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Tuning the gains of haptic couplings to improve force feedback stability
in nanorobotics

Aude Bolopion, Barthélemy Cagneau, D. Sinan Haliyo, and Stéphane Régnier

Abstract— This paper deals with the problem of bilateral
haptic control in nanorobotics. At this scale, a human operator
cannot interact directly with objects. He needs special tools
manipulated through robotic systems. Therefore, force feedback
devices are the only solution to provide him a sense of touch.
However, the quality of the rendering strongly influences his
ability to perform a given task. Stability is the main requirement
that the system must fulfil to be usable. As the choice of the
controller and its tuning are critical issues, a general method
to tune the parameters of two haptic controllers is presented. A
theoretical study is carried out and the methodology is validated
with an experiment composed of several phases with high
dynamic phenomena. Intrinsic limitations of the two controllers
are also pointed out.

I. INTRODUCTION

The importance of microscale and nanoscale robotic sys-
tems is growing and new application fields are emerging.
From mini-invasive surgery to ultra-high density storage
devices and sensor networks for environmental monitoring,
micro and nano technologies are becoming part of our every
day life [1]. However, at this scale, manipulation of objects
is still a challenge.

At the submicrometer scale, it is necessary to overcome a
critical problem before performing any task: human operators
cannot interact directly with the environment. Consequently,
special tools are needed to allow operations and to provide
visual and tactile feedback. However, the resolution of optical
microscopes is limited. Scanning Probe Microscopes (SPM)
provide greater accuracy, but it is not possible to use them
to capture images and manipulate objects simultaneously.
Scanning Electron Microscopes (SEM) do not provide real-
time images. That is why haptic coupling appears to be an
interesting solution to establish a link between these two
worlds, ([2], [3]). Indeed, even elementary tasks lithography
or indentation, or characterization of objects’ mechanical
properties cannot be performed without visual or haptic
feedback [4], [5], [6].

Based on dimensional analysis, [7] presents a method
to select the coefficients that are used to scale forces and
positions for haptic coupling. However, practical issues, like
limited workspace and range of forces that can be felt by a
human operator while manipulating a haptic device (typically
from 0.1 to 10N), will prevent using this kind of reasoning.

Other works on coupling issues include [8], which also
proposes a method to derive scaling factors based on Llewe-
lyn’s criteria. A passivity controller is implemented to assure
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stability. However, it has been tested only on virtual envi-
ronments and no method to tune the gains of the controller
is provided. [9] also presents very interesting results with
the cancellation of the cantilever’s stiffness on the rendered
forces and more detailed conclusions about the passivity
controller.

In this paper, we will present two different control
schemes. To tune the gains of the controllers, an original
method that can be adapted to most of the usual systems is
used. It considers simple inequalities between the parameters
of the controllers so that they can be chosen according to
simple relations. Stability is the main requirement that will be
considered in deriving these relations. Compared to [10], the
resolution of the force sensor has been increased, allowing
users to feel forces in the range of nanonewton (instead of
micronewton). Morevoer, we do present rules to tune the
gains, and experimental results for cantilevers of different
stiffnesses.

This paper is organized as follows: in section II, 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 III. We will show its limitations in our context.
Section IV introduces another control scheme, the Force-
Position control scheme, and an original method for choosing
the controllers’ gains. Throughout this paper, experimental
results will be presented to underscore our conclusions.

II. EXPERIMENTAL SETUP
A. Coupling validation’s protocol

To compare the performances of the different couplings
and the influence of the controllers’ gains, we will perform a
basic one-dimensional experiment. It consists of approaching
the substrate with the probe, applying a force and then re-
tracting. The well-known plot representing the force applied
on the cantilever as a function of the distance from the
substrate is given in figure 1(a). The corresponding plot of
force applied on the cantilever as a function of time is given
in figure 1(b). This is what the operator should ideally feel.
Two discontinuous phenomena (referenced as A and E on the
plots) are respectively representative of the instant when the
cantilever is attracted by the substrate (pull-in) and when the
contact is broken (pull-off). Two kinds of forces are present:
the very first ones (B) and the last ones (D) are attractive
(just after the pull-in and just before the pull-off), while the
ones in between are repulsive (C). Since attractive forces
and discontinuous phenomena are present at nanoscales, the
coupling will have to be designed and tuned taking these



characteristics into consideration. Indeed, it has to remain
stable and the user must be able to feel these phenomena.
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Fig. 1. Approach-retract curve

As the control scheme used depends on the master and slave
devices, the experimental setup has to be detailed before
performing any analysis.

