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Abstract

A robotic cell for deburring planar polygonal objects
is described. The object comes from a conveyor and
arrives in a random position on a parallel manipulator.
Its center of mass is located through the measurements
of a 6-componants force sensor, it is then grasped and
a force-feedback scheme is used to fix the object on
a special plate. Then a probing algorithm is used to
discover the location of the vertices of the object with
a minimal number of measurements. The coordinates
of the vertices are then used to build an ideal reference
model of the object which is fed to a force-feedback
scheme which perform the deburring of the object.

1. Introduction

Surface following with force-feedback is an important
robotics task useful for many applications: grinding,
polishing, deburring. In this kind of tasks the tip of
the grinding tool has to apply a constant force on an
object and follow its contour with a velocity as close
as possible from a given constant value. In most cases
surface following is only a 2D problem as the tip of
the grinding tool may be reduced to a point moving
in a known plane.

Therefore many researchers have addressed this
problem [1],[2]. Most of these works emphasize the
problem of stability of the force-feedback scheme due
to the high gain in the loop. Clearly stability is an
important issue as soon as there is contact between
the robot and the object. It has been shown that sta-
bility is deeply dependent on the sampling rate of the
system (which must be the highest possible) and on
the mechanical stiffness of the coupling of the robot
and the surrounding.

The sampling rate is in general fixed for a given
hardware. Interesting results have been obtained by
modifying the stiffness of the robot, for example by us-
ing a micro-macro manipulators as described in [3],[4],
[5],[6] in which case a parallel manipulator is used as
a wrist.

But for the special case of the surface following
problem stability may also be improved if some ap-

proximate model of the shape of the contour is known.
This can be done by a learning algorithm [7]: during a
first experiment no model of the object is known but
a force-feedback scheme enables to follow the contour.
Forces and position of the end-effector are recorded
during the experiment. Then the position of the end-
effector for which the force was in a given range are
selected to construct a reference model of the con-
tour (for example by computing splines whose control
points are the selected positions). Using this learning
algorithm experiments can be performed with a ref-
erence model and this model may even be refined by
using the data of further experiments. The drawback
of such an approach is that the learning algorithm is
rather slow and the use of splines to build the reference
model may be not appropriate in some case, for exam-
ple for polygonal objects. In that case the reference
model may be defined by the list of the coordinates of
the vertices of the object.

2. Probing algorithm

2.1. Principle

The problem of determining the locations of the ver-
tices of a polygon using a sensing device which gives
local information on the shape of the contour is known
under the name of probing [8]. Researchers involved in
computational geometry have addressed this problem
especially to design a sensing strategy enabling to find
all the vertices of the object with a minimum number
of measurements.

We have decided to use the probing algorithm de-
scribed by Boissonnat [9]. In this algorithm the mea-
surement starts from a point and is done in a given di-
rection called the ray of the measurement. The sensing
device is able to determine the coordinates of the in-
tersection of the ray with the object together with the
normal of the object at this intersection point and the
full process is called a probe. The following assump-
tions are made: the object has no collinear edges, the
coordinates of a point U belonging to the interior of
the object are known and the operator is able to define
a circle Ce centered in U which does not intersect any
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part of the object.

The sensing strategy is now described. For the first
probe a random point M1 on Ce is chosen and the
ray is the line M1U , which insure that the probe will
determine a point on the object. Together with the
normal this point enables to determine the support
line of an edge E1 of the object. The second probe
has as origin M2, a point on Ce taken as the opposite
point of M1 with respect to U . This second probe
enables to determine the support line of a second edge
E2 of the object. Let P3 be the intersection point of
the support lines of E1, E2. The third probe starts
from a point M3 intersection of the circle and the line
P3U and its ray is directed along P3U .

For this third probe two cases may occur (figure 1):

• E1, E2 are adjacent and therefore P3 is a vertice of
the object. The probe will detect that the contact
point is the intersection of the support line and that
the left and right normals are the normal to E1 and
E2. From this fact the algorithm deduces that P3 is a
vertice of the object.

