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Abstract This paper deals with the problem of finding
a compromise between stability and transparency for
bilateral haptic control in nanorobotics. While manip-
ulating objects with an AFM, real time visual feedback
is not available. Force feedback is used to compensate
for this lack of visual information. The structure of the
control scheme and the value of the controller gains
are critical issues for stability, transparency, and ease
of manipulation. Two common control schemes are
analyzed for submicron scale interactions. Based on
stability and transparency criteria, the influence of each
of the controllers’ gains is derived. The applications for
which the bilateral couplings are best suited, as well as
their intrinsic limitations are discussed. The theoretical
analysis is validated with an experiment composed of
several phases with high dynamic phenomena.
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1 Introduction

Handling of objects at micro or nanoscales is still a
challenge especially due to unavailable real time visual
feedback while manipulating objects with an AFM, and
the difficulty to design accurate grippers and sensors
[1]. Haptics appeared to be an interesting solution to
deal with these objects [2], after R.L. Hollis developed
the first system to feel the substrate’s topology using a
master arm [3].

Specific problems arise while dealing with haptics
for nanoscale applications. Indeed, scaling factors are
needed to set up a bilateral control. We will note
A f (resp. Ad) the force (resp. motion) amplification
factor. Based on dimensional analysis, [4] presents a
method to select these coefficients in order to minimize
the environment’s distortion. They should be chosen
such that A f = Ad for surface dominated interactions
and A f = A2

d for structurally dominated interactions.
However, practical limitations, such as the device work-
space or the forces that can be felt by the user, will
prevent to use these relations.

Scaling factors, as well as time delayed communica-
tions or discretization of signals may lead to instability.
Tools to cope with such classical problems have been
developed for macroscale systems. They include scat-
tering variables and wave variables to deal with time
delayed communications [5, 6]. Another common ap-
proach based on the passivity theory is to use observers
to monitor the power flows in the system. Damping is
added by controllers to dissipate the excess of energy
when needed [7]. These tools designed for macroscales
have been applied in nanorobotics. For example, wave
variables and passivity controllers have been used in
simulated environments [8, 9]. Recent works, including
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[10], used H∞ theory to get a robust stability against
time delays and scaling factors. [11] uses wave variables
to ensure stability and also focuses on transparency
degradation.

Indeed, the trade-off between stability and trans-
parency is particulary difficult to deal with in nanoro-
botics. In [12], the authors highlight the equivalent
resultant impedance felt by the user compared to that
of the environment. However, it does not deal with
stability. [13] applies a passivity controller to nanoma-
nipulation system. However, some limitations in terms
of transparency are pointed out since the pull-in, which
is an active phenomenon, is smoothed by the controller.
Special care has to be taken while applying this con-
troller to nanoscale applications.

Transparency and stability are the two criteria suit-
able to evaluate bilateral couplings’ performances. The
main idea of this paper is to use them to adapt the
couplings from the macroscale to the nanoscale. Re-
minding that scaling factors strongly influence stability,
our work will be based on classical controllers well
known for macroscale applications in order to study
the impact of such factors. The choice of these bilateral
couplings is made according to the available inputs
and outputs of the nano environment. Hereafter, we
only use proportional and proportional-integral con-
trollers so that an analytical analysis can be carried
out, to understand the influence of each gain on the
system stability and transparency. All the results will
be validated through experiments with high dynamic
forces. Compared to [14], a transparency analysis is
undertaken, and a comparison between two control
schemes is made.

This paper is organized as follows: in Section 2, we
present the experiments and the experimental setup
that we will use to validate the control schemes; then,
the most intuitive control scheme, the Direct Force
Feedback is presented in Section 3. We will show its
characteristics for the particular case of nanorobot-
ics. Section 4 introduces another coupling, the Force-
Position control scheme. An analysis of its stability and
transparency properties is carried out, and will be used
to choose the controller gains. The application fields of
these couplings are also discussed.

2 Experimental setup

2.1 Coupling validation protocol

To compare the performance of the different couplings
and the influence of the controller gains, we will per-
form a one-dimensional manipulation. It consists in
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Fig. 1 Force applied on a cantilever while performing an
approach–retract experiment (a, b)

approaching the substrate with the probe, applying a
force and finally retracting from the substrate. The
force applied on the cantilever as a function of the dis-
tance from the substrate is depicted in Fig. 1a (arrows
indicate the chronological path). The corresponding
plot of the force applied on the cantilever as a function
of time is given in Fig. 1b. That is what the operator
should ideally feel.

Several points should be noted:

– Two discontinuous phenomena (referenced as A
and E on the plots), are respectively representative
of the instants when the cantilever is attracted (pull-
in) and released (pull-off) from the substrate.

– Two types of interacting forces are present: the
very first (B) and the last (D) are attractive (after
the pull-in and before the pull-off), while those in
between are repulsive (C).

– The force magnitude variation is high between pull-
in and pull-off phenomena (factor 10 to 100).

– The pull-in force magnitude is in the order of tenth
of nanonewtons.

The bilateral coupling must render to the user these
phenomena present at nanoscales. As its structure de-
pends on the used devices, the experimental platform
will be detailed before performing any analysis.

