troduces deformation/indentation models for under-
standing the micro/nano scale :contact behaviour in
detail.

The main phenomenon at the micro/nano scale is
the scaling effect where the gravitational forces be-
come negligible with respect to attractive or repulsive
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interatomic forces, and object properties change, i.e.
objects become more fragile and deformable. Thus, a
different mechanics which can be called as micro/nano
mechanics field is introduced by many researchers [2].
One of the main components of this new field is mi-
cro/nano contact mechanics [3]. Surface Force Appa-
ratus and recently Atomic Force Microscopy (AFM)
are utilized [4] for understanding ‘the contact phe-
nomenon of surface atoms at the micro/nano scale.
AFM can enable single asperity contact studies where
local contact studies with very high resolution has be-
come possible. For AFM-based contact/indentation
studies, Hertz [5}, [6], (7], [8], JKR [9], DMT, BNC
and Maugis-Dugdale (MD) [2], [10] models have been
proposed. Hertz model is realistic in the case of large
external loads with compared to surface adhesion.
However, load amounts may not be large during mi-
cro/nano manipulation tasks, thus this model should
not be utilized in the case of small loads. DMT model.
can apply well to the rigid surfaces with low adhesion,

but may underestimate the true contact area. On the
other hand, JKR model adds the effect of adhesion
to the Hertz model, and it can be used in the case of
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. Fi-
nally, MD model is the recent best model since it is
analytical, and does not underestimate surface forces
and contact area.

In this paper, micro/nano contact mechanics is con-
nected with tele-robotics approach for putting human
operators inside the micro/nano world for touching
and physically interacting. This kind of study is im-
portant especially for reliable tele-manipulation of mi-
cro/nano deformable surfaces such as biological ob-
jects. Upon our knowledge, this paper is the first one
at this kind of study using micro/nano contact me-
chanics and teleoperation system. Falvo et al. [11]
utilized tele-robotics technology for tele-manipulation,



but did not consider the contact mechanics modeling
issue. '

Our approach is to utilize Hertz, DMT, JKR, and
MD deformation models for a Virtual Reality Mi-
cro/Nano Touching Simulator using the AFM, and
then results are compared with teleoperated AFM tip
touching experiments. For the bilateral teleoperation
force feedback control, force-reflecting servo-type con-
troller is used. The scaling problem for this kind of
application is defined, and possible solutions are pro-
posed.

2 Problem Definition

AFM cantilever with its sharp tip is replaced by our
finger at the micro/nano scale as can be seen in Figure
1. For a contact load P perpendicular to the surface,
the position of the surface (or the cantilever base) is
controlled through a scaled bilateral teleoperation con-
troller. Other parameters in the figure are as follows:
F,, and F; are the master and slave forces, ., and z,
are the master and slave positions, and 7,, and 7, are
master and slave control reference inputs. Here, the
main issues are the modeling of the micro/nano con-
tact forces where it is different from the macro world
contact interaction, designing a scaled bilateral teleo-
pration controller for reliable contact force feedback,
and user friendly visual feedback for more intuitive
teleoperation control. :

Macro World Micro/Nano World

Fo s X Fys %

AFM Cantilever

Figure 1: Tele-touch system structure where the hu-
man finger is replaced by the AFM cantilever tip at
the micro/nano scale.

3 Micro/Nano Contact Mechanics

The contact interaction with the AFM cantilever
tip and surface is shown in Figure 2 [5]. “Here, the
sample is assumed to be an elastically deformable flat
half-space, and the mass of the cantilever is assumed
to be concentrated on the tip apex. P represents the
applied load, « is the cantilever tilt angle for enabling
an easier point contact, and k., b., m}, ¢ are the
cantilever stiffness, damping constant, effective mass,
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and deflection respectively. k;(z,¢) and b; are the tip-
surface. interaction stiffness and damping, and ¢ is the
penetration depth. The dynamics of the cantilever can
be given as [2]: - V

mz{(t) + 2mbe(C(E) + ke (1) _
= ki(z, O)(2(2) ~ €(#)) +2m2bi(3(2) — C(#) ,(1)

Assuming the damping terms are negligible, and re-
moving the time t € R for the notation simplicity:
meC + ke = ki(2,()(z = () . (2
Here, the special cases are: (1) if k; >> k., { = z at
the equilibrium which means there is no surface defor-
mation, (2) when k; = —k,, then m?( = k;z. During
the contact, applying a load P by moving the can-

tilever base position 2 results in the following equali-
ties:

P(t) = k((t)
8(t) = A(t) —{(t)cosa
Alt) = z() -2, ()

where zp is the piezo position when the tip contacts
to the sample.

