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Abstract In this article, the goal is to design an Atomic Force Microscopy (AFM) based nano telemanipulation system
for indenting on the human chromosomes. The existence of un-modeled parameters in robot dynamics weakens the stability
and performance of the system, therefore, by designing a sliding mode impedance controller on the slave side, the scaled
down master position tracking, despite the presence of uncertainties is made possible, and with the design of an impedance
controller on the master side, the scaled up reflected force of slave on operator is accomplished. The stability and transpar-
ency of the system are analyzed by extracting the teleoperation hybrid matrix. Specifically guaranteeing stability on the
premise that some parts of the system are energy-producing is the main concern and treated by designing a suitable virtual
coupling and haptic interface controller and by replacing the slave-side of the system with an appropriately trained neural
network. Simulations performed in Matlab/Simulink verify the outcome of the paper.
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1. Introduction

In the past few decades attention to nanomanipulation has
enormously grown. It is well understood that interactions
among objects in the nanocosm are quite different from those
in the macrocosm. To be more specific, surface forces and
intermolecular forces (Van der Waals force) present at the
nano-scale dominate over gravitational and other more in-
tuitive forces of the macro world and a human operator is not
familiar with these novel nano force effects.

In this regard a large amount of research has been devoted
to better understand the system and identify the obstacles and
remedy them properly. Of the dominant challenges one is
that there cannot be a visual feedback from the nano world.
On the other hand the nano world produces too small posi-
tions and forces for the master side to be felt hence the in-
troduction of position and force scaling factors which can
instigate instability if not chosen appropriately. Furthermore
nano-scale interactions involve complex nonlinear dynam-
ics.

Nano-telemanipulation enables the operator to interact
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with the environment indirectly and “feel” reaction forces as
if he/she is actually present in the environment. The foremost
issue in this respect is to build a suitable bridge between the
nano and the macro world which can handle all the matters
mentioned above and even more hence a compensation for
inaccessibility of the nano environment. Force reflecting
perception is important not only for enriching human op-
erators to indirectly feel interaction between an AFM probe
tip and samples at the nano scale, but also for reliable tele-
manipulation of fragile, soft and complex nano objects such
as biological samples[1].

Nano telemanipulation systems allow interactions on
much smaller scales than what is directly possible, in a way
that the operator feels there is no intermediary between him
and the environment[2]. The general configuration of a nano
telemanipulation system is depicted in Figure 1. The most
important goals in designing a nano telemanipulation system
include: 1) stability of the closed-loop system irrespective of
the behavior/dynamics of the operator and environment, 2)
remote presence or transparency that gives a feeling of real
presence of the operator in action.

With the invention of Scanning Tunneling Microscopy in
1990, the first master-slave nano telemanipulation system
was presented by Hollis. Almost a decade after that, Sitti
implemented his nano telemanipulation system with the help
of Atomic Force Microscopy[3]. In his article, the cantilever
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had been assumed as a simple system of mass —spring and
Damper. The inter-atomic forces between particle and probe
tip were calculated based on the Lennard Jones potential and
the DMT contact model.

Atomic Force Microscopy
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Figure 1. General configuration of nano telemanipulation system.

Since the existence of parametric uncertainty and
un-modeled dynamics in the slave model will prevent proper
slave position tracking, therefore, in the present article, an
impedance controller based on the sliding mode for guaran-
teeing system robustness and for proper slave position
tracking, and an impedance controller for proper force
tracking on the master side have been considered.

The focus of this paper is to present a control configura-
tion for an AFM-based telemanipulation system with a vir-
tual slave-side (i.e. virtual slave and environment) consid-
ering the three main issues appropriately: stability, trans-
parency and human perception. Our objective is that the
human operator be able to fulfill the required task i.e. in-
dentation of a surface with no trouble. For this he should be
able to feel all the dominant forces present in nanoworld
distinctively. We introduce a novel nano-telemanipulation
configuration based on passivity concept and coupled sta-
bility theory. To simplify the result of his outstanding work it
can be said the energy producing component must be con-
nected to another component that is capable of dissipating
the excess energy if stability is to be achieved. This implies
that the haptic device and virtual coupling must combine to
provide dissipation and this further implicates that they must
satisfy strict passivity conditions.