2.2 Experimental platform

2.2.1 System devices

The experimental platform used to validate the cou-
pling is depicted in Fig. 2a. It is composed of a
nanotranslator (manufactured by Physik Instrumente)1

with a motion range of 12μm and a resolution of

1http://www.physikinstrumente.com/

http://www.physikinstrumente.com/
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(a) General view of the plat-form

(b) Haptic interface

Fig. 2 Experimental setup (a, b)

1.83nm. It moves the substrate along the vertical direc-
tion, to approach or retract it from a fixed cantilever.

The force applied by the substrate on the cantilever
(Fe) is measured with a laser. The deflection of the
probe is measured using a beam focused on the can-
tilever, which is reflected onto a photodiode. [15] gives
more details on laser optics. Then the normal force Fe

can be computed from Eq. 1:

Fe = kc d = kc S V (1)

where:

– kc: stiffness of the cantilever (from a hundredth
up to several dozen N · m−1) - calibrated as it
was demonstrated in [16]. Note that μN · m−1 or
nN · m−1 are also consistent units, more adapted to
describing nanoscale phenomena

– d: deflection of the cantilever
– S: sensitivity of the calibrated photodiode
– V: measured output voltage

As highlighted in Eq. 1, the force depends on the stiff-
ness of the cantilever. This parameter may vary signifi-
cantly depending on the performed task. Manipulation
operations require stiff probes to interact precisely with
objects, whereas soft ones can measure smaller forces.
Therefore they are suited for exploration or teaching
purposes. The bilateral coupling analysis should take
into account the cantilever stiffness.

The haptic device used is a 3 degrees of freedom
of force feedback Virtuose, manufactured by Haption2

(Fig. 2b).

2.2.2 Power flow

Figure 3 summarizes the power flow between the dif-
ferent subsystems (operator, haptic interface, coupling,
slave device and environment), and the inputs and
outputs of the subsystems. Fm represents the force fed
back to the user, while Vs is the desired velocity set to
the nanotranslator.

The bilateral coupling must be designed accordingly
to the subsystem’s inputs and outputs (master and
slave devices’ characteristics, sensors available in the
environment). However, it is not really restrictive since
many teleoperation systems for nanoscale applications
presented in the literature fulfill these requirements
[17–19].

2.3 Objectives

The study of the haptic coupling properties will be
based on the classical theory of automation. Our ob-
jective is to determine the influence of the different
controller gains on the coupling performances. We will
use stability criteria, as Routh-Hurwitz or Llewelyn,
and Bode analysis of the transfer functions. The second
step will be to find the parameters that will lead to

2http://www.haption.com/

Fop Fm

VcVmVm Vs

FeFe

Operator Master device Coupling Slave device Environment

Inputs Outputs

Fe: force applied by the substrate on the cantilever Vc : velocity of the cantilever in the operational space

Fop: force applied by the operator on the master arm Vm : velocity of the master arm in the operational space

Fig. 3 Power flow between the subsystems

http://www.haption.com/


148 J. Micro-Nano Mech. (2008) 4:145–158

the most transparent, but still stable, control scheme.
This will be done according to the conclusions about
the influence of each gain on the system. This proposed
tuning must be robust with respect to the environment,
and especially the cantilever’s stiffness. Then we will
be able to determine the applications for which the
control schemes are the best suited, considering their
intrinsic structure and properties. All these conclusions
will be validated by experiments based on the protocol
described in Section 2.1.

3 Direct force feedback

In this section the first control scheme, namely Direct
Force Feedback (DFF) is introduced and analysed.
Stability (using the Routh-Hurwitz criterion) and trans-
parency issues are considered to derive its specificities
concerning nanoscale applications. Approach-retract
experiments are conducted using different control pa-
rameters to verify the analysis.

3.1 Control scheme structure

This control scheme, depicted in Fig. 4, is the most
intuitive formulation to provide amplified forces to
the operator [20]. Basically, the user operates a haptic
device in the macro-world to impose the displacements
of the slave device in the nano-world. The blocks and
power flows defined in Fig. 3 are clearly identified. The
controller scales down the motions provided by the user
by a coefficient Ad, and magnifies environmental forces
by a factor A f to provide force feedback.

The master arm is modeled by a rigid body for which
inertia and damping are respectively Mv and Bv . The
slave robot’s transfer function is modeled by a second
order function with two time constants τ1 and τ2:

V(s) = [(Bv + Mvs)]−1

N(s) = [(1 + τ1s)(1 + τ2s)]−1 (2)

Vm

V (s)

Fop Fm

1/Ad

Af

VcVs

N (s)

Fe++

Fig. 4 Direct force feedback control scheme

where s is the Laplace variable. Numerical values of the
parameters have been identified as:

Mv = 0.4kg ; Bv = 0.1N · s · m−1

τ1 = 1.35 · 10−3s ; τ2 = 0.57 · 10−3s
(3)

3.2 Stability

The slave device interacts with a remote environment,
which must be considered for the stability analysis.
Two approaches can be used. The first is to consider a
method that is applicable for any passive environments
(e.g., methods based on passivity analysis). However,
they are more conservative since stability is guaranteed
for any environment as long as it is passive. Therefore,
they are not useful for our concern to point out the
limitations induced by the cantilever’s stiffness or the
environment’s characteristics.