B. Experimental platform

The experimental platform used to validate the coupling
is depicted on figure 3.
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Experimental setup

It is composed of a nanotranslator which can move along the
vertical direction.

The force applied on the cantilever is measured with a laser.
The deflection is measured using a laser beam focused on
the cantilever. The beam is reflected onto a photodiode.
The normal force is computed as:

F=kSV (1)

where k and S, the stiffness of the cantilever and the
sensitivity of the photodiode, are calibrated [11]. V is the
output voltage of the photodiode.

As highlighted in equation (1), the force depends on k.
Therefore, the coupling will be influenced by this factor.
However, the proposed method must be adapted for can-
tilevers of any stiffness.

The available haptic device is a Virtuose manufactured by
Haption'. This arm, represented on figure 2, allows 3 degrees
of freedom of force feedback.
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LR

Master device

V. 72

Slave device

Operator Coupling Environment

Fig. 4. Power flow between the subsystems

C. Power flow

Figure 4 summarizes the power flow between the different
subsystems. The inputs are:

e [F,: force applied by the substrate on the cantilever
e [, force applied by the operator on the master arm

The set of variables that corresponds to the outputs is:

e V,: velocity of the cantilever in the operational space

e V,: velocity of the master arm in the operational space

F, is the force fed back to the user, through the haptic
interface, and V,, is the desired nanotranslator velocity. The
subsystems’ inputs and outputs are the only assumptions we
make in designing the control scheme. However, they are not
really restrictive since many teleoperation systems presented
in literature fulfill these requirements.

III. DIRECT FORCE FEEDBACK

Direct Force Feedback (DFF) control scheme seems to be
the most intuitive formulation for providing amplified forces
to the operator. It is depicted on figure 5. The blocks and
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Fig. 5. Control scheme for DFF.

power flows defined on figure 4 are clearly identified.
Master (Virtuose) and slave (nanotranslator) continuous-
time transfer functions are modeled as follows:

V(s) = [(By + Mys)] "
N(s) = [(1+718)(1 4 128)] "

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

M, = 0.4kg : B,=01N.som™! 3)
m=135%x10"3s : 7 =057x10"3s

2

where M, and B, are respectively the inertia and damping of
the Virtuose. 7 and 75 are time constants of the nanotransla-
tor. Ay and A, are respectively the force and velocity scaling
factors. These coefficients are necessary to adjust the scale
difference between macro- and nano-worlds.

Thttp://www.haption.com/



The main advantage of this control scheme is that it requires
only these two parameters to achieve DFF control. On the
other hand, the system’s stability will entirely depend on
these coefficients.

A. Routh stability criterion

The slave device interacts with a remote environment,
which will influence the stability of the coupling. Therefore,
it has to be considered while performing stability analysis.
Two approaches can be used. The first is to consider a
method that does not require modeling the environment (e.g.,
methods based on passivity study). However, it is more
conservative, and not useful in pointing out limitations as
a function of the cantilever’ and the environment’s charac-
teristics. The second approach is to model the environment.
This is what we will do to derive limitations of the control
scheme for our particular application.

The environment will be modeled with respect to assumption
(D.

Assumption 1: The slave device is linked with its envi-
ronment through a spring of stiffness k. (the cantilever). The
contact between the cantilever and the substrate is modeled
as a spring k. These two serial springs are linked such that
the equivalent spring k., is:

1 1 1

keq ks + ke @
Considering this assumption and the control scheme depicted
on figure 5, it is possible to determine the transfer function
between F,, and V,,. Since the system is linear time invariant
(LTI), the Routh-Hurwitz criterion can be applied to the
transfer function. A necessary and sufficient condition of
stability is derived. It leads to the following inequality:

A
R = IZ < kleq = Rmaw (5)

BU(Tl+7—2)[J\/[5+MUB’U(T1+7-2)+B37—1T2]
[M, (T1+72)+ By 11 72)°

where v =

As 7 only depends on the system’s parameters, for a given
environment, equation (5) shows that the system’s stability
only depends on the ratio R = A—Z.

