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Fig. 3 A passive compliant end-effector
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3 Robot Position Uncertainties
While robots can meet the flexibility requirement for a

deburring system, the positional accuracy of existing in-
dustrial robots is generally poor. For example, the General
Electric P50 robot used in deburring tests has a limited pro-

Nomenclature

A burr = the cross-sectional area of the burr
Achamfer = the chamfer area

Cn,C, = damping factors in the normal and tangential
direction

O{;(II) = transfer function of the table
Ko = the integrator gain

Kn,Kt = stiffness of the end-effector in the normal and
tangential direction

M = grinder mass
MRR = material removal rate
Rtang = A burr/A chamfer

Vtool = tool speed along the path
X, = the commanded distance between the part and

the robot
X = the actual distance between the part and the

robot
oFn,oF, = variations in normal and tangential contact

force
oXn,oX, = end-effector deflections in the normal and

tangential direction
"'b = frequency range of the burr seen by the robot
"', = frequency range of oscillations of the robot

DECEMBER 1986, Vol. 108/355Journal of Dynamic Systems, Measurement, and Control

Fig. 2 Cutting surface area, 45 degree conic mill

Even though each parameter in equation [1] can be a func-
tion of other parameters, such as contact forces and the stiff-
ness of the material, the MRR can always be specified with a
given set of geometrical variables: feed-rate, depth of cut and
Rtang. These variables are a function of other variables de-
pending on the control strategy used in the deburring process.
By using the burr height and thickness to model the burr area
as a triangle, the tangential area ratio (Rtang) can be approx-
imated for the burrs studied. This area ratio can vary in
process from zero for sharp corners, to 0.2 for average burrs,
and to the worst case ratio of 2.0. The MRR for a given veloc-
ity and a desired constant chamfer can vary 200 percent for
our edge model. Therefore, even under stable cutting condi-
tions, large variations are expected in the components of the
cutting force. We have not yet defined the force components.

A three dimensional geometric model of a burr, however,
which includes the full geometry of the conic bit, is more
useful for this work. It can be shown theoretically [2], [4], that
the cutting force is largely a function of the average surface
area of the cut. This resultant cutting force, then, can be
resolved with respect to both the part and the end-effector into
two vector components of interest: the tangential force (in the
direction of the tool velocity) and the normal force as seen in
Fig. 2.

The projected areas, as seen in the model, are simply
geometric functions of the intersection between the part cor-
ner, the burr, and the milling cone. Using this model, the area
ratio, or the projected burr area divided by the projected
chamfer area, will indicate the effect of burr size on the com-
ponent of the cutting force normal to that area. The tangential
area ratio, discussed previously, indicates that the worst case
variations in burr size will produce significant variations in the
tangential force. If, however, the burr and chamfer areas are
projected in the normal direction perpendicular to the edge,
the area ratio varies from zero for a sharp edge, to only 0.02
for an average burr, to the worst case value of 0.26. As such,
variations in the burr size should not greatly affect the normal
force for a given chamfer. Therefore, the normal force can be
used to produce a consistent chamfer in the presence of fairly
large burrs. These results have been verified experimentally
[2].
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Fig. 4 The required dynamic behavior of the end-effector in the normal
direction for oscillation compensation of the robot



Fig. 5 Deburring an edge

grammable resolution of 0.25 mm. Furthermore, the robot
end-point position at a programmed point is characterized by
a low frequency periodic motion with a peak-to-peak
amplitude of 0.1 to 0.2 mm. Based on total positional uncer-
tainties of about 0.35 mm, the P50 by itself, is unsuitable for
precision deburring tasks. There are also some positional
uncertainties in flXturing the part.

A common solution to this problem involves the addition of
compliant elements between the robot and the debumng tool.
Considerable work has been done using compliant deburring
end-effectors [1,2,4,14]. The device features compliance in
two orthogonal directions in the form of replaceable springs
and fluid dampers. Figure 3 shows an example of the passive
end-effector [2].