The second approach is to model the environment
and to consider stability with respect to the specificities
of both the coupling and the environment. It will be
shown theoretically and experimentally that this con-
trol scheme is stable in a given context. To model the
environment, Assumption 1 is made:

Assumption 1 The slave device is linked with its en-
vironment through a spring constant of stiffness kc

(the cantilever). The substrate is modeled as a spring
ks. These two serial springs are linked such that the
equivalent stiffness keq is:

1

keq
= 1

ks
+ 1

kc
(4)

Hertz’s theory is widely used to model the contact
between a cantilever and the substrate [21]. In the
case of a contact between a sphere (which can be the
extremity of a cantilever’s tip) and a plane, it states that
the contact stiffness ks is:

ks = 3

2
Ka (5)

The variables are listed below, numerical values are
given for a silicon cantilever and a glass substrate:

– a: contact area between the sphere and the plane
a3 = Rt Fe

K
– K: equivalent Young’s modulus of the sphere and

the plane K = 1
3
4

(
1−ν2

1
E1

+ 1−ν2
2

E2

)

– E1,2: Young’s modulus for the cantilever and
substrate (respectively E1 = 150GPa and E2 =
69GPa)
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– ν1,2: Poisson’s ratio for the cantilever and substrate
(respectively ν1 = 0.17 and ν2 = 0.25)

– Rt: sphere’s radius of curvature Rt = 10nm

Even if the Assumption 1 is not very restrictive, it
is sufficient to point out the inherent problems of the
proposed control scheme in the nano-world. Consider-
ing this assumption, and the control scheme depicted in
Fig. 4, the transfer function between Fop and Vm can be
derived. Since the system is linear-time invariant (LTI),
the Routh-Hurwitz criterion can be applied to this
transfer function. A necessary and sufficient condition
of stability is:

R = A f

Ad
<

γ

keq
= Rmax (6)

where γ = Bv(τ1+τ2)[M2
v+Mv Bv(τ1+τ2)+B2

vτ1τ2]
[Mv(τ1+τ2)+Bvτ1τ2]2

As γ only depends on the systems’ parameters, for
a given environment, according to Eq. 6 the system’s
stability only depends on the ratio A f

Ad
.

The worst case for the issue of stability is when the
equivalent stiffness is the highest. Using Eq. 4, this
corresponds to keq = kc. In the following sections we
will use this approximation.

3.3 Transparency

Transparency of haptic couplings is defined in [22, 23].
It is based on the comparison between the impedance
of the environment Ze = −Fe/Vc and that felt by the
operator Zop = Fop/Vm. Ideal transparency is achieved
when:

Zop = Ze (7)

However, for submicron scales, Eq. 7 does not make
any sense. It is necessary to consider the scaling factors
A f and Ad such that the impedances can be compared.
In our context, perfect transparency will be achieved if:

Fop

Vm
= −A f Fe

AdVc
⇔ Zop = A f

Ad
Ze (8)

It has to be noted that the force sensor used modifies
the profile of the measured forces, and therefore the
operator’s feeling. However, we will not deal with that
issue, as we will focus only on the influence of the
coupling and the haptic device.

Using the control scheme depicted in Fig. 4, the
impedance felt by the operator is derived:

Zop = Fop

Vm
= A f

Ad
Ze N(s) + 1

V(s)
(9)

3.3.1 Contact

While in contact, the impedance felt by the operator
will be that of Eq. 9. According to Eq. 8, this corre-

sponds to the impedance he should ideally feel
(

A f

Ad
Ze

)
modulated by the nanotranslator dynamic. It is also
influenced by the haptic device characteristics.

In the frequency domain (s = jω), Eq. 9 can be
rewritten as:

Zop = A f

Ad
Ze

1

τ1τ2ω2 + (τ1 + τ2) jω + 1
+ (Mv jω + Bv)

(10)

For low frequencies, the impedance Z DF F
op,LF can be

approximated by:

Z DF F
op,LF ≈

ω<<1

A f

Ad
Ze + Bv (11)

The user feels the environmental impedance, as well as
the viscosity of the haptic interface. However, Bv can
be set aside compared to A f

Ad
Ze.

For high frequencies, the impedance Z DF F
op,HF is:

Z DF F
op,HF ≈

ω>>1
Mv jω (12)

This result is valid as far as the stiffness of Ze is a
finite value. Since Ze can be computed as Ze = keq

jω , and
according to Assumption 1 keq = kc, Ze ≈

ω>>1
0.

According to Eq. 12, the transparency of the cou-
pling is only affected by the inertia of the haptic device
for high frequencies.

The Bode’s diagram corresponding to these contact
impedances is plotted in Fig. 5.
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Remark 1 To plot Fig. 5 and following Bode’s dia-
grams, the values keq = 2.4N · m−1, A f = 6 · 106 and
Ad = 0.05 · 106 (these values will be used to perform
experiments in the following sections). However, the
same conclusions would have been derived for any
values of these parameters.

Figure 5 confirms that the system is perfectly trans-
parent for low frequencies (and the viscosity of the
haptic interface can indeed be set aside), and affected
by the haptic device’s inertia for high frequencies.

3.3.2 Non-contact

When no forces are applied to the cantilever, the en-
vironment’s impedance is Ze = 0, which, according to
Eq. 10, leads to:

Zop = Mv jω + Bv (13)

At low frequencies, the operator will mainly feel the
viscosity of the haptic device. At high frequencies, the
inertia of the master arm will be predominant. This can
indeed be verified in the Bode’s diagram depicted in
Fig. 6.

Using the DFF control scheme, the rendering will
only depend on the haptic device characteristics, for
both contact and non contact modes.

