Automated Robotic Deburring
Using Impedance Control

ABSTRACT: An automated deburring pro-
cedure using a robot manipulator is consid-
ered for the removal of burrs in the presence
of robot oscillations and bounded uncertain-
ties in the tool holder. Electronic compliancy
(impedance control) is proposed as an
‘‘adaptive’’ mechanism to satisfy the re-
quirements of this application. The devel-
opment and implementation of the imped-
ance control methodology on an active end-
effector or the whole robot are examined for
precision deburring and grinding tasks.

Introduction

Since deburring and grinding are finishing
processes, parts at this stage in production
have their highest value. Thus, it is essential
that deburring be performed economically
without producing scrap or the need for re-
work. This is the motivation for the devel-
opment of an automated deburring and
grinding operation. In most cases, burrs must
be removed to allow for the proper fitting of
assembled parts and to ensure safe and proper
functioning. On high-temperature, high-
speed rotating parts, deburring is further re-
quired to reduce turbulent gas flow, maintain
dynamic balance, and relieve localized
stress. For this class of parts, the term ‘pre-
cision deburring’’ is used. The final geom-
etry of a deburred edge must remain within
a given set of tolerances, with a prescribed
high-quality finish. Typically, manual de-
burring is the only method available, which
represents a time-consuming and expensive
solution. Deburring costs for some cast parts
can be as high as 35 percent of the total parts
cost. Thus, it is evident that the automation
of deburring and grinding operations pre-
sents an important opportunity to improve
the manufacture of machined parts.

References [1]-[8] contain valuable con-
tributions from previous research. An ex-
amination of the work of other researchers
reveals that robotic deburring and grinding
have generally been studied as a trajectory-
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following task. Although robotic deburring
is a task with final geometrical specifica-
tions, the contact forces in the normal and
tangential directions are a fundamental part
of the process. This suggests that the concept
of impedance control should be incorporated
into the control scheme. An adaptive system
capable of modulating its impedance and in-
tegrating the dynamics and uncertainties of
the process and the robot is the next logical
development. To implement such a control
system, an analysis of the nature of the burr
is necessary.

Geometric and Qualitative
Model of the Burr

Burrs are formed by many manufacturing
processes, and the type of burr formed de-
pends directly on the process used and the
prevailing conditions. Burrs can result from
the action of cutting tools and tooling im-
perfections in casting and forming. Although
this paper is mainly concerned with the de-
burring of edges, the results are applicable
to other deburring operations as well.

The burr removal tools chosen for our
analysis and experiments were rotary files,
which produce a 45-deg chamfer on the
workpiece edge when the tool is held or-
thogonal to the part surface. To ensure the
complete removal of a given burr, the cham-
fer width must be larger than the root width,
as seen in Fig. 1.

The material removal rate of a deburring
pass is a function of the velocity of the tool
bit along the edge and the cross-sectional
areas of both the chamfer and the burr. This
relationship can be expressed as

Material removal rate
= (Achamfer + Abun') onol (1)
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Fig. 1. Typical profile of a burr on a part
edge.
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The above equation does not reveal any
dynamic behavior. It is included to empha-
size the proportionality of the material re-
moval rate to feed rate, depth of cut, and
chamfer area. Although each of these terms
is a function of other variables, such as con-
tact forces and the stiffness of the material,
the material removal rate can always be
specified with this set of geometric param-
eters. The exact functional relationship de-
pends, in part, on the control strategy used
in the deburring process.

The size and orientation of burrs on a part
are completely random in nature. A char-
acterization of the dimensions of edge burrs
was generated from burr-height and root-
thickness measurements on aircraft engine
parts. In that study [9], the height of an aver-
age burr was 0.25-0.75 mm (0.010-0.030
in.), with a thickness of 0.025-0.075 mm
(0.001-0.003 in.). Burr heights ranged from
zero for a sharp comer to 1.5 mm (0.060
in.), and the root thickness from 0 to 0.23
mm (0.009 in.). The ratio Ap,/Achamfer €N
vary in a given deburring process from a
minimum value of zero for sharp comers, to
0.2 for average burrs, to the worst-case ratio
of 2.0, depending on the chamfer area cho-
sen. Therefore, the material removal rate for
a given velocity and a desired constant
chamfer can vary by as much as a factor of
2.5, depending on the size of the burr.

This large variation in burr dimensions is
a key challenge in the design of a control
scheme for robotic deburring. Since the force
required to cut in the tangential direction is
proportional to the material removal rate, it
is clear that large variations may be expected
in the tangential component of the cutting
force.