2. Controller Design
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Figure 2. Closed-loop configuration of the nano telemanipulation system.

a,,0, are the scale up/down coefficients of position and force, respec-
tively -

2.1. Configuration of the Nano Telemanipulation System

The general configuration of the nano telemanipulation
system used in this article is according to Figure 2. The
components of the system consist of: operator, master robot,
master and slave controllers, piezoelectric stage (slave robot),
AFM probe, and the sample as the environment. In this
system, for proper interactions between the nano and macro
environments it is necessary to scale up/down the variables
of position and force exchanged between the two environ-
ments.

2.2. Modeling of the Master and Slave Robots

The dynamic model of the master robot is represented by
(1), in which, m,, is the effective mass of robot, by, is the
damping coefficient, F,, is the operator force, and T, is the
control law.

m X ()b x,, (t)=T, +F, (1)

To calculate the inter-atomic forces, the cantilever dy-
namics of the atomic force microscope has been assumed as
a system of mass-spring-damper according to (2) and Figure
3, and the differential equation of the piezoelectric stage

movement along the vertical is expressed as (3).
m_C+b . {+k . C=-F, 2)

jXSJrkaS— ko (dT,-h)-F, (3)
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Figure 3. Mass-spring model for the AFM probe

m b K. & f.0.x..T.d,h represent in the same
order, the inter-atomic force between the probe tip and sur-
face of sample , effective mass of cantilever tip, damping
coefficient, spring constant, cantilever deflection, resonant
frequency, quality factor, vertical displacement of piezo
stage, control signal, displacement versus the input voltage
and the hysteresis nonlinear term. The m and s indexes de-
note master and slave robot parameters, respectively[4-7].
Parameter h will be obtained from the Bouc-wen (4) after
identifying the parameters @, /3,7 are known.

h=adT - B|Ts| h-y T |h| ()

When the probe tip approaches the surface, as long as the
distance between the cantilever and surface remains in the

h > a, range, the van der Waals and capillary non-contact
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forces act in attraction, and in the /< a, range, because of

the contact forces, the cantilever is in the contact region, and
these forces were simulated based on the DMT model (5)

HR
e -4rnRyg h>a,
F, = ‘
7| HR 4E'JR % )
— Z(O—Z—ZL) h h<a,
6a,” 3-3v;

ap, E, 1, h, H, R, y are the intermolecular distance, the
Young’s modulus, Poisson’s coefficient of the sample , the
transient tip—sample separation, the Hamaker constant, the
tip radius respectively and the surface energy between
solid-liquid interface.

2.3. Controller Design
The desired impedance for the master robot is expressed
as follows:
;m X, +Bmxm +mem =E, -oF, (6)
Where m_, Bm ,and Em are the desired mass, damping

coefficient, and stiffness of the dynamics of master robot,
respectively. By subtracting (6) and (1) from each other, the
control signal of the master robot is obtained as:

T, (1) :[bm f_zjx (t){ﬁm -1]@ (1)

Mmm mm

(7

; gm {afFS (£)+knx, (f)}

To obtain a proper slave position tracking, the desired
impedance of the slave robot is expressed based on the po-
sition tracking error resulting from the interaction of the
piezoelectric stage with the environment:

i () +bd (V465 ()=-F(1)  ®
In the above relation, mg, BS, Es ;and Xg=Xg-apXp,

are the desired mass, damping coefficient, stiffness, and the
positioning error of the slave robot dynamics, respectively.
By inserting relation (8) in relation (3), the equivalent control
law is obtained. However, since the exact values of slave
parameters are not available, they have been estimated. The
sliding mode controller should be designed in such a way
that the desired impedance model is achieved over the slid-
ing surface[5]; for this purpose, the sliding surface has been
defined as:

1 pt . £ b
3t == | Iel‘tld‘t=Xltl+_s
s ~0 s

Z(t)

+.|‘Dt[Es x (t)+F [t |:| dt ©)

If the sliding condition $§s< —T]|S| is satisfied, phase
trajectories will incline towards the sliding surface s. In this
relation, the value of n is constant. To make sure of a con-
trol input that will maintain the sliding condition despite
system uncertainties, the discontinuous term —X_ sgn(s) is

added to the equivalent control law. By considering all the
above cases, the slave control law will be obtained as:

Ve
o == i S{'mem 'kam+EPA'afF;}-
ked M,
o S T
= {bs +ksX+F;}+ b XAk X+F.~khsw )
mi
—kg sar(@)
@ (10)

In the above relation, k,and ¢ represent the nonlinear
gain and boundary layer thickness, respectively.

3. Analysis of stability and
Transparency
3.1. Llewellyn Absolute Stability Criteria

The Llewellyn criteria expresses as the following[5], the
necessary and sufficient condition for absolute stability of
the teleoperator based on the hybrid matrix components h;;:

a)R[h,|>0
b) R[h,,]>0
¢) £(w) = 2R [hy, R [hy, | =R [hy5hp [ [ ohy [ > 0

For the stated (our) system, the hybrid matrix components

are obtained as follows:

)

hy :rﬁms+l;m +ﬁ, h o =-ay
' . (12)

ha “ = rﬁss2+l;ss+1;s

The above relations show that by selecting positive pa-
rameters for desired impedances of the master and slave
robots, the designed controller will be stable for every pas-
sive user and environment, and for all the scale up/down
coefficient values. It can be easily proven that by selecting a
large enough K, value, the system stability is assured.

3.2. Analysis Transparency

Quantitatively, transparency can be expressed as confor-
mity between the environment impedance and the impedance
which is transferred to the operator[6]. Therefore, consider-
ing Figure 2 and the hybrid matrix in the two cases of
non-contact and contact, the system performance is evalu-
ated.

zZ

o= (13)

— _h12h21 (14)
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With this explanation, a satisfactory performance is accom-
plished when
|Z, | = 0] Z, | > 0

to min towidth

4. Simulation Results

In this section, the simulation of the presented nano tele-
manipulation system is carried out. The human operator is
modeled as a damper-spring system, with a hardness coeffi-
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cient of 50N/m and damping coefficient of 75N/m[8]. The

desired impedance parameters to achieve stability and

transparency in the designed controllers are as follows:
h=150e" —(xs+&),H =1e™' ,R=10e", f, = 450Hz,

0=20,m, =12¢",b, =1.7¢" k, =40,im, =1e"*[kg]

b, = 1e“‘[&],1€\, = 6e2[ﬁ],mm =0.5[kg].b, = 0.2[&]
m m m

m, =0.02[kgl.b, = 0.05[&],1?,” = 0.04[ﬁ],
m m

a,=le” 0. =le’,¢=0.1kg=250

Simulations are performed on two different human
chromosomes with Young modulus[9] E=13? 0° ,
E=4? 0’ , and v=0.4 for underestimated parameters
m, =0.5,, b, =0.5, &k, =0.5,. The operator moves the
master robot from position (0) to a position of 15¢cm within a
time span of zero (0) to 5 seconds and in the time span of 5s
to 6.5s, he senses the Reflected force resulting from the slave
robot making contact with the environment, and finally, in
the time span of 6.5s to 11.5s, the operator returns the master
robot to position zero (0).