The system’s stability is assured by selecting R < R4, With
respect to equation (5). R4, Will also determine the closed
loop performances in terms of force/velocity scaling. How-
ever, it is obvious that the ratio R, inversely proportional
to kg4, is decreasing sharply when environmental stiffness
increases. The next subsection will provide a compromise
between stability and the values of the scaling factors through
experimental examples.

For stability issues, the worst case is when equivalent
stiffness is the highest. Using Hertz’s theory [12], it can be
shown that it corresponds to k., = k.. Therefore, in the
following sections we will use this approximation.

B. Experimental results

We used a cantilever with k. = 2.4N.m~! so that:

Ronaw = 21.7 (6)

The experiment described in section II-A is performed with
the following values:

Ag = 0.05 - 106
Ap =0.12-10°

Ay is chosen according to the master and slave motion
ranges. The value A; = 0.05 - 10° is such that the master
motion range, which is 25¢m, corresponds to a displacement
of 5uum for the slave. This gives a good compromise between
ease of manipulation and precision. This value will be kept
constant for all experiments, to allow a better comparison
between them. In this first experiment, Af 1s chosen so
that the Routh criterion given in equation (5) is satisfied.
Stability will be studied with respect to this factor in next
paragraphs. The results we have obtained on figure 6 confirm

} = R=24< R4z (7)
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Fig. 6. Approach-retract curve for a cantilever of stiffness k. =
2.4N.m~1, using Ay = 0.05-10%, Ay =0.12-10°. R=2.4.

our predictions. Indeed, this figure represents the magnitude
of the forces sent back to the user. During the first stage (C),
the operator applies forces on the substrate. The maximum
value of the forces applied is 0.30N. While retracting,
he must counterbalance the forces resulting from adhesion
effects (D). A force equal to —0.13V is necessary to release
the cantilever from the substrate (E).

Even if the system remains stable as expected, force feed-
back does not allow an operator to distinguish the different
stages described on section II-A (attraction, repulsion, pull-
off, etc.). Therefore, it might be interesting to increase Ay in
order to provide better force feedback to the user. The pull-in
phenomenon is not visible on the plot. Indeed, to avoid time
consuming operations, we chose Ay = 0.05 - 10°. With this
value, the velocity of the nanotranslator is too high compared
to the dynamics of the pull-in effect, and so it could not be
reflected to the user.

During the second experiment we performed, the value
of Ay remained the same, but Ay was increased, so that
Ay =6.0-10°. With these values:

R = 120 > Rmaw (8)

Equation (8) shows that the Routh criterion is no longer
satisfied. The system is thus predicted to be unstable. The
results we have obtained are plotted on figure 7. Remarkably,
the forces have been amplified compared to the forces of the
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Fig. 7. Approach-retract curve for a cantilever of stiffness k. =

2.4N.m~1, using Ag = 0.05- 105, Ay = 6-105. R=120.

figure 6. It is then easier for the user to detect repulsive and
attractive forces (C, D) and the high variation of the forces
due to the pull-off (E). This result shows that force reflection
has been improved by modifying the value of Ay.
However, the stability of the system is affected. When the
cantilever establishes the contact with the substrate, it creates
high amplitude oscillations in the system (O). These oscilla-
tions are very disturbing for the user who must compensate
for these perturbations. He has to act like a damper to absorb
the amount of energy responsible for instability.

IV. FORCE-POSITION CONTROL

All studies on this coupling will be conducted using a
discrete time variable z. Indeed, contrary to the DFF control
scheme, FP involves numerical integrations which make the
system very sensitive to the sampling period.

A. Control scheme design

It has been shown in section III that the DFF scheme
presents limitations in terms of stability, depending on the
desired scaling factors. To improve that issue, two controllers
are added in the FP control scheme detailed on figure 8. G,
and C(z) are respectively proportional (P) and proportional-
integral (PI) controllers. Only P and PI controllers have
been used. Indeed, their simple form highlights the influence
of each gain on the system transparency and stability. A
good understanding of the interactions between gain values
and system performances is necessary to later design more
complex control schemes. On-line gains tuning based on the
rules that will be derived in next paragraphs will be studied in
future works. The star superscript is for discrete parameters.
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Fig. 8. Force-Position control scheme

C'(z) has been discretized using Tustin’s approximation. This

leads to: (2 +1)
ez

In the following, V' (z) (resp. N (z)) will refer to the discrete
time transfer function corresponding to V'(s) (resp. N(s)).
They are such that:

)

EEEEY
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with: § = e~ Mo

V(2) (10)
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Compared to the DFF control scheme, the force fed back
to the user, F,, is computed with the PI controller. The
integral gain Ky, and the proportional gain By, can be used
to modify the stiffness and damping of the rendered force.
The gain G,, is used to compute the desired velocity of the
slave device.