The cutting force can be resolved into two
vector components: the tangential force ex-
erted in the direction of tool movement and
the normal force exerted perpendicular to the
workpiece surface. The cutting force is
largely a function of the average surface area
of the cut for a given feed rate [Eq. (1)]. The
projected areas, as seen in the model, are
simply geometric functions of the intersec-
tion between the part comer, the burr, and
the milling cone. As such, variations in the
burr size should not greatly affect the normal
force for a given chamfer (Fig. 2). To sum-
marize the findings of this section: (1) For a
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Fig. 2. Cutting surface area, 45-deg conic mill.

given constant feed rate, the tangential force
varies significantly with variation of the burr
size; in other words, every time the rotary
file encounters a large burr, the tangential
force increases dramatically. (2) For a given
constant feed rate, the normal force stays
relatively constant regardless of burr-size
variation. These results were experimentally
confirmed, as discussed in the last section.
The preceding findings have been verified
in practice, as they cause difficulties in most
control schemes for robotic deburring. When
the cutting tool is moved with constant speed
along the edge by an industrial robot, the
tangential force imposed on the end point
varies significantly due to the variation of the
burr size. If the burr is large enough, the
contact force increases until a separation of
the tool piece from the part occurs. We seek
to develop a self-tuning strategy such that
the contact force in the cutting process is
minimized. A small contact force would
guarantee that the end point of the robot
could follow the part without separation.

Strategy for Robotic Deburring

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, depicted by the
dashed line in Fig. 3. Following the preced-
ing discussion, our goal is to design a control

Normai
force
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Fig. 3. Deburring an edge.
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mechanism for the manipulator with a large
impedance (small compliance) in the normal
direction and a small impedance (large com-
pliance) in the tangential direction. Imped-
ance is defined as the ratio of the contact
force to the end-effector deflection as a func-
tion of frequency. A large impedance in the
normal direction causes the end point of the
tool bit to resist 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. Once the vol-
ume of metal to be removed is known, the
desired tolerance prescribes an approximate
value for the impedance in the normal direc-
tion.

As described, the force necessary to cut in
the tangential direction at a constant traverse
speed is approximately proportional to the
volume of metal to be removed [10]. There-
fore, when the cutting tool encounters a large
burr, the contact force increases and the ma-
nipulator must decrease the tangential com-
ponent of its speed to maintain a constant
tangential force. This will result in a smaller
volume of metal to be removed per unit of
time, and, consequently, less force in the
tangential direction.

The preceding explanation demonstrates
that it is necessary for the end-effector to
accommodate the interaction forces along the
tangential direction, which directly implies
a small impedance value in the tangential
direction. A small value for the tangential
impedance relative to the normal impedance
guarantees small contact forces in the tan-
gential direction. If a designer does not ac-
commodate the interaction forces by speci-
fying a small stiffness value in the tangential
direction, the cutting tool may stall or break,
or a slight deflection may develop in the end-
point position in the normal direction. Either
of these events is likely to result in a cut that
exceeds the desired tolerance.

The frequency spectrum of the roughness
of the surface and the desired translational
speed of the robot along the surface deter-
mine the frequency range of operation, wj.
wy, is the frequency range of the burr seen
from the end-effector. The following equal-
ities summarize the dynamic characteristics
required for deburring with a robot without
positioning uncertainties, where 6 X, and 6 X,
are the end-point deflections normal and tan-
gential to the part, and 6F, and 6 F, are the
normal and tangential contact forces.

|8 X, (Jw)8F,(jw)]
£ very small for all w belonging to w,
)
[8X,(j)dF,(jw)]
A

£ very large for all w belonging to w),
3

This analysis is correct when there are no
positional uncertainties in the robot end-point
position. An examination of the performance
characteristics of one such industrial robot
illustrates the difficulties that can arise. The
General Electric P50 has a limited program-
mable resolution of 0.25 mm (0.01 in.). Fur-
thermore, 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. Even
without considering the fixturing uncertain-
ties, these positional uncertainties are about
0.35 mm. Thus, the P50 by itself is unsuit-
able for precision deburring tasks. We as-
sume that the robot vibration and the posi-
tional uncertainties occur at the bounded
frequency range of w,.

One common solution to this problem is
to add a compliant end-effector such that
[6X,(jw)/dF,(jw)| is large for all 0 <
< w, to compensate for the uncertainties in
the robot position. However, this solution
results in a dilemma for the designer. To
compensate for low-frequency uncertainties
in robot position, a large normal compliance
(small impedance) in the end-effector is
needed, while a small compliance (large
impedance) is required for deburring pur-
poses.