• E1, E2 are not adjacent: the contact point will be
different from P3 and the support line of a new edge
E3 of the object is discovered.
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Figure 1. After completing the two first probes the
third probe enables either to determine a vertice of
the object (right) or a new edge (left).

In the first case the full shape of the object between
E1, P3, E2 has been discovered and the fourth probe
will start from M4 the opposite point to M3 and the
ray will be directed toward P3. This insure that a new
edge E3 will be discovered. In both cases a list of pair
of edges is build which contains the edges for which
the intersection point of the support line has not been
tested as a potential vertice: for example after the
third probe this list is { (E1, E3), (E2, E3) }. As soon
as a pair is used to perform a probe it is removed from
the list and the list is updated according to the result
of the probe. When the list is empty all the vertices of

the object have been determined. Clearly for a convex
polygone only two probes are necessary to discover a
vertice and therefore in that case the algorithm find
all the vertices of a n-vertices polygon with 2n probes.

In some case for non-convex polygons a probe may
not discover a vertice nor a new edge but it can be
shown that in that case we can compute a probe which
will discover either a new vertice or a new edge. There-
fore for non-convex polygon it may happen that more
than 2n probes are necessary but it may be shown that
for a n-vertices polygon at most 3n− 3 probes will be
necessary.

2.2. Probing with a force sensor

The measurement device used in our cell is based on a
force sensor and the tip of the robot moves along the
ray of the probe.

The force sensor is able to detect the contact be-
tween the tip of the robot and the object: therefore
the coordinates of the contact point in the robot frame
is known. In order to determine the normal to the
object at the contact point the following procedure is
used: as soon as a contact has been detected the robot
performs a small backward motion along the ray, then
a small motion along the perpendicular to the ray in
the left direction and then a motion in a direction par-
allel to the ray toward the object. A new contact point
is found and the robot backtrack until it lie again on
the ray and a similar procedure is used now on the
right side of the ray to find a new point on the edge.
After this procedure the coordinates of three points
on the edge are known which enable to determine the
support line of the edge with a good accuracy. Al-
though this procedure will not work with very small
edges in practice no problem have been encountered.
Figure 2 shows two examples of experimental probing
of complex polygons.

3. The cell

3.1. Constitution

Our robotic cell (figure 5) is constituted of three ma-
nipulators:

• a parallel manipulator called the ”left hand”
which receive the object on its end-effector plate
in a random position but with an approxima-
tively fixed orientation. This manipulator has a
traction-compression force sensor in each of its 6
legs and through the 6 measurement of these sen-
sors the external forces and torques acting on the
end-effector may be computed.

• an IBM SCARA robot which perform the prob-
ing and then the surface following of the object.
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Figure 2. Two examples of application of the probing
algorithm on complex polygons.

During these operations the object is fixed on a
table lying in the vicinity of the robot and the
force informations are given by a 6 componants
force sensor mounted below the table.

• a 6 d.o.f. serial link manipulator AID which will
pick the object on the end-effector of the left hand
and transfer it on the table of the SCARA robot.

4. Picking of the object

4.1. Locating an object on the end-effector

Let (O,x,y, z) be a frame Rl attached to the base
of the left hand and (C,xr,yr, zr) be a frame Rr

l at-
tached to the end-effector. By controlling the 6 links
lengths the location of C and the orientation of the
end-effector with respect to Rl can be modified at will.
The posture of the end-effector of the left hand is as-
sumed to be known and the forces and torques acting
on the end-effector in the frame Rl can be computed.