B. Determination of the control scheme parameters

1) Scaling factors: As in the first control scheme, Ay and
Ay depend on the user’s requirements. Indeed, one might
want a precise positioning, and/or important force feedback,
according to the manipulation tasks. As in section III, we
will choose A4, = 0.05-10°%, Af will be such that the forces
sent back to the user are high enough for an untrained user
to distinguish between the different phenomena encountered
during the experiment.

2) Proportional controller G,: Problems of stability can
be due to control schemes but also to numerical computation.
Indeed, the force F); at time k£ 4 1 is determined using
information of positions and velocities at time k (see figure
8):

Fr(k+1) = BpAV(k)+KpAX(k)  (12)
Vik+1) = Gu |F(R) - —Fib)|  (3)
Ay
where:
AV(E) = AVi(k)—Vi(k)
AX(K) = AgXi(k) - X3(k)

Considering (12) and (13) and the fact that the position X is
computed using Tustin’s discretization, when the tip is well
above the substrate (no force applied on it, i.e., F) = 0), F;
is given by:

F;(k‘—I— 1) = /\1F;(k‘ — 1) + /\QVU*(]C) + /\3Kprd +)\4Kfp

(14)
where:
B BppAa+ KppAak:
N o= -Gy,
Ay
) T
Ay = = pr‘*‘Kpr}
] V*(k —1)T,
S PP (1.4
I V*(k — 1T,
A o= — | Xr(k—1)+ B 5 ) }




Avoiding numerical instabilities leads to an upper boundary
on GG, a necessary condition for stability:

A (15)

M <1l & G, <
AgKpp%5 + AaByy

However, for transparency reasons, G, has to be as high as
possible. Otherwise, it leads to a tracking error on the slave
side and thus to viscosity on the force fed back to the user.
3) Proportional integral controller By, and Ky,: In [13]
a relation between By, K, and Tt is derived to assure the
stability of the system while in contact with an infinitely
stiff environment. The same methodology applied to our
system will be used here. As for the DFF control scheme,
the system considered is LTI. The Tustin equation is used
for the discretization.
The discrete time transfer function is:

Vi _ V(z)
Fr, 1+V(2)C(2)

(16)

After applying the bilinear transformation z = 2+“Ic  the
. . . . _wTe
resulting characteristic equation becomes:

bow? 4+ biw +by =0 (17)
where:
by = 4B,(1+6)—4(1—6)Byy (18)
by = (1—-0)(4B, +4Bf, —2KypTe) (19)
b = 2K;,T.(1—0) (20)

The Routh-Hurwitz criterion is achieved if and only if b,
b1 and by have the same sign. Since § < 1, (20) is always
positive. Therefore, the system will be stable if and only if
b1 > 0 and by > 0, which implies:

K¢, T,
B, + By >~ 1)
1496
—— B 22
-6 ~ v (22)

(21) is the same condition as that found in [13], and states
that the stiffness of the coupling is bounded by the damping
of the haptic interface and that added by the coupling. More-
over, if the sampling period increases, Ky, must decrease for
the same amount of damping to guarantee stability.

Using the first order Taylor development of x — exp(x)
in the neighborhood of 0 (BA“T?' — 0 since T, — 0), 0 ~

1-— % (22) can be approximated by:

oM,
T.

> B, + Byp (23)
This highlights the fact that the maximum damping (and
therefore, according to (21), the maximum stiffness) admissi-
ble is limited by the inertia of the master arm, and is inversely
proportional to the sampling period 7,. This is a convincing
argument of the importance of the sampling period for stable
haptic feedbacks.

C. Experimental results

This subsection presents experimental results for the FP
control scheme.
To validate the methodology described above, we will use
the same parameters as for the DFF control scheme. Taking
the same cantilever as in section II-B (k. = 2.4N.m™1),
we require the same scaling factors (Aq = 0.05-10%, Ay =
6 - 10).