Figure 2: Model for contact-type physical interac-
tion at the micro/nano scale’ using AFM tip ‘and de-
formable flat samples. D

3.1 Hertz Model

For the Hertz deformation model, load P results in
a contact radius a with the general relation of:

P = Kad
1 m1-v} 1-17
E - 20| TR ) )

where K is the reduced elastic modulus for the tip-
sample system, m is the tip geometry dependent con-
stant (m = 1 for the cylindirical, m = 1.5 for the



spherical, and m = 2 for the conical tip case), E; and
E, are the Young modulus, and v; and v, are the sam-
ple Poison’s coefficients respectively. For our system,
the AFM tip is spherical with radius R, ~ 20—30 nm,
and using the Hertz model for a sphere-flat object in-
teraction, a = v/R.8. Then following relation can be
computed:

A=6++ RCKcosa(Sa/z/kc . (5)

If the tip is very sharp, i.e. R, < 10 nm, the geometry
can be assumed to be conical with the tip half angle
1 where a = wtanyd/2. Then,
wtany o
—6. 6
2Kk, ©)

Furthermore, some researchers [7] approximates the
contact radius using simple geometry as a = v/2AR,
for the spherical tip case, then:

k.A
" ke + Kcosa2AR,

3.2 DMT Model

A=6+

6 (7)

This model accounts for long-ranged attraction
around the periphery of the contact area while the de-
fromation geometry is Hertzian such that for a sperical
tip and flat: surface: ;

P = Ka®/R. - 21R.w

-6 =a?/R. , (8)

where w is the adhesion energy. '

3.3 JKR Model

Adding the short-ranged adhesion forces, for spheri-
cal tip and flat surface,- JKR model results in following
equations: .

P=Ka*/R, — V3rwKad?
§ =a®/R, - 2/3\/3nwa/K

a® = (P + 3nR.w + \/6rR.wP + (3rR.w)?)R. /K (9)

3.4 MD Model

By analogy with the plastic zone ahead of a crack,
MD model can be used for all cases [1], [2] such that:

2/3 :
%‘2%{5 / [Vm? - 1+ (m? —2)cos™1 L+

X K VO/mT Tleos 1L —m+1] =1,
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Figure 3: Applied load and contact radius results for
Hertz, DMT, JKR and MD models during unloading
in the case of silicon tip and substrate (Exp. (solid)
in the load graph represents the experimental data).
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3 21/3
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where ay is the interatomic distance, and m is the ratio
of the width of the annular region to a.

For comparing above deformation models, a sil-
icon tip and silicon sample are contacted (E,; =
110 GPa, vs; = 0.35). Assuming a water layer
between the tip and sample, w 2v where v =
72mJ/m?, indentation force and a vs. A curves are
held as shown in Figure 3 during unloading/retraction.
In the figure, also the real data which is held from the
experimental automatic approach and retraction data
as the contact unloading slope of ~ 8.5 N/m is shown.
However, the contact radius cannot be directly mea-
sured, and the real one is not shown. The results show

.6:

— 2.06
A= S0

(10)
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Figure 4: Load (upper) and contact radius (lower)
vs. tip base displacement curves for different materials
during unloading (E,=(5) 0.01, (4) 0.1, (3) 1, (2) 10,
(1) 100 GPa) using the MD model.

that JKR overestimates the contact area while DMT
and Hertz underestimates, and DMT and Hertz mod-
els also underestimates the applied load. For different
samples with different. E,, MD gives the load and can-
tact radius data as can be seen in Figure 4. As the sur-
face becomes soft, i.e. E;, 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 may not give the enough scaled
feedback on the operator finger for different range of
surfaces. One solution is the preliminary calibration
of the force scaling factor for all surfaces for optimal
force feedback.

4 Bilateral Teleoperation Control

For feeling the scaled nano forces on the human fin-
ger, the bilateral teleoperation control system shown
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in Figure 5 is constructed. A 1 DOF haptic device
expained in [1] is used as the master device.

f,

Nano World ) |

<Y

Figure 5: Scaled bilateral teleoperation control sys-
tem.

4.1 Dynamics Modeling

Force feedback is sensed through the linear motor
torque with the master arm dynamics of:

(11)

with my, is the arm mass, b, is the damping ratio, f,
and z,, denote the operator force and arm position,
and 7,, is the motor driving torque.