3.4 Determination of the control scheme parameters

As seen in the previous stability and transparency
analyses, the control scheme parameters determines
the performances of the system. Based on the previous
paragraph conclusions, this section will highlight the
influence of the gains on the coupling. For this control
scheme, only two parameters must be tuned: A f and
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Ad. As seen in Section 3.3, the system transparency
only depends on the master and slave devices, but not
on the gain values. Therefore, only stability considera-
tions must be considered. Figure 7a allows the user to
select A f and Ad taking into account the Eq. 6, for a
particular value of keq. The Fig. 7b represents the region
of stability for different values of keq. As the stiffness
increases, the condition of stability becomes stricter.

It should also be noted that A f and Ad are scaling
factors, and must also be chosen according to amplifi-
cation requirements.

3.5 Experimental results

3.5.1 Contact and pull-off forces

A cantilever with a spring constant kc = 2.4N · m−1 is
used. According to Eq. 6 and Fig. 7a, the maximum
value allowed for the ratio R to assure a stable system
is:

Rmax = 21.7 (14)
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Ad is chosen according to the master and slave
motion ranges. To get a good compromise between
easiness and accuracy of manipulation, the value Ad =
0.05 · 106 is selected (the master motion range corre-
sponds then to a displacement of 5μm for the slave).
A f is selected so that the system remains stable, i.e. so
that the Routh-Hurwitz criterion given in Eq. 6 is satis-
fied. The value A f = 0.12 · 106 will be used.

The obtained results (forces sent back to the user)
are depicted in Fig. 8. During the first stage (C), the
user applies forces on the substrate (the maximum is
0.30N). While retracting, the user must counterbalance
the forces resulting from the adhesion effects (D). A
force equal to −0.13N is necessary to release the can-
tilever from the substrate (E).

The system remains stable and the forces sent back
to the user are equal to those measured by the photodi-
ode scaled by A f (Fm = A f Fe according to the control
scheme’s design). Therefore, the operator indeed feels
phenomena happening in the environment. However,
using our haptic interface, forces fed back remain too
low to increase the accuracy of the performed task.
The force scaling factor has to be increased in order to
provide better force feedback.

During this second experiment, the value of Ad re-
mained the same, but A f was increased: A f = 6.0 · 106.
With these values:

R = 120 > Rmax (15)

The Routh-Hurwitz criterion is no longer satisfied.
Consequently, the system is predicted to be unstable.
The results are plotted in Fig. 9.

Remarkably, the forces have been amplified com-
pared to the forces in Fig. 8. It is then easier for the
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Fig. 9 Approach–retract curve for a cantilever of stiffness
kc = 2.4N · m−1, using Ad = 0.05 · 106, A f = 6 · 106. R > Rmax.
DFF control scheme

user to detect repulsive and attractive forces (C, D)
and the high variation of the forces due to the pull-
off (E). Although force reflection has been improved
by modifying the value of A f , the system’s stability is
affected. When the cantilever establishes contact with
the substrate, it creates high amplitude oscillations in
the system (O). This is very disturbing for the user who
has to act like a damper to absorb the excessive energy
responsible for the instability.

For a given velocity-scaling factor, the DFF control
scheme suffers from a trade-off between stability and
force amplification.

3.5.2 Pull-in, contact and pull-off forces

To render the pull-in force to the user, it is necessary
to increase A f . However, as seen in Eq. 6 and demon-
strated in Fig. 9, if Ad is kept constant, the system is
unstable. Thus, it should be increased to ensure sta-
bility. Since Ad represents the velocity-scaling factor,
this implies that the user will need to move the haptic
handle over longer distances than in the experiment
depicted in Fig. 8 to perform the same displacement.
This makes the experiment very long, as it will be
demonstrated later.

According to Eq. 6, the cantilever stiffness must also
be considered for stability. Since Fm = A f Fe and Fe =
kcd where d is the cantilever deflection, Eq. 6 becomes:

Ad ≥ 1

d
Fm

γ
(16)

For the same value Fm fed back to the user, Ad is pro-
portional to the inverse of the deflection. Considering
the pull-in phenomenon, the deflection of soft can-
tilevers is bigger than that of stiff ones. Consequently,
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R < Rmax. DFF control scheme
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the jump into contact will happen when the probe
is higher from the substrate. Therefore, the condi-
tion on Ad to assure stability is stricter for stiff can-
tilevers. We will therefore choose a softer cantilever
(kc = 0.05N · m−1).

To be able to feel the pull-in force, we chose A f =
6700 · 106 and Ad = 50 · 106. For this cantilever, Rmax =
1040. Therefore, for these scaling factors, the system is
predicted to be stable.

The results obtained are presented in Fig. 10. The
forces that should have been sent back to the user, as
well as those actually felt by the operator are shown
(i.e., after saturation). As previously explained, the
pull-in phenomenon is between 10 to 100 times weaker
than the pull-off. Therefore, if the scaling factors are
kept constant, the force corresponding to the pull-off is
strongly amplified and neither the haptic device nor the
operator can cope with such forces. That is why forces
are saturated to 5N, so that the manipulation remains
comfortable for the user. The pull-in effect can clearly
be felt since the peak amplitude is around 2N.

However, since Ad has been increased in order to
keep the system stable, the experiment is time consum-
ing (one and a half minutes whereas the cantilever was
soft and initially set very close to the contact point).

