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2D micro teleoperation with force feedback

Aude Bolopion, Barthélemy Cagneau and Stéphane Régnier

Abstract— This paper presents a 2D teleoperation task at

microscales with force feedback. At this scale, two major
problems arise while performing manipulation tasks: the lack
of 3D real time visual feedback, and the difficulty to determine
the interaction forces. Therefore, indications must be provided
to help the user perform a given task. In this paper, we provide
the user with intuitive force feedback, to improve objects’
manipulation using a haptic device. Our platform is composed
of a tipless beam manipulator, which is deformed when forces
are applied to it. These deformations are measured using a laser.
The force information we provide to the user is based on the raw
beam’s deformation measurement, and mechanical properties
of the probe. It does provide the operator with indications about
the interaction forces.
This approach is validated by performing lateral and longitu-
dinal rolling operations using microspheres with a radius of
25-micrometers. 2D rolling telemanipulation at microscale with
force feedback is successfully demonstrated.

I. INTRODUCTION

During the last decades, the importance of micro and nano
robotic systems has increased dramatically with the develop-
ment of MEMS and micro assembly. However, handling of
the components (objects of micrometer or nanometer sizes)
remains a major problem [1]. Several manipulation tools ex-
ist, including micromanipulators with capacitive or piezore-
sistive sensors, micro tweezers and cantilevers. Among them,
Scanning Probe Microscopes based manipulation provide the
highest resolution for real time force sensing.

To perform manipulation tasks at micro or nanoscales, a
major problem is the lack of 3D real-time visual feedback
[2]. To overcome this difficulty, virtual reality (VR) is widely
used [3]. The environment with which the operator interacts
can be purely virtual (for teaching purposes, for example)
[4], or based on periodic measurements made during an
experiment. Haptic feedback would also appear to be an
interesting solution, since it adds the sense of touch dur-
ing the manipulation. When based on direct measurements
performed during the manipulation, it allows the user to
receive information about the objects being manipulated [5].
It can also be used in addition to a VR system [6]. In
this case, metaphors can be derived from the simulation,
and be rendered as virtual guides to the operator. So far,
manipulations with force feedback based on direct force
measurement mainly consist in feeling or indenting objects
[7] and characterizing them [8]. These operations are the first
steps towards more complex tasks.

In this paper, we propose 2D telemanipulation with force
feedback. We use a cantilever to manipulate objects, and
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measure the deformations of the beam using a laser re-
flected onto a photodiode. Using these measurements and
mechanical properties of the probe, we determine the force
applied on it by the object. This information is used to
derive comprehensible indications about the manipulation
that will be given to the user. Haptic feedback is chosen as
the means to provide the user with the derived information.
This approach is successfully demonstrated by microsphere
rolling experiments. Compared to the work achieved in [2],
the force sent to the user is not the actual force applied on the
cantilever. The aim of this work is to provide the user with
a modified force based on the measurement of cantilever’s
deformations to help him perform a given manipulation task.

This paper is organized as follows. In section II, forces
available from the measurement of a cantilever’s defor-
mations are detailed. They will be used in section III to
derive comprehensible forces that will be sent to the user
to help him or her perform rolling manipulations. Results
are presented in section V using the material and the control
scheme described in section IV.

ITI. 2D FORCE MEASUREMENT FOR HAPTIC FEEDBACK

The manipulation platform is composed of a cantilever
with no tip. As explained in detail in [9], this kind of probe
can be used to manipulate objects. Their deformations are
measured using a laser, reflected onto a photodiode (figure 1).
Knowing the stiffnesses of the beams, forces applied on the
probes are determined from the deformation measurements.
Calibration methods of the cantilevers’ spring constants can
be found in particular in [10] or [11].