An end-effector with the dynamic charac-
teristics shown in Fig. 4 would satisfy both
requirements. As shown in Fig. 4, |8X,(jw)/
8F,(jw)| is very large for all w € w, and
very small for all w € w,. While a large
[8X,(juw)/6F,(jw)| in (0, w,) does not let
the robot oscillations develop a large varia-
tion in the normal contact force, a small
| 86X, (jw)/8F,(jw)| in w, will cause the end-
effector to be very stiff in response to the
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Fig. 4. Ideal dynamic behavior for the end-
effector.

burrs. The following is a summary of the
desired characteristics of the end-effector in
the normal direction.

* {0X,(jw)/F,(jw)

must be large for all w belonging to w,
* |8X,(jo)SF,(jw)|

must be small for all w belonging to w,

But it is impossible to design and build a
passive end-effector [using a Remote Center
Compliance (RCC)] with the dynamic be-
havior illustrated in Fig. 4 [9]. An exami-
nation of the equations for the normal and
tangential motion of a passive end-effector
reveals that a constant mass of the tool ap-
pears in both dynamic equations (tangential
and normal directions) of the passive end-
effector. Thus, for a given set of RCC con-
stants, one cannot choose arbitrary natural
frequencies (approximately bandwidths) in
both directions. References [11] and [12] de-
scribe the applications of some passive end-
effectors. Impedance control [13]-[18] is the
only method able to develop electronically
the dynamic behavior given in Fig. 4. The
impedance control method guarantees that
the different stiffnesses required for the tan-
gential and normal directions will be
achieved for a system over a bounded fre-
quency range. Thus, we see that the design
goals and the resulting dilemma lead us to
consider the implementation of impedance
control.

Electronic Compliancy; Impedance
Control

A complete description of the control
method to develop electronic compliancy
(impedance control) for a multidegree-of-
freedom nonlinear manipulative system is
given in [17] and [18]. For our purposes,
however, it is sufficient to frame the con-
troller design objectives for a deburring op-
eration by a set of meaningful mathematical
terms; followed by a summary of the con-
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troller design method to develop com-
pliancy.

The controller design objective is to pro-
vide a stabilizing dynamic compensator for
the system such that the ratio of the position
of the end point of the end-effector to an
interaction force is constant within a given
operating frequency range. This statement is
expressed mathematically in Eq. (4), where
8F(jw) is the 2 X 1 vector of the deviation
of the interaction forces from their equilib-
rium value in the global Cartesian coordinate
frame, 6 X(jw) is the 2 X 1 vector of the
deviation of the end-point position from the
nominal point in the global Cartesian coor-
dinate frame, K is the 2- X 2 real-valued,
nonsingular diagonal stiffness matrix with
constant members, w, is the bandwidth (fre-
quency range of operation), and j is the com-
plex number notation, V-1

0F(jw) = K8X(jw)
forall 0 < w < wy ()]

Since the deburring process has been
framed as a two-dimensional process, all
vectors in Eq. (4) are of two dimensions.
The stiffness matrix K is specified by the
designer, depending on the application, to
govern the behavior of the end-effector in
constrained maneuvers. Large elements of
the K matrix imply large interaction forces
and torques for a given displacement. Small
members of the K matrix allow for a consid-
erable amount of motion in the end-effector
in response to interaction forces. Although a
diagonal stiffness matrix is appealing for the
purpose of static uncoupling, the K matrix
generally is not restricted to any structure.

The frequency range of operation, wy, is
also an important parameter that must be
considered by the designer. Mechanical sys-
tems are not generally responsive to external
forces at high frequencies greater than the
bandwidth of their controller [19], [20]. As
the frequency increases, the effect of the
feedback disappears gradually (depending on
the type of controller used), until the inertia
of the system dominates the overall motion.
Therefore, depending on the dynamics of the
system, Eq. (4) may not hold for a wide
frequency range.

In summary, Eq. (4) defines K, which is
the relationship between 6F(jw) and
6X(jw), valid for a bounded range of . In
addition to choosing an appropriate stiffness
matrix, K, and a viable wy, a designer must
also guarantee the stability of the closed-loop
system. The goal is to obtain dynamic be-
havior for the manipulative system that re-
sembles that shown in Fig. 4.

Figure 5 illustrates the architecture of the
closed-loop control system for the end-effec-
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Fig. 5. Closed-loop control for the end-
effector.

tor. The detailed description of each operator
in Fig. 5 is given in [17] and [18]. Since the
dynamic behavior of the end-effector in the
neighborhood of its operating point is linear,
all of the operators in Fig. 5 are considered
to be transfer-function matrices. However,
in the general approach for development of
compliancy [17], [18], E, G, H, and S are
nonlinear operators.