The DFF control scheme is highly transparent, since
both pull-in and pull-off phenomena were felt. How-
ever, it suffers from a trade-off between force ampli-
fication and velocity-scaling, which can result either in
instabilities or time consuming experiments. Therefore,
for easier manipulations, it is necessary to modify the
structure of the control scheme to add some damping
on the system. This can avoid instabilities that appear
in Fig. 9 while reaching the contact.

In Section 4.1, a second well-known control scheme,
which takes into account these necessary conditions to
avoid the trade-off pointed out above, will be com-
pared to the DFF in the special context of micro and
nanorobotics.

4 Force-position control

In this section, the Force-Position (FP) control scheme
is studied. Stability analysis is conducted using discrete
time variable z since it involves numerical integrations
which make the system very sensitive to the sampling
period. Transparency analysis is carried out in the
continuous-time domain in order to compare the results
with those obtained for the DFF control scheme. Based
on the conclusions, we will choose the gains of the FP
controller, and we will define what the applications of
such a coupling are.

4.1 Control scheme structure

As for the DFF, the inputs of the Force-Position control
scheme are the velocity of the haptic device handle and
the force applied by the environment on the cantilever
(Fig. 11). The outputs are the velocity used as the
desired reference for the nanotranslator and the force
that will be fed back to the user by the haptic device. As
previously, A f and Ad are respectively the force and
velocity scaling factors.

Discrete time formulation is used to take into ac-
count effects of the sampling period Te. z represents
the discrete time variable. The star superscript is for
discrete parameters. It was shown in Section 3 that the
DFF control scheme presents limitations in terms of
stability, depending on the desired scaling factors. To
improve this issue, two controllers are added in the FP
coupling. Gn and C(z) are respectively a proportional
(P) and a proportional-integral (PI) controller. C(z)

has been discretized using Tustin’s approximation:

C(z) = B fp + K fp
Te(z + 1)

2(z − 1)
(17)

In the following, V(z) (resp. N(z)) will refer to discrete
time transfer functions corresponding to V(s) (resp.
N(s)). They are computed using the Z-transform func-
tion Z {.}:

V(z) = (1 − z−1)Z
{

V(s)
s

}
= 1

Bv

1 − δ

z − δ
(18)

where δ = e− Bv Te
Mv .

N(z) = 1 − α1
z − 1

z − e− Te
τ1

− α2
z − 1

z − e− Te
τ2

(19)

where α1 = 1
1− τ2

τ1

and α2 = 1
1− τ1

τ2

.

Compared to the DFF control scheme, the feedback
force Fm, is computed with the PI controller. The
integral gain K fp and the proportional gain B fp can
be used to modify the stiffness and damping of the
rendered force. The gain Gn is used to compute the
desired velocity of the slave device.

1

Fig. 11 Force-position control scheme
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4.2 Stability

To derive the stability conditions for the FP control
scheme, a first approach is to verify the Routh-Hurwitz
criterion. This method was previously used in Section 3.
However, it has been noticed that the environment
must be modeled. Considering that three gains and two
scaling factors are used in the control scheme depicted
in Fig. 11, it is obvious that the relationships between
these parameters will be complex and will not allow to
highlight the influence of each of the gains on stability.
Therefore, the Routh-Hurwitz criterion is not appropri-
ated to analyze the stability of this bilateral coupling.

To assure the system’s stability without modeling the
environment, two main approaches are currently used.
The first is passivity [7], which deals with energy flow in
the system. The second is absolute stability [24]. As for
passivity, it ensures that if the control scheme is con-
nected to passive blocks (in our case the environment
and the operator which can be considered passive as
in [25]), the system will remain stable. Both of these
criteria lead to sufficient but not necessary conditions.
Since absolute stability is less conservative, we will use
this criterion, based on Llewelyn’s theorem.

The admittance matrix �P of the coupling is defined
as:[

V∗
m

V∗
c

]
= �P(z) ·

[
F∗

op

F∗
e

]

=
[

p11(z) p12(z)

p21(z) p22(z)

]
·
[

F∗
op

F∗
e

] (20)

where:

p11(z) = V(z) [A f + Ad Gn C(z)]/D(z)

p12(z) = [A f Ad Gn C(z) V(z)]/D(z)

p21(z) = [Gn V(z) C(z)]/D(z)

p22(z) = A f Gn[1 + C(z) V(z)]/D(z)

D(z) = A f + Ad Gn C(z) + A f V(z) C(z)

Theorem 1 (Llewelyn [26])
A system represented by the admittance matrix �P

is unconditionally stable if and only if the following
conditions hold:

C1 = Re(p11) ≥ 0 (21)

C2 = Re(p22) ≥ 0 (22)

C3 = 2Re(p11)Re(p22) − |p12 p21| − Re(p12 p21) ≥ 0

(23)

These inequalities will be used to verify if the chosen
gains meet stability requirements.

4.3 Transparency

In order to compare the results to those obtained for
the DFF, transparency was studied in the continuous
time domain. Using the control scheme depicted in
Fig. 11, the impedance felt by the operator Zop =
Fop/Vm can be computed:

Zop = nze Ze + A f C(s)V(s) + A f + AdGnC(s)
dze Ze + A f V(s) + AdGnC(s)V(s)

(24)

where:

nze = A f GnC(s)V(s)N(s) + A f Gn N(s) (25)

dze = A f GnV(s)N(s) (26)

4.3.1 Contact

When the contact is established, Z F P
op,LF can be com-

puted for low frequencies:

Z F P
op,LF ≈

ω<<1

A f

Ad + A f keq

K fp

Ze (27)

As K fp increases, the impedance felt by the operator
tends to the ideal impedance A f

Ad
Ze.