(o)
[
Laser T Tr
._ Ts

B B,

Photodiode

Fig. 1. Principle of force measurement using a laser
A. Measurement of the cantilever’s deformations

The photodiode is composed of four different parts (77,
T., By, B;), as shown on figure 1. Two output voltages are
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defined, u, and wuy, that are computed as:

(Tl + Tr) - (Bl + Br)
(Tl + Bl) - (Tr + Br)

They correspond respectively to a displacement of the laser
beam’s impact along the y and z axes. To estimate the
deformations of the cantilever, the vertical and horizontal
sensitivities of the photodiode (S5, and S;) need to be
calibrated. Since the laser beam is focused in point F situated
in the middle line and at the extremity of the probe (see
figure 1), only the cantilever’s deformations at point £ can
be measured. The deflection §(L,0), and angle of rotation
¢(L,0) are measured:

8(L,0) =
¢(L,0) =

B. Relation between the cantilever’s deformations and the
forces

Uy =
up =

(D

Sy (2
Shun 3)

The AFM cantilever is a simple beam the length, width
and thickness of which will be noted respectively L, w, and
t. All the parameters related to the cantilever are summarized
in table I. Numerical values are given for a silicon beam, and
the dimensions are those of the cantilever used in section V
for the experiments.

TABLE I
VARIABLES FOR THE AFM PROBE AND RELATED NUMERICAL VALUES

Signification Numerical values
Tength, thickness and 7 _
L.t w width of the L= 2213“?’2;;;12'9“%
cantjlever
. normal silffnf;ss anfd k(L) = 2.4N.m~1,
25 Kt torsional spring o i _9
’ the cantgeveglr kt¢(L) = 640107 N-m
resp. Yyoung's
E, G modulus and the E = 150G Pa, G = 2(17%
shear modulus
v Poisson’s ratio v =0.17
second moments of ) )
I, I, area about the I, = % I, = %
(resp. y) axis

As a force F,(xp,y,) is applied on the beam at point P
(zp,yp) along the vertical direction (z axis), the cantilever
will experience two different deformations, deflection and
rotation. In the following paragraphs, we will derive relations
between the applied force and the deformations of the probe.

1) Deformations along the x axis: The force F,(z,yp)
bends the beam. Considering a clamp-free cantilever, the
deflection of the probe d(x,y,) is given by:

F. 2 B
Sz, yp) = % <x2p — 6p> forz, <z <L (4)
y

As seen in section II-A, this bending can be measured
using equation (2). Therefore, the force F(x,,y,) can be
estimated using this measurement:

F.(2p,yp) = k= (2p)0(2p, yp) &)

where k. (x,) is the stiffness of the cantilever at point x,:
Buwt*  (LY°
k. =———=(—| k(L 6
=5 = (5) B0 ©
The normal stiffness at the extremity of the cantilever &, (L)
is calibrated. According to (4):

2z
§(mp7y;n) = ﬁ‘s(Layp) (7
p
Combining equations (6) and (7) leads to:
2L3
Fy(zp,yp) = mkz(L>5(L7yp) (8

2) Deformations along the y axis: Deformation is de-
rived considering a cantilever along the y axis (free at its
extremity), and the hypothesis that the problem is mono-
dimensional. The force F.(x,,y,) applied in the vertical
direction produces a rotation ¢(x,,y,) of the beam:

F, (xzn yp)
2FI,

This angle can be used to compute the corresponding mo-
ment M (2, yp):

M(Ipa yp) = kt¢ (xp)¢(xpa yp)
where ki, (x,) = Cg;’ts is the torsional spring constant. Ac-
cording to (9), this leads to:

Fz(xp,yp) 2
Wyp + ¢(z,0)

(xp, yp) = 912; + ¢(xp, 0) 9

(10)

M(zp,yp) = kt¢(zp) (11)

The relations between the force applied on the cantilever
and the measure of its deformations presented in this section
will be used in the following paragraphs to derive compre-
hensible information about the interaction forces, to help the
user perform a given manipulation task.