Based on conclusions of section IV-B, the following
considerations have to be taken into account to choose the
gains:

o Ay and A, are determined by the user’s requirements
e Ky, has to be high to allow a stiff contact feeling.
However, according to (21) and (23), it can not be

v

T2

e By, has to be low to allow for transparent feeling
when no forces are applied on the cantilever. However,

according to (21), it has to be higher than % — B,.

higher than

The trade off between K, and By, greatly depends on the
application. It is necessary to bear in mind the upper and
lower boundaries but the values that match his requirements
can be freely chosen.

o knowing all the other parameters, GG, is given by (15)

For our application, an admissible set of gains is:
By, = 2.0 N.sm™', Ky = 1000 Nm™!, G, =
475 m.N~1.s71 It is necessary to verify experimentally
that the method we described and the gains we chose are
adapted to the stated problem.

The experimental results we have obtained are plotted on
figure 9. They must be compared to those on figure 7. It
is obvious that the system remains stable during this experi-
ment, unlike the DFF control scheme. The small oscillations
are induced by the virtual coupling. However, due to the
limited bandwith of the haptic interface, this phenomenon
is not disturbing for manipulations. As expected, the user
is able to feel the pull-off phenomenon with a peak of
amplitude 1N. Consequently, the method described through
this paper allows the controller presented in section IV-A to
be tuned efficiently. To prove the robustness of our approach

Force (N)

Time (s)

Fig. 9. Approach-retract curve for a cantilever of stiffness k. =
24N.m~1, using Ay = 0.05 - 106, Ay =6- 108. FP control scheme.



with respect to environment’s stiffness, we performed the
same experiment using different cantilevers. The results are
presented on figure 10. We required the same velocity-scaling
factor for the three probes. The force amplification was
chosen so that the user could clearly feel the contact (about
5N are fed back via the haptic device), for a cantilever’s
deflection of less than 5um. This lead to Ay = 200.10°
for the cantilever of stiffness k. = 0.05N.m~1, and A F =
0.2.10% for that of stiffness k. = 48N.m~!. Other gains
were chosen using the methodology described in section I'V-
B.

Plots on figure 10 show that the operator was able to feel
the contact in a stable way for cantilevers of different stiff-
nesses (from 0.05 up to 48 N.m™'). It should be noted that

z
o
g ke =0.05 N.m™!
£ |ke=10.05Nm
ok, =24 Nan~? |
L ke=48 N.m~t ]
0 2 Tlm% (S) 8 10 12
Fig. 10. Approach-retract curve for cantilevers of stiffnesses k.

{0.05,2.4,48} N.m~! (Ky, = {100,100,100}N.m~1, By,
{1.2,2.0,1.5}N.s.m™1, G,, = {2329,47.5,1.98}m.N~1.s71).

these experiments have been performed in a non-controlled
environment. Conditions of humidity and temperature may
have changed between the experiments. However, the pull-
off is indeed greater for cantilevers of low stiffness. The FP
control scheme seems adapted to the application described
in section II-A, in particular since the system is stable, even
when in contact with the substrate. Moreover, the method-
ology to tune the gains is validated through experiments.
Indeed, it allowed us to feel forces of 10nN (pull-off for the
cantilever of stiffness k. = 0.05 N.m™1).

However, for the same reasons as in paragraph III-B, the
pull-in phenomenon is not visible on the plot.

V. CONCLUSION

Two different control schemes designed for nanorobotic ap-
plications have been presented in this paper. The Direct Force
Feedback scheme suffers from a trade-off between force
amplification and workspace limitation. To overcome this
problem, the Force-Position control scheme is introduced.
Compared to the DFF control scheme, damping is added.
It improves stability but degrades transparency. Using the
FP control scheme, we were able to feel forces of 10n/V.
Moreover, stable contact for cantilevers of stiffnesses from
0.05N.m~! to 48N.m~! is demonstrated. Since perfor-
mances of haptic couplings greatly depend on the tuning

of the gains, the choice of these values is a critical issue.
Therefore, an original method is applied to tune the gains of
these two controllers. Intrinsic limitations of the couplings
are exposed theoretically and experimentally.

In future work, we expect to use force feedback to develop
original assistance for more complex telemanipulations. Two
main tasks need to be performed to reach this goal. The
first is to determine how to use the photodiode’s outputs
to retrieve more information than is presented in this paper
(i.e., contact or non-contact). The second is to find new
sources of information, such as modifications of object-
induced vibrations of excited cantilevers.
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