In Figure 4, the master and slave robot position tracking,
and in Figure 5, the master and slave robot force tracking
with present uncertainty have been reviewed. Figures 6 and 7
demonstrate that regardless of slave parametric uncertainty
and hysteresis, the position and force tracking is acceptable.

x10° Master and Slave Position Tracking on the slave side

= = =Scaled DownOpreator hand Position
----- Slave Position

Position(m)
®
T
« ;
~,
7
i

0 L. o L ol SN | AN

0 2 4

6
Time(Sec)

5
Figure 4. Slave position tracking in the environment E=13e

<10’ Master and Slave Force Tracking

T T T T
= Qperator Force
101 ==Reflected Environment Force with Slave Parametric Uncertainty and Hystersis Non linearity B
- - -Reflected Environment Force with out Slave Parametric Uncertainty and Hystersis Non linearity|

Force(N)

-2k

-4

Time(Sec)

Figure 5. Master force tracking and evaluation of hysteresis nonlinearity

x10" Master and Slave Force Tracking on the master side(E=13"10)

—— Operator Force
—— Reflected Environment Force —_—
2 II

Farce(N)

6
Time(Sec)

Figure 6. Master force tracking in the presence of hysteresis nonlinearity

E=13¢°

in the environment

In Figures 6 and 7, the effects of contact and non-contact
forces on the cantilever approach in two different human
chromosomes can be observed.

Figure 8 represents both methods to derive velocity. This
figure shows velocity is approximated smoothly with small
deviations from differentiated position.
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To produce acceptable outputs, it is required that the neural
network be trained aptly. Therefore we have to supply the
neural network with more as well as richer data. In that re-
gard the original nano-telemanipulation system was tested
by an operator. In every experiment indentation depth or
operation speed (slave speed) was changed so that varie-
gated inputs would be provided. 41 experiments were run
all in all. The fixed parameter in these experiments was
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chosen as follows:
m, =45x107",b, =14x10°,k, =40, f, =450,0=20,k, =1,
H=10",R=20x10",a,=14",v=0.2,g, = 10nm,
k.. =200,k =40,k™ =2x107,k™ =2x10’,

K =150,a, =0.6x10°,a, =6x10°

Since kg varies with variation of indentation depth, it is
approximated as its value when the penetration depth is 2.5
nm. The augmented virtual environment and the virtual
coupling updating rate is 1000 Hz.

Figures 9-12 depict the results of an experiment on a virtual
sample. In Figure 9 master and slave positions are shown.
Position drift is spotted when the slave is in contact with the
environment where free motion is performed with perfect
coordination.

Figure 10 illustrates the tip-surface distance in the same
experiment. In this graph negative values denote penetration
depth in the sample. The maximum indentation depth is nearly
2.7 nm.
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Figure 9. Master and slave position in an indentation task on a virtual
sample with E = 10GPa,v = 0.2
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Figure 11 shows the reflected force to the operator. The
initial small positive peak (within 0.62-0.65) is attributed to
the Van der Waals force, the next large negative peak (within

0.65-2.57) is pertaining to the contact force and the last small
negative peak (within 2.57-2.62) is pertinent to the adhesion
force.
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Figure 11. Reflected force to the operator in an indentation task on a

virtual sample with E = 10GPa,v = 0.2

Finally in Figure 12 adaptive damping coefficients im-
plemented on the master to stabilize the system in the ex-
periment are plotted. Zero values imply the system’s own
dissipation including inherent master and human damping is
sufficient to stabilize the system. In other cases necessary
damping is applied and the system always remains stable.
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Figure 12. Adaptive damping implemented on the master manipulator in
an indentation task on a virtual sample with E = 10GPa,v = 0.2

5. Conclusions

A novel approach for designing a nano-telemanipulation
system is proposed which can guarantee a stable interaction
with nonlinear and inherently active nano virtual environ-
ments. The method relies only on the haptic interface
damping (either inherent or through a damping injection
controller) to stabilize the nano-telemanipulation system.

In this article, a nano telemanipulation system was studied
with the consideration of slave parametric uncertainty and
un-modeled dynamics. The system stabilities were sepa-
rately evaluated in relation to the Llewellyn criteria and
transparency. Performed simulations demonstrated the sta-
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bility and proper functioning of the system despite the un-
certainties.
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