The dynamic behavior of the passive end-effector in the
direction normal to the part, can be approximated by a second
order dynamic equation as:

oFn(s) = (Ms2 + Cns + Kn)oXn(s) (2)

Where M is the grinder mass, Cn and K,; are the damping and
the spring stiffness of the end-effector in the normal direction,
respectively, and s is the Laplace operator. Figure 4 depicts
loXnU<AI)/oFn U<AI)1 for some frequency range. For all frequen-

cies 0< <AI < VK;7M, one can approximate the dynamic equa-
tion of the end-effector as loFnU<AI)I~Kn loXnU<AI)I. So, if the
position uncertainties of the robot manipulator in the normal
direction have a frequency spectrum of less than VK;7M, the
normal contact force variation will be Kn loXnU<AI)1. If Kn is
chosen to be small (large compliancy), then oFnU<AI) will be
small in the presence of a fairly large oXnU<AI). Note that
oXnU<AI) is the robot positional uncertainty (robot oscillations,
robot programming errors, flXturing errors) for which com-
pensation must take place. Compensation of robot position
uncertainties by c~nt end-effectors requires that M be
chosen such that"; Knl M> <AI" where <AI, is the frequency range
of the robot oscillations. The choice of M IS limited by the
grinder s.ize.lftheend-effectQrbandwidth(~ IS not
wider than the frequency range of the robot oscillations, then
large contact forces in the normal direction would occur due
to other terms such as Ms2 and Cns.

Two questions may be raised: I) What compliancy is needed
in the normal direction and in the tangential direction in the
debumngprocess? 2) Does the prescribed high compliancy for
compensation of robot position uncertainties conflict with the
required compliancy for the deburring process? These ques-
tions are answered in the following section.

4 A Control Strategy for Deburring

In this section, we propose a new approach for deburring
using a robot [9-11]. First, we assume there are no uncertain-
ties in the robot position. After understanding the re-
quirements for deburring by a "perfect" robot, we incor-
porate the robot uncertainties in our analysis.

Consider the deburring of a surface by a robot manipulator;
the objective is to use an end-effector to smooth the surface
down to the commanded trajectory represented by the dashed
line in. Fig. 5. It is intuitive to design an end-effector (tool-
holder) for the manipulator with a large impedance (small

compliance) in the normal direction and a small impedance
(large compliance) in the tangential direction. We define im-
pedance as the ratio of the contact force to the end-effector
deflection as a function of frequency. For example, the im-
pedance of the end-effector in the normal direction is
Msl +Cns+ Kn. A large impedance in the normal direction
cuases the end-point of the grinder to reject the interaction
forces and stay very close to the commanded trajectory
(dashed-line). The larger the impedance of the end-effector in
the normal direction, the smoother the surface will be. Given
the volume of the metal to be removed, the desired tolerance
in the normal direction prescribes an approximate value for
impedance in the normal direction. As described in Section 1,
the force necessary to cut in the tangential direction at a con-
stant traverse speed is approximately proportional to the
volume of the metal to be removed [3]. Therefore, the larger
the burrs on the surface, the slower the manipulator must
move in the tangential direction to maintain a relatively con-
stant tangential force. This is necessary because the slower
speed of the end-point along the surface implies a smaller
volume of metal to be removed per unit of time, and conse-
quently, less force in the tangential direction. To remove the
metal from the surface, the grinder should slow down in
response to contact forces with large burrs.

The above explanation demonstrates that it is necessary for
the end-effector to accommodate the interaction forces along
the tangential direction, which directly implies a small im-
pedance value in the tangential direction. If a designer does
not accommodate the interaction forces by specifying a small
stiffness value in the tangential direction, the large burrs on
the surface will produce large contact forces in the tangential
direction.

Two problems are associated with large contact forces in the
tangential directions: the cutting tool may stall (if it does not
break), a slight motion may develop in the end-point motion
in the normal direction, which might exceed the desired
tolerance. A small value for the impedance in the tangential
direction (relative to the impedance in the normal direction)
guarantees the desired contact force in the tangential direc-
tion. The frequency spectrum of the roughness of the surface
and the desired translational speed of the robot along the sur-
face determine the frequency range of operation "'bo"'b is the
frequency range of the burr seen from the end-effector. The
following equalities summarize the dynamic characteristics,
required for the deburring.

loXnU",)/oFnU"') I~ very small for all "'EcJJb

loXtU",)/oFtU",) I ~ very large for all "'E"'b

From the analysis on the compensation of the robot oscilla-
tion in Section 3, loXnU",)/oFnUcJJ) I must be large for all
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