For picking an object it is essential to determine
the location of its center of mass (which may not be
coincident with its geometrical center e.g. for non-

homogeneous objects). Let Mx, My be the torques
acting on the end-effector around the x, y axis, mea-
sured with respect to point C, Fz the force acting
along the z axis and let xm, ym be the componants in
Rl of the vector CG where G denotes the center of
mass of the object. As the only force acting on the
end-effector is the weight of the object we get:

Mx = −mgym My = mgxm Fz = −mg (1)

and therefore:

xm = −
My

Fz

ym =
Mx

Fz

(2)

As the location of C in Rl is known it is now easy to
determine the coordinate of the center of mass in Rl.
Therefore the force and torques measurements enable
to compute the picking point of the object in Rl.

4.2. Calibration procedure

Let (OA,x,y, z) be a frame Ra attached to the base
of the AID robot. As the picking operation will be
performed by this robot and as we have determined
the picking point in a frame Rl linked to the left hand
we have to determine the location of O with respect
to Ra i.e. the componants of OAO.

Once again this operation is done by using the force
measurements. Assume that the tip of the end-effector
of the AID robot touch the end-effector of the left hand
as some point P . Using the force measurements we are
able to determine the componants of OP. Using the
direct kinematics of the AID we are also able to com-
pute the componants of OAP. As OAO = OAP−OP

we are theoretically able to compute OOA. As the
force measurements may be noisy the procedure is re-
peated for a dozen of points and a least-square algo-
rithm is used to determine OAO.

4.3. Picking

As soon as an object is put on the effector of the left
hand the force along the z axis indicates that an object
is present and the location of the center of mass is
computed. If the picking point is in the reachable
workspace of the AID it moves over the picking point,
the end-effector being directed toward the object. In
the opposite case the left hand moves toward the AID
base until the picking point lie in the workspace of the
AID.

The gripper is then opened and the AID moves to-
ward the picking point along the z axis. This motion
is stopped when a contact is detected by the force sen-
sor of the left hand (therefore the height of the object
has no importance). The gripper is then closed and
the robot moves along the z axis with the object in the
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gripper. The correct gripping of the object is verified
as the force along the z axis must go back to zero. In
case of failure the procedure is repeated.

5. Transfer of the object and fixation on

the table

As soon as the object has been picked the robot AID
moves toward the table near the SCARA and put the
object on the it. At this point the left hand and AID
are free to receive and transfer a new object. Now
the SCARA has to pick the object on the table. But
during the transfer of the part toward the table and
its setting its orientation may have changed. As the
object will be fixed on the table through an insertion
process its orientation shall be approximatively con-
stant. Therefore the object has to be picked and its
orientation corrected. This process begins as soon as
the presence of an object is detected by the force sen-
sor below the table. Once again the force sensor of
the SCARA table is used to determine the location of
the center of mass of the part in the SCARA frame (a
calibration procedure has been previously performed
to found the position of the center of the force sensor
frame in the SCARA frame). Then a simple ”push-
ing” algorithm [10] is used to correct the orientation of
the object. A force-feedback scheme which has been
described in [11] is then used to insert the pins of the
object in some holes of the table.

6. Surface following

As soon as the object is fixed on the table a prob-
ing is completed and the force-feedback scheme can
be used. A desired velocity Vd and a desired force Fd

are given together with a direction for the deburring
(e.g. clockwise). As soon as there is contact between
the grinding tool and the object the use of the ref-
erence model enables to determine on which edge of
the object the contact point is located together with
the external normal unit vector N and tangent unit
vector VT of this edge . Note that the tangent vector
is chosen according to the direction indicated for the
deburring.

A proportional controller is used to adjust the con-
tact force by generating a velocity VN along the nor-
mal N of the object which is computed as:

VN = kf (Fm − Fd)N (3)

where kf is a constant positive gain and Fm the mea-
sured force. The amplitude of this velocity is thresh-
olded to V . Then a velocity VT along the tangent of
the contour T is computed as:

VT =
√

V 2 − ||VT||2 T (4)

Near the vertices of the object the velocity is reduced
to minimize the value of the change of the force: in-
deed contact may be lost at sharp corner (but in that
case the reference model indicates in which direction
the robot has to move in order to find the object) or
big increase in force may occur at acute corner as the
sampling rate of the force measurement is finite.