For the slave site, AFM tip base position (or sample
position) z,(t) is controlled using Physick Instrumente
Co. (P-762.3L) piezoelectric stage with LVDT (Low-
Voltage Differential Transformer) integrated sensor is
utilized. Closed-loop resolution is limited to 10 nm
due to the sensor resolution while in open-loop 1 nm
resolution is possbile. The dynamics of the z-axes
stage can be given as [12]:

MuEm + dmEm = Tm + fm

wn@
where wy = 27 fn, fo = \/ks[m,/(2r) = 450 Hz is

the resonant, frequency with m, and k, are the stage
and sample total mass and k, is the stage stiffness,
Q = 20 is the amplification factor, z, denotes the
AFM cantilever base position, f, is the force that the
tip applies to the sample, and 7, is the stage driving
force. . o . C

The tip-sample interaction dynamics which is given
in Eq. 2 can be written as: '

_2is+ j?s +$s=Ts_fs s (12)

fomkl=-m+ ki~ k¢, (13)

with z, = 2. Assuming quasi-static, i.e. slow, motion
which means equilibrium at each z, displacement:

fs _ k,’(it,, 6)kc

N ki(xsa‘s) + kczs ) (14)



4.2 Control Scheme

lows:

Ty — QpZy,

fm = osfs, (15)

at the steady state. Here ay and a;, are the force
and position scaling factors respectively. As the con-
troller, a force-reflecting servo type controller is se-
* lected where:

Tm = '._affs - Kf(aff, - fm)
Ts = Ky(QpZm — &5) + Kp(apTm — 25

) »(16)

K, and K, are position control parameters, and Ky
is the force error gain. Using the slave and master
dynamics equations, and assuming a very hard sample
such that k; >> k., and f; = k.x,, equalities for the
ideal response at the steady state are given as follows:

Ty = p/(1+K )a:mv

1+ K,

k apKfK (17)

Thus, for enabling the ideal responses, K, Ky and ap

should be selected as large as possible.
4.3 Selection of the.,.Scali»ng Factors

In this paper, the forces and positions are lin-
early scaled with parameters oy and ;. For de-
termining these parameters, there are different ap-
proaches. Recently, Goldfarb {13] concluded two cases:
(1) oy = ap = L for structurally dominated ineterac-
tions, (2) oy = a% = L? for surface-dominated in-
teractions where L = (%% — g™in)/(zmez — gmin)
and assuming L >> 1. Furthermore, we add also a

heuristic one where we ‘can use the maximum range

and resolution, i.e. performance, of the master and
slave motions and forces. In this case:

= (zrﬁaz _ min)/(zmaz

( ma:l: —_ mrn)/( maz —

Upper maz and min terms denote the minimum and
maximum values for the given parameter. This kind
of scaling can be especially useful for micro/nano ma-
nipulation cases where the resolution of the stages are
limited for long ranges of 10s of micrometers, and en-
vironmental disturbances largely reduce the measure-
ment and positioning ajccura,cy.'

At first, the measurement limitations should be
considered. For the positioning limits, resolution

ap _ zmin)

mlﬂ)

) (18)

The ideal response of the controller is given as-fol-
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6p = 10 nm in the closed-loop control case. For
the initial height of the tip above the sample -contact
point H, and a maximum indentation depth 6,54z, the
range %% — ™" = H + §q,. The deflection of
the cantilever is limited by the electronics such that
—10S < ¢ < 10S where S is the conversion term for
the deflection from Volt to um. It is calibrated be-
fore the experiments (in our case S = 0.033 um/Volt)
Thus, 6pe: < 105 = 0.33um.

For the micro/nano force measurements, the noise
in the cantilever deflection measurement system e,
is peak-to-peak 50 mV which means an approximate
force resolution d; = 0.05k.S = 13 nN. Since ( is
limited, also —10k;S < f; < 10k.S. For k. = 8 N/m,
-26 uN < f; < 2.6 uN. However, the attactive
micro/nano forces are relatively very small with re-
spect to contact forces, and typically —0.6 uN < f, <
2.6 uN. Furthermore, due to J,, minimum ( steps are
limited to k.6, = 80 nN. Thus, the overall force res-
olution in the closed-loop control case is 6y = 90 nN.
On the other hand, for the open-loop control, there is
no limitation from d,, and dy = 13 nN.