III. AN EXAMPLE OF 2D MANIPULATION WITH FORCE
FEEDBACK

The use of haptic feedback greatly improves the dexterity
of an operator while performing a manipulation task in the
microworld [12]. A rolling experiment has been chosen to
demonstrate the use of force feedback for micro manipula-
tion. This is a promising way to manipulate objects (spheres,
carbon nanotubes) at this scale. It can also be used to release
objects attached to a cantilever [9], or to perform patterning
on a substrate [13]. Other strategies of manipulation could
have been chosen, as well as different object sizes.

A. Longitudinal rolling

In [9], the authors state that to make objects roll without
sliding, a force similar to the pull-off force must be applied
on them by the cantilever. Since the cantilever is not in the
plane (z,0,y), but tilted by several degrees (see figure 1)
the deflection at the extremity of the cantilever will be kept
constant to apply this force. The position of the origin of
the cantilever will therefore be servoed to maintain it at the
desired value.
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The initial position of the sphere under the cantilever
is noted x,(0). This point, as well as the position of the
cantilever along the x axis x.(j) at time step j, are presumed
to be known (see paragraph IV-A). Since rolling without
sliding is performed, the current position of the sphere x,, at
time j is estimated from:

xc(]) — 'TC(O)

5 (12)

2p(J) = zp(0) +
For longitudinal rolling, the sphere is initially positioned
at the extremity of the probe, in its middle line (point E
(Tmaz,0) on figure 1). The position along the y axis is
kept constant and is such that the cantilever experiences
no torsion: ¢(L,0) = 0. The cantilever is then moved
along the z axis, to make the sphere roll. To provide the
user with information about the position of the object being
manipulated a force F¥ will be sent to him or her. This force
is derived from the normal force F, applied by the sphere
on the cantilever. However, since 6(L,y,) is not available,
we chose to send to the user a force F¥ computed as:

213

Fe -
e (@p:3p) 22(3L — xp)

k=(L)é(L,0) (13)
where §(L,0) is measured using the photodiode (see (2)).

The profile of the force is plotted on figure 2(a) (as stated
above, the position of the origin of the cantilever is servoed

so that §(L, 0) is constant).
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Fig. 2. Profile of the force that will be sent to the user

This force is minimal at the extremity of the cantilever. So
that this point represents a stable equilibrium position for the
user, an offset will be used, in order to render a force equal
to zero when the sphere is at the extremity of the cantilever.

B. Lateral rolling

For lateral rolling, the position along the z axis is kept
constant, while the cantilever is moved along the y axis
so that the sphere rolls. While performing rolling tasks, it
is important to keep the sphere in the middle line of the
cantilever, so that it does not loose contact on a lateral side of
the beam. To help the user maintain the sphere on the middle
line, a force FY is sent to him or her via the haptic interface.
It will correspond to the torsion force that will tend to keep
the cantilever horizontal: M(Zippy”) However, according to

(11), the variation of this force is not easily interpretable.

Therefore, we chose to linearize the expression:

M(L,0 ke, (L)
(w ) = ¢£ ¢(L70)

2 2

F¢(xp, yp) = (14)
where ¢(L,0) is the measure of the rotation given by the
photodiode output (see equation (3)). The variations of the
force FY are plotted on figure 2(b). It can be seen that
depending on the sign of ¢(L,0), this force is either positive
or negative. The higher ¢(L, 0) is, the higher the magnitude
of the force. If sent back to the user through a haptic
interface, this force will indeed tend to keep the sphere on
the middle line of the cantilever (which is the point where
the torsion is nil). Since the angle increases the further the
force F.(x,,y,) is situated from the middle line, and FY
increases as the angle increases, it can also help to estimate
the position of the sphere (), y,) under the cantilever.

C. 2D force feedback rolling operation

As can be seen from (13) and (14), the forces F. and
FY sent to the user are not coupled. Therefore, 2D rolling
experiments can be carried out using the same force feedback
rendered on two different axes of the haptic interface.

IV. EXPERIMENTAL SETUP
A. Platform

The manipulation platform used to perform the experi-
ments described in section III is depicted on figure 3(a).