For high frequencies, the impedance Z F P
op,HF felt by

the user is:

Z F P
op,HF ≈

ω>>1
Mv jω (28)

For the same reasons as the ones exposed in Section
3.3.1, the user only feels the inertia of the haptic device
for ω >> 1.

Bode’s diagram represented in Fig. 12 is useful to
illustrate the analytical results, and to compare them to
those obtained for the DFF control scheme.

Fig. 12 Bode’s diagram for contact impedances, FP control
scheme
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Remark 2 Bode’s diagram (Fig. 12), and followings
have been plotted for specific values: keq = 2.4N · m−1,
A f = 6 · 106, Ad = 0.05 · 106 (the same values as for
Fig. 5), K fp = 100N · m−1, B fp = 2N · s · m−1 and Gn =
48.0m · N−1 · s−1. As already underscored in remark 1,
these values are only defined to illustrate the commen-
tary, but do not change the conclusions.

For low frequencies, the variations in the Bode’s
magnitude are the same for the simulated contact im-
pedance and for the environment. The real and felt
impedances only differ by a static gain which can be
reduced by increasing K fp. Consequently, when the
user reaches the contact point, he is able to detect the
variations of the forces involved during the process.
Although the system is not as perfectly transparent as
DFF, it is well suited for manipulation tasks.

4.3.2 Non-contact

When no force is acting on the cantilever, the operator
feels the impedance:

Zop = A f
(
K fp + B fp jω

)
A f jω + AdGn

(
K fp + B fp jω

) + Mv jω + Bv

(29)

For low frequencies, the impedance Z F P
op,LF can be

approximated from:

Z F P
op,LF ≈

ω<<1

A f

AdGn
+ Bv (30)

To minimize the impedance felt by the operator, with-
out affecting the scaling factors, Gn is the only para-
meter that can be tuned. The higher it is, the better
the transparency will be. However, whatever the values
of the control scheme’s gains, the user will feel the
viscosity of the haptic interface (as was the case for the
DFF control scheme).

At higher frequencies, he feels the impedance
Z F P

op,HF :

Z F P
op,HF ≈

ω>>1
Mv jω (31)

As for the DFF, the operator will feel the inertia of the
haptic device.

The Bode’s diagram (Fig. 13) confirms the validity
of the approximations made in Eqs. 30 and 31. When
compared to the Bode’s diagram for the DFF control
scheme (Fig. 6) for non-contact, it highlights the lack of
transparency for low frequencies. However, this differ-
ence can be reduced by increasing Gn.

Fig. 13 Bode’s diagram for non contact impedances, FP control
scheme

As highlighted in Table 1 which summarizes the
approximated impedance for the DFF and FP control
schemes, the FP coupling is less transparent than the
DFF. To obtain the same transparency K fp has to be
high enough to ensure a stiff contact, while Gn will
influence the non-contact behavior of the coupling. The
higher it is, the less viscous the feeling for the operator
will be.

4.4 Determination of the control scheme parameters

The performance of this bilateral coupling highly de-
pends on the controller parameters and the scaling
factors (see Sections 4.2 and 4.3). However, relations
derived in the previous sections do not allow to easily
choose the gains since each of them is composed of
many parameters. It will be useful to consider particular
cases to derive simple necessary conditions of stability.
Using these relations, and transparency considerations,
gains will be chosen. Then, Llewelyn criterion will
be used to see if the gains meet sufficient stability
conditions.

Table 1 Approximated values of Fop for DFF and FP control
schemes

DFF FP

Non- Low Bv
A f

AdGn
+ Bv

contact frequencies
High Mv jω Mv jω

frequencies

Contact Low
A f
Ad

Ze + Bv
A f K fp

Ad K fp+A f keq
Ze

frequencies
High Mv jω Mv jω

frequencies
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4.4.1 Scaling factors

As in the first control scheme, A f and Ad depend on
user’s requirements. Indeed, one might want a precise
positioning, and/or important force feedback, accord-
ing to the manipulation tasks. As in Section 3, we
will choose Ad = 0.05 · 106. A f will be such that the
forces sent back to the user are high enough for an
untrained user to distinguish the different phenomena
encountered during the experiment.

4.4.2 Proportional controller Gn

Problems of stability can be due to control schemes but
also to numerical computation. Indeed, the force F∗

m at
time k + 1 is determined using information of positions
and velocities at time k (see Fig. 11):

F∗
m(k + 1) = B fpΔV(k) + K fpΔX(k) (32)

where:

ΔV(k) = AdV∗
s (k) − V∗

m(k)

ΔX(k) = Ad X∗
s (k) − X∗

m(k)
(33)

For similar reasons, the expression of V∗
s is:

V∗
s (k + 1) = Gn

[
F∗

e (k) − 1

A f
F∗

m(k)

]
(34)

Considering Eqs. 32 and 34 and the fact that the posi-
tion X∗

s is computed using Tustin’s discretization, when
the probe is well above the substrate (no force applied
on it, i.e. F∗

e = 0), F∗
m is given by:

F∗
m(k + 1) = λ1 F∗

m(k − 1) + λ2V∗
m(k) + (λ3 + λ4) K fp

(35)

where:

λ1 = −Gn

[
B fp Ad + K fp Ad

Te
2

A f

]