The resolutions and ranges can be combined for de-
termining the possible number of control steps N and
N, for the nano force and position as follows:

Ny = (H + Jmaz)/é,,

Ny < 20k,5/6; . (19)

For the case of dpmey = 0.3um and H = 0.1pm, N, =
40 and N, = 400, and using above values Ny = 58
and Ny = 400 for the 6, = 10 nm and 6, = 1 nm
cases. For an accurate control, N, and N t. should
be as large as possible. Therefore, 10 nm resolution
may not be enough for precise feedback and 1 nm
resolution should be utilized.

For the master device, the motion range is limited
to 2 em with &, = 0.004 cm. Thus, N, = 500 for the
master positioning which is enough. Force measure-
ment resolution is d;y = 0.02 N for the strain gauge
sensors including the electronics noise, and the maxi-
mum measurable range is approximately =5 N. Thus,
N; < 500 which is enough. Finally,

op = (H + 6maz)/2- Ov (pm/em)

ap = (f7* = fm'™)/3.2 (N/uN) . (20)

For applying the scaling rules (1) and (2), H or
fre® can be arranged for enabling the scaling rule
equalities.



5 Virtual Reality Visulator and Simu-
lator for Tele-Touch :

The intutive visual display is held by AFM scan-
ning of the surface, and displaying the 3-D graphics of
the surface and the AFM tip helps to the operator as
shown in Figure 6 [14]. For simulating the micro/nano
touch, a Virtual Reality (VR) Simulator is constructed
for freely changing the parameters, and initial train-
ing. A sample interface graphics can be seen in Fig-
ure 7. Moreover, a realistic simulator will enable a
real-time animator display for real-time nano manip-
ulation monitoring. Using the haptic device, and the
micro/nano contact mechanics models, touching ex-
periments are realized. '

Figure 6: Virtual Reality Visulator during touch-
ing experiments: interactive AFM scanned substrate
shaded image, and real-time AFM tip position (as a
spherical ball) displays. v

6 Experiments

During the experiments, a piezoresistive cantilever
(Park Scientific Inst.TM) with silicon tip and pa-
rameters of B, = 20 nm, k. = 8 N/m and S =
0.033 pm/Volt is utilized [1]. VR Nano Visulator
graphics display [15] is used for observing the real-time
tip position during touching. Touching to a silicon
sample with 40% humidity conditions, resulting mas-
ter and scaled slave position and forces can be seen in
Figure 8. Experimental parameters are Ky = 2, initial
tip height H = 0.6 um, ap = 4x 10% and ay = 2x 10°.
In the force figure, the bottom of the zero line repre-
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Figure 7: Virtual Reality Simulator for AFM tip-
substrate 1-DOF contact interaction.

sents the attractive forces, and the above the zero line
is the repulsive forces. Thus, the point B corresponds
to the approach attractive force peak due to the non-
contact forces, the point C do the repulsive/contact
force peak, and finally A do the retraction atractive
force peak due to the adhesion forces. Results show
that ideal responses for the positions and forces are
held successfully. But, in the force curves, the ap-
proach attractive slave forces are almost not able to
be tracked since this part is highly nonlinear, and the
liquid layer on the surface causes the tip to jump fastly
to the contact wit the surface. Moreover, the position-
ing accuracy during the experiment is around 10 nm
which is not enough fror stable imaging of the ap-
proach attractive peak. Therefore, the resolution of
the stage will be decreased in the near future down to
the subnanometers with integrated capacitive sensors
instead of LVDT sensors.

7 Conclusion

In this paper, a teleoperated micro/nano scale
touching system is proposed, and micro/nano contact
mechanics models are introduced. Using a 1-DOF
haptic device, and force-reflecting servo type scaled
teleoperation controller, touching experiments and
VR Simulator-based simulations are realized. Scal-
ing issue of the micro/nano force and position is dis-
cussed and possible solutions are proposed. Exper-
imental and simulation results show that approach
non-contact attractive forces are difficult to feel with
the present system, but in the other parts and the
present system can supply.the surface compliance
feedback with obeying to the ideal kinesthetic re-
sponse. This kind of application can enable reliable
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Figure 8: Touching results to a silicon sample with
silicon tip: master (dashed) -and scaled slave (solid)
positions (upper) and forces (lower) data.

manipulation of micro/nano deformable objects such
as biological ones. Future works are the adding mi-
cro/nano friction models to the contact mechanics
for enabling 3-DOF VR Tele-Touch ‘Simulator, and
adding micro/nano objects into the VR environment
for micro/nano manipulation simulations which can be
used for micro/nano object ‘assembly and mariipula-
tion task-planning, training and real- tlme monitoring
interface. '
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