(b) Haptic interface

(a) General view of the platform

Fig. 3. Experimental setup

The vision system is composed of an optical microscope
with a 20x lens. The initial contact point between the sphere
and the probe has been determined using this vision system.

To position the cantilever accurately with respect to the
scene, three nanotranslators are available. The range (resp.
resolution) provided by this system is equal to 50um (resp.
0.1nm) for the x and y directions, 12um (resp. 1.83nm)
for the z direction. At each time step, the position of the
cantilever is known from the nanotranslators’ sensors.

The haptic device is a Virtuose (Haption'). This arm,
represented on figure 3(b), allows 3 degrees of freedom of

Thttp://www.haption.com
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force feedback. To avoid damages on the master device,
forces sent back to the user are saturated to 6./V.

B. Control scheme

The choice of the control scheme used to connect the
haptic device to the slave device is of primary importance
for the quality of the rendering. A simple and intuitive
coupling is presented in [14] where the velocity of the haptic
handle is scaled and used as the input of the nanotranslator
and the measured forces are amplified and fed back to the
user. However, it is demonstrated that this coupling is not
suited for manipulation tasks at microscale and that the
Force-Position (FP) sould be used instead. This coupling is
depicted on figure 4. Scalar variables are used, since the two
forces F¥ and FY are not coupled (see equations (13) and
(14)), and will be rendered on two different axes of the haptic
interface. The parameter ¢ is for x or y, depending on the
considered axis.

Fi o — o -
P + _+ m 7747l - _+ 1. . o
1L/ A%] I —

|: :

| L : :

}H7Ln(5> ICL(S)(B}ZJ’K}!I> E;ﬂ :

i ATHBIx
i = d L . s\° . .
Vin L - __Y W

Master device Bilateral coupling Slave device

Fig. 4. Force-Position control scheme used to control the cantilever and
provide force feedback. The ¢ parameter is for the variable = or y, depending
on the considered axis

The operator applies a force Fjp on the haptic device
handle, the velocity of which is V. This velocity will be
used in the coupling to compute the desired velocity of the
nanotranslator (V7). The actual velocity of the cantilever with
respect to the substrate is V'. F! represents either F* or FY
computed as shown in equations (13) and (14). The force
fed back to the user I, is computed using this variable.

For each axis, the haptic device’s continuous time transfer
function H{, (s) has been identified as being composed of
inertia M and damping B!. The slave’s H(s) is a second
order transfer function, with two time constants 77 and 74:

i 1 LIl 1
Ho(s) = g, + () = (1+7is)(1+ 7is)

™ B4 Mis T8 (15)

Due to scale differences between micro and macro worlds,
scaling factors have to be used to enhance the forces fed
back to the user (by a factor A"f), and scale down his or
her motions (by a factor AY). For stability reasons, two
controllers are added. The first one is C"(s), a proportional-
integral (PI) controller: C%(s) = B}p + st”. It is used to
compute the forces reflected to the user. The integral term
determines the stiffness of the feeling, while the proportional
term adds viscosity into the system and stabilizes it. The
second controller is G;, a proportional (P) term, used to
control the slave device.

Tuning of this coupling is important for the quality of
the force rendering. A; and AY, are determined by force
amplification and precision of manipulation requirements.
The range of admissible values for the gains of the (PI) and
(P) controllers is derived taking into account the stability and
transparency conditions. In the following section the control
scheme’s parameters will be tuned according to table II [14].
T, (the sampling period) is equal to 5ms for our system.

TABLE 11
VALID RANGE FOR THE GAINS OF THE (PI) AND (P) CONTROLLERS.

Minimum value Maximum value
K high for a stiff contact %, low for
fp feeling non-confact transparency
K¢, T Tow for non-contact
Byp == — B, transparency
a high for non-contact Af
" transparency AgKp,te+A4By,

V. EXPERIMENTAL RESULTS

The strategy described in section III will be evaluated with
rolling experiments using glass spheres (radius: 25um).