At the start of the experiment the tip of the end-
effector is put at some fixed distance from an edge of
the object and then the robot moves toward the object
in the direction of the closest edge as determined by
the reference model. As soon as contact is detected
by the force sensor the force-feedback scheme is used.
The task is completed and will be stopped as soon as
the tip of the end-effector has moved along an edge
different from the starting edge and is now at a small
distance from the start point.

Experimental results of a deburring process are
shown in figure 3 (followed contour) and in figure 4
(magnitude of the contact force). In this experiment

Figure 3. Result of the contour following task: fol-
lowed contour.

the velocity of the robot was 1 cm/s, the desired force
was 2.5 N and the average contact force is about 2.506
N with a mean-square error of 0.355 (which is close
from the mean-square of the sensor noise) i.e. very
close from the desired value.

It may be seen that at some point there was impor-
tant changes in the force signal which occur mainly
when the robot moves in the vicinity of the vertices of
the polygon.

7. Hardware

The AID and the left hand are controlled through a
special robot controller based on a VME bus using
two 68030 CPU boards which perform the servoing
of the robots. Force conditioning is done by a spe-
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cial interface connected to the bus. The sampling
rate of the force sensor is about 72 Hz with a sen-
sibility of approximatively 50 gr (the force sensor was
initially designed to enable the measurement of mass
of about 100 kg). Motions orders are read from a
memory board and the force measurement are writ-
ten on this memory board. This memory is shared
through a special PTVME board by a SUN worksta-
tion which compute the desired motion according to
the force measurement which are read from the shared
memory and write them on the memory.

Another robot controller is used to control the
SCARA robot and acquire the force measurement
from the table sensor. This controller use three 68020
CPU boards: one is used for the servoing of the robot,
a second one manage the real-time aspect of the con-
troller and the third one is used to execute a program
written in a C-like robot language. Specific primitives
for this language may be written in C on a SUN work-
station and downloaded through a RS232 link in the
memory of the controller.

The SUN workstation may modify at running time
the behavior of the program through the use of spe-
cific primitives of the robot language which enable to
read and write data on the memory of the controller
through the serial link. Due to the low speed of this
link the possibility is mainly used to get data from
the controller in order to monitor the execution of the
task. The two SUN workstations work independently.
The force sensor is an AICO with a sampling rate of
about 200 Hz and a force sensibility of about 5gr.

The probing algorithm is managed by the SUN
workstation devoted to the SCARA robot and the pro-
gram running on the SCARA controller just receive
motion orders from the workstation, stop this motion
as soon as a contact is detected and send the current
position of the robot to the workstation which com-
pute the motion necessary to perform the next probe.
This is a rather slow procedure as all the informa-
tion goes through the serial link and the average time
for a probe is 7s. The surface following task is much
more faster as this task is fully under the control of
the SCARA controller, the serial link being used only
to send position and force data to the workstation for
debugging and recording purposes.

8. Conclusion

This experiment was designed for presentation during
the IEEE Robotics Conference in Nice in 1992. Many
researchers have seen it working (there was only one
failure during the 25 presentations which have been
made). We encounter mainly two kinds of problem:
one was really a hardware problem and was due to

the multiplicity of wires involved in this experiment.
The other one was the problem of the management
of the various tasks, their synchronization and deal-
ing with the various events which may occur during
the execution of the experiment (e.g. failure of a
sub-task). One possibility to deal with this problem
is to describe the task and the possible events in a
synchronous language like ESTEREL which will gen-
erate a finite state automata which can be verified
and deadlock discovered. Such an approach has been
used successfully in simulation to manage an insertion
task using a conveyor, two manipulators and the left
hand [12],[13].
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Figure 4. Result of the contour following task: mea-
sured force.

Figure 5. The robotic cell
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