λ2 = −
[

B fp + K fp
Te

2

]

λ3 = Ad

[
X∗

s (k − 1) + V∗
s (k − 1)Te

2

]

λ4 = −
[

X∗
m(k − 1) + V∗

m(k − 1)Te

2

]

Avoiding numerical instabilities leads to an upper
bound on Gn, a necessary condition for stability:

|λ1| < 1 ⇔ Gn <
A f

Ad K fp
Te
2 + Ad B fp

= Gnlim (36)

4.4.3 Proportional integral controller B fp and K fp

In [27] a relation between B fp, K fp and Te is derived
to assure the stability of the system while in contact
with a rigid environment. In that work, the authors
apply the Routh-Hurwitz criterion to a control scheme
similar to ours. However, the output of the coupling
is the position Xm instead of the velocity Vm and the
backward difference is used to determine the discrete
controller C(z) (instead of Tustin).

We will use the same methodology applied to our
system. As for the DFF control scheme, the system
considered is LTI. The discrete time transfer function
is:

V∗
m

F∗
op

= V(z)

1 + V(z)C(z)
(37)

Before applying the Routh-Hurwitz criterion on
the characteristic equation, a bilinear transformation(

z = 2+wTe
2−wTe

)
should be made. It leads to:

b 2w
2 + b 1w + b 0 = 0 (38)

where:

b 2 = 4Bv(1 + δ) − 4(1 − δ)B fp (39)

b 1 = (1 − δ)(4Bv + 4B fp − 2K fpTe) (40)

b 0 = 2K fpTe(1 − δ) (41)

The Routh-Hurwitz criterion is achieved if and only if
b 0, b 1 and b 2 have the same sign. Since δ < 1, Eq. 41 is
always positive. Therefore, the system will be stable if
and only if b 1 > 0 and b 2 > 0, which implies:

Bv + B fp >
K fpTe

2
(42)

Bv

1 + δ

1 − δ
> B fp (43)

Equation 42 is the same condition as that found in [27]
and states that the stiffness of the coupling is bounded
by the inherent damping of the haptic interface and that
added by the coupling. Moreover, if the sampling pe-
riod increases, K fp must decrease for the same amount
of damping to guarantee stability.

Using the first order Taylor development of x �→
exp(x) in the region of 0

(
Bv Te
Mv

→ 0 since Te → 0
)

,

δ ≈ 1 − Bv Te
Mv

. Equation 43 can be approximated by:

2Mv

Te
> Bv + B fp (44)

This highlights that the maximum damping (and there-
fore, according to Eq. 42, the maximum stiffness) ad-
missible is limited by the inertia of the master arm
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and is inversely proportional to the sampling period Te.
This is a convincing argument of the importance of the
sampling period for stable haptic feedback.

4.4.4 Summary

The relations derived in Section 4.3 as well as in
Sections 4.4.2 and 4.4.3 are summarized in the Table 2.
The minimum and maximum values each gain can take
to ensure necessary stability conditions are given, as
well as transparency considerations.

As seen in Section 4.4.2, Gn has to be high to al-
low a transparent non contact behavior. According to
Eq. 36, for stability reasons, Gn must be smaller than

A f

Ad K fp
Te
2 +Ad B fp

. Therefore, smaller values for B fp and

K fp allow for a higher Gnlim , and increase the non
contact transparency.

Concerning K fp, a maximum value to verify the
Routh-Hurwitz criterion is derived. However, as ex-
plained above, for transparency reasons K fp should
be low enough to limit the viscosity when there is no
contact.

4.5 Experimental results

To compare the results with the ones obtained with
the DFF control scheme we use the same cantilever
as in Section 3.5.1 (kc = 2.4N · m−1), with the same
scaling factors (Ad = 0.05 · 106, A f = 6 · 106). Other
parameters are chosen according to the results of the
transparency and stability analysis (Table 2).

A good compromise for transparency in contact and
non contact mode is found if K fp = 100N · m−1. This
value is indeed smaller than the maximum allowed
value 4Mv

T2
e

. Enough damping is introduced by choosing

B fp = 2.0N · s · m−1. It is greater than the minimum
value K fpTe

2 − Bv = 0.15N · s · m−1 and non contact
transparency is still good. Gn is chosen such that Gn =
0.90Gnlim = 48.0m · N−1 · s−1.

Table 2 Valid range of values for FP controller gains

Minimum value Maximum value

K fp High for a stiff Eq. 42, 44 → 4Mv

T2
e

contact feeling
(Section 4.3.1)

B fp Eq. 42→ K fpTe
2 − Bv Low for non contact

transparency
(Section 4.3.2)

Gn High for non contact Eq. 36 → A f

Ad K fp
Te
2 +Ad B fptransparency

(Section 4.3.2)

Fig. 14 Values of C1, C2 and C3 with respect to ω

The selected parameters must satisfy Eqs. 21, 22 and
23 to ensure that the system will remain stable whatever
the environment. In order to check such conditions, the
values of C1, C2 and C3 are plotted in the frequency
domain. The results are given in Fig. 14.

For pulsations lower than ωc = 35rad · s−1, C1, C2,
and C3 are positive: Llewelyn’s criterion is verified.
According to the system bandwidth, pulsations greater
than ωc will be attenuated, therefore the system will
remain stable with the chosen values.