A. Longitudinal rolling

In this section, a rolling experiment along the x axis of
the cantilever is presented. The vertical position of the probe
is servoed in order to maintain deflection at its extremity
constant (§(L,0) = 0.7um , which corresponds to a force
of 1.7 N when the sphere is at point £).

The controller gain coefficients are chosen according to
table II. A% = 50 - 10% is such that the displacement of the
sphere is precise enough for the experiment. A'j; is chosen
so that the force F};, is on the order of a few newtons so that
it can be easily felt by the user. In the case of longitudinal
rolling, the force will be amplified by a factor 25-10°. K =
100N.m~" and Bf, = 0.1N.s.n~"' are chosen to allow
a stiff feeling, while avoiding oscillations by adding some
viscosity. G is computed using the values of the other gains.

During the experiment, the user makes the sphere roll from
the point © = x,,4, = L (extremity of the cantilever) to a
point closer to the origin of the cantilever (noted x,,;,, and
then back to a point situated between z,,,;, and Z,4,, noted
T;n: (for z intermediate). The user makes small oscillations
by moving the sphere back and forth around this position
Lint-

The results are plotted on figure 5. The position of the
sphere along the x axis, as well as the forces sent to the
operator F,, are represented.

According to the velocity scaling factor AY used, a dis-
placement of 1em in the haptic workspace corresponds to
a displacement of 0.2um for the cantilever. During this
experiment, the probe is moved by around 40um, which
implies a displacement of 2m of the haptic handle. Due to
the limited workspace of the master device (around 35cm
for the z axis), a function to reset the position of the haptic
device without moving the probe is used. The steps that can
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be seen on the plot of the position along the x axis are due
to these instants when the user resets the position of the
haptic device (and therefore keeps the position of the sphere
constant). As a consequence, the force sent back to the user
is constant during this operation.

T 220 . . 16
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2 =
z 215 2
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g 7 . Z
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2 &y
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S 2 Q
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o 195 5
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=
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£ 190 -2

0 é 1‘0 1‘5 éO éS 3:0
Time (s)

Fig. 5. Positions and forces during the longitudinal rolling experiment.

Parameters used: A% = 25100, A% =50-10%, Kf, = 100N.m~*,

B}, =0.1N.s.m™ ', G, = 825m.N~".s~*

As shown by the results on figure 5, and as predicted in
section III-A (figure 2(a)), the force sent to the user increases
as the sphere gets further from the extremity of the cantilever.
For x = Zy,44, the force is nil. The operator has to make
an effort to move the sphere further from this equilibrium
position. The force felt by the user also helps him or her to
evaluate how far the sphere is from point x = 44, as the
magnitude of the force increases.

B. Lateral rolling

As in the case of longitudinal rolling, the probe’s vertical
deflection is kept constant by servoing the vertical position
of the origin of the cantilever. The x position is also kept
constant.

The velocity scaling factor is the same as that used for

lateral rolling (the desired precision of the manipulation is
the same for both axes). Due to the expression of the force
FY that has been chosen (moment transformed as a force),
its magnitude is around 10 times higher than F¥. Since the
same magnitude as F7 is required for F? (so that it can be
felt by the user and rendered through the haptic interface),
the force scaling factor has been decreased by a factor 10.
Concerning the PI controller, the same integral gain as for
the x axis is used. However, the proportional gain has to
be increased, such that B;ﬁp = 1.5N.s.m~!. This is due to
the variation between positive and negative forces that arise
when the sphere moves from the left to the right side of
the cantilever, and vice-versa. To avoid oscillations, viscosity
must be added.
As for lateral rolling, G¥ is computed according to the value
of the other gains. Due to the difference between the gains
used for the x and y axes, the proportional gain of the y
axis is smaller than that for the x axis.

The user manipulates the cantilever along the y axis.
Starting from the middle line of the cantilever (y = 0), he or

she moves the sphere towards negative y (phase 1). During
phase 2, he or she moves back to positive y. In phase 3, he
or she performs oscillations with the sphere, moving back
and forth between positive and negative y.

The user feels the force FY, computed from FY (see
equation (14)). Results of both forces and positions along
the y axis are presented on figure 6.

75

s Phase | Phase 2 Phase 3
2 5 =
= 10 =
Zoest g
PN  §
£ £
§ 25 =
§ 0 E
5 51 | . Z %
s y positio =
7 s ‘;,\; |5 o
= FY <9
=] m

—10 b \ Q
s 10 2
E-125 £
S 15 . ‘ . . 15
= 0 5 10 15 20 25 30

Time (s)

Fig. 6. Positions and forces during the lateral rolling experiment.
Parameters used: A}{ =2-105, AY=50-103, KY =100N.m™1,

fr
B;p =15N.s.m™ 1 GY% =19.8m.N—1.s71

As stated in section III-B, the user feels a force that guide
him or her to bring the cantilever into an equilibrium position
(no torsion). The forces sent back allow an untrained user
to feel distinctly on which side of the cantilever the sphere
is positioned. Moreover, it has been verified experimentally

that the system remains stable even if the user creates small
oscillations (see plots at around ¢ = 22s).

C. 2D Rolling

This experiment consists in combining both lateral and
longitudinal rolling, to perform a 2D rolling task with
force feedback. This is possible since the signals used are
independent: there is no coupling between the F¥ and FY
forces computed. Therefore they can be rendered to the user
using two axes of the haptic device.

As for lateral and longitudinal rolling the deflection
5(L,0) is constant. The movement performed by the operator
in the plane (zOy) is depicted on figure 7. The shape of the
movement is roughly circular, but noticeable differences have
been made to better distinguish the corresponding forces sent
to the user. The movement has been repeated three times in
order to verify that the forces felt by the operator are constant
for a given position. The gains used are the same as those
given in sections V-A and V-B.

The forces sent back to the user while performing this
experiment are represented on figure 8, where the lateral
force is plotted against the longitudinal force. Since the user
chose to perform these circles without reaching the extremity
of the cantilever, the force along the x axis is never nil.
For a given position, the operator feels the same force, as
demonstrated by the three attempts and highlighted by the
characteristic points noted P;, P> and Ps;. This helps the
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Fig. 7. Positions of the sphere on the plane (xOy) during the 2D rolling
experiment

operator to estimate the position of the sphere under the
cantilever.

Lateral force F¥, (N)

1 15 2 2.5 3 3.5 4

Longitudinal force F (V)

m

Fig. 8. Forces felt by the user on the x and y axes of the haptic interface
during the 2D rolling experiment

During these experiments, the forces provide the user with
comprehensible information, since he or she has to make an
effort to get further from the defined equilibrium position
(point E). This is possible thanks to the appropriate choice
of the forces sent to the user, and a control scheme able to
render these forces sufficiently amplified (so that the operator
can feel them), while remaining stable. Using the same
setup, other strategies to provide force information during
a manipulation task can be considered.

VI. CONCLUSION

In this paper, micromanipulation with force feedback using
tipless cantilevers has been demonstrated. Forces that help
the user bring objects to a desired position were derived
from raw measurements of the cantilever’s deformations, and
the mechanical properties of the beams. These indications
were provided to the user through a haptic interface, using a
force position control scheme. The structure of this coupling,
as well as the tuning of the gains, allowed for stable and
transparent manipulation.

This approach has been validated using rolling experi-
ments on 25 micrometer radius spheres. As shown exper-
imentally for both longitudinal and lateral rolling, attractive
forces indeed helped the user since he or she had to make an

effort to move the sphere further from a defined equilibrium
position. 2D rolling has also been demonstrated. Based on
the magnitude and the direction of the forces felt, the user
was also able to estimate the position of the sphere under
the cantilever.

This work was the first step toward more complex teleop-
erations. An analysis to determine the most relevant profile
of the forces sent to the user should be carried out. The
possibility of using other strategies to manipulate objects via
a haptic interface should also be studied.
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