To verify experimentally that the gains we chose
are adapted to the stated problem, we performed the
same approach-retract operation as in Section 3. The
results obtained are plotted in Fig. 15. The forces felt
by the operator, as well as those measured by the force

20 4 6 8 10
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5

Time (s)

F
or
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s

(N
)

–Fm

A f Fe

Fig. 15 Approach–retract curve for a cantilever of stiffness
kc = 2.4N · m−1, using Ad = 0.05 · 106, A f = 6 · 106. FP control
scheme
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sensor (and scaled by A f ) are represented. They must
be compared to those in Fig. 9. The system remained
stable during this experiment, contrary to the DFF
control scheme. Moreover, even if the force sent back
to the user is computed through the control scheme
(and not directly fed back), the feeling that the operator
got reflects what happened in the remote environment
since Fm and A f Fe plots are similar. The oscillations
that can be seen in Fm’s plot were induced by the virtual
coupling. Since the bandwidth of the haptic device is
limited, they were not disturbing for the user. There-
fore, although this control scheme is less transparent
than the DFF, the feeling is good enough to allow the
operator to feel the pull-off phenomenon with a peak of
amplitude 1N. Consequently, the analysis performed in
this paper allows for an efficient tuning of the controller
presented in Section 4.1.

The pull-in phenomena is not visible on Fig. 15.
Indeed, to avoid time-consuming manipulations, we
chose Ad = 0.05 · 106 (i.e., such that a velocity of
1cm · s−1 of the haptic handle represents 0.2μm · s−1 for
the slave device). With this value of Ad, the velocity
of the nanotranslator was too high compared to the
dynamics of the pull-in effect and thus could not be
reflected to the user.

To prove the robustness of our approach with re-
spect to the environment’s stiffness, the same exper-
iment was performed using different cantilevers. The
results are presented in Fig. 16. The same velocity-

0 05 1

2 4 1

48 1

Fig. 16 Approach–retract curve for cantilevers of stiffnesses
kc = 0.05N · m−1 (K fp = 100N · m−1, B fp = 1.2N · s/m, Gn =
2329m/N · s), kc = 2.4N · m−1 (K fp = 100N · m−1, B fp = 2.0N ·
s · m−1, Gn = 48.0m · N−1 · s−1), and kc = 48N · m−1 (K fp =
100N · m−1, B fp = 1.5N · s · m−1, Gn = 1.98m · N−1 · s−1). FP
control scheme

scaling factor was used for the three probes. The force
amplification was chosen so that the user could clearly
feel the contact (about 5N were fed back via the haptic
device), for a cantilever’s deflection smaller than 5μm.
This lead to A f = 200 · 106 for the cantilever of stiff-
ness kc = 0.05N · m−1, and A f = 0.2 · 106 for stiffness
kc = 48N · m−1. Other gains were chosen using Table 2.

It should be noted that these experiments were per-
formed in a non-controlled environment. Conditions
of humidity and temperature may have changed be-
tween the experiments. However, the pull-off was in-
deed greater for cantilevers with a low stiffness. As
noted above, the oscillations on the plots of Fig. 16 are
induced by the virtual coupling, but are not disturbing
for the operator due to the limited bandwidth of the
haptic device.

The FP control scheme is adapted to nanomanip-
ulations, especially because the system is stable, even
when in contact with the substrate, for cantilevers with
stiffnesses of 0.05N · m−1 up to 48N · m−1. Moreover,
the analysis is validated experimentally. Forces of 10nN
(pull-off for the cantilever of stiffness kc = 0.05N · m−1)
were felt by the user.

5 Conclusion

Two different control schemes have been analysed in
this paper, in the particular context of nanorobotic ap-
plications. The Direct Force Feedback control scheme
suffers from a trade-off between stability and force
amplification if time consuming manipulations have to
be avoided. However, transparency is high as proven
analytically, and underscored by the fact that we were
able to feel both pull-in (forces of 0.5nN) and pull-
off phenomena. Using Force-Position control scheme,
higher force amplification without suffering from the
duration of the manipulation can be achieved. Forces
of 10nN were felt by the user and stable contact for
cantilevers of stiffnesses from 0.05N · m−1 to 48N · m−1

was demonstrated.
The choice of the control scheme will therefore de-

pend on the relevant application. For a highly trans-
parent rendering, DFF is appropriate, however the
experiments will be time-consuming. For a more com-
plex task, implying high displacements, the FP control
scheme should be chosen. It will greatly improve the
operator’s ability by providing him or her with force
feedback.

Using the analysis carried out, the influence of each
gain on the bilateral coupling is highlighted. These re-
sults will therefore help to realize real-time adaptation
of the gains.
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Notations

Fop/Fe/Fm User/environment/master force
Xs/Xm Slave/master position
Vs/Vc/Vm Slave/cantilever/master velocity
Zop/Ze User/environment impedance
Z DF F

op,LF/Z DF F
op,HF Low/high frequencies user’s imped-

ance for DFF
Z F P

op,LF/Z F P
op,HF Low/high frequencies user’s imped-

ance for FP
ks/kc/keq Contact/cantilever/equivalent

stiffness
d Cantilever’s deflection
Mv/Bv Master’s inertia/viscosity
τi i-th time constant of the

nanotranslator
V(s)/N(s) Virtuose/nanotranslator transfer

function
Te Sampling period
A f /Ad Force/velocity scaling factor
C(s)/C(z) Continuous/discrete PI controller
B fp/K fp Proportional/integral gain
Gn Proportional controller
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