The transfer-function matrix G represents
the dynamic behaviog of the end-effector with
a positioning controller. The input to G is an
n X 1 vector of the input trajectory, e. The
fact that most manipulative systems have
some kind of positioning controller is the
motivation behind our approach. Many
methodologies are available for the devel-
opment of robust positioning controllers. G
can be calculated experimentally or analyti-
cally. Note that G is approximately equal to
the unity matrix for the frequencies within
its bandwidth.

The sensitivity transfer-function matrix S
represents the relationship between the ex-
ternal force on the end point of the end-ef-

* - fector and the end-point motion. This motion

is due to compliance from the end-effector
mechanism and the positioning controller. To
obtain good positioning, S must be quite
““small.”” The notion of ‘‘small’’ can be re-
garded in the singular-value sense when § is
a transfer-function matrix. Lp-norm [17],
[18] can be considered to show the size of S
in the nonlinear case.

The dynamic behavior of the environment
is given by E and, in general, is a nonlinear
mapping. A simple model of the environ-
ment can be represented by a spring, where
E represents the stiffness of the spring.

The compensator to be designed is given
by H. The input to this compensator is the
contact force. The compensator output sig-
nal is subtracted from the input command
vector r to give the error signal e as the input
trajectory for the robot manipulator. The
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value of the contact force and the end-point
position of the robot are given by

f=EU+ SE + GHE)™'Gr  (5)
and
y=(+ SE + GHE)™'Gr (6)

The general goal is to choose a class of
compensators, H, to shape the impedance of
the system E(/ + SE + GHE)™'G in Eq.
(5). When the system is not in contact with
the environment, the actual position of the
end point is equal to the input trajectory
command within the bandwidth of G. As
noted earlier, G is approximately equal to
the unity matrix within its bandwidth. When
the system is in contact with the environ-
ment, then the contact force follows r ac-
cording to Eq. (5). The input command vec-
tor r is used differently depending on whether
the tool piece is in contact with the work-
piece or traveling through unconstrained
space. When the manipulative system and
environment are in contact, r is a command
to shape the contact force. It is a trajectory
command when it seeks to move the manip-
ulator in unconstrained space.

In impedance control, we do not command
any set point for force as in admittance con-
trol [21], [22]. This method is called imped-
ance control because it accepts a position
vector as input and reflects a force vector as
output. There is no hardware or software
switch in the control system when the robot
travels from unconstrained space to con-
strained space—in our case, when the grinder
encounters the workpiece. The feedback loop
on the contact force closes naturally when
the robot encounters the environment (work-
piece). When the system is in contact with
the environment, then the contact force is a
function of r according to Eq. (5). This com-
pensator must also guarantee the stability of
the system.

We are interested in a particular case when
r = 0. Suppose the environment is moved
into the end-effector or the end-effector is
moved into the environment. In the case of
robotic deburring, the end point of the ro-
botic manipulator is then in contact with a
very stiff environment. When the environ-
ment is very stiff, E approaches o in the
singular-value sense, and the relationship
between the contact force and the end-point
deflection is given by Eq. (7) [17].

f=@+H"x 7

Equality (7) is derived by inspection of the
block diagram in Fig. 5. The role of (S +
H)™' is analogous to the stiffness matrix K
defined by Eq. (4). With S known, one can
select appropriate and stabilizing values of
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H such that (S + H)™! of Eq. (7) will meet
the deburring requirements as given by Eq.
4). According to Eq. (7), the gain H adds
to the existing passive compliance in the sys-
tem. If there is enough passive compliance
in the system for a particular task (for ex-
ample, a RCC is mounted on the robot wrist),
then there is no need for extra compliance
via feedback gain H.

Experimental Setup

An experiment was conducted to verify the
feasibility of using impedance control in ro-
botic deburring. The principal purpose of this
experiment was to investigate whether this
control methodology could reliably perform
the deburring task to the preceding specifi-
cations in the absence of position uncertain-
ties such as robot oscillation. Experiments to
validate the use of impedance control to cor-
rect for robot position uncertainties will be
completed as a second phase of this series
of experiments. A fast, high-precision XY
table for planar maneuvering was used to
eliminate robot oscillation and reaction
forces. Figure 6 shows the experimental
setup.

The workpiece to be deburred was
mounted on the XY table for maneuvering
while the grinder was held vertically by a
stationary platform. The sample part was
mounted on the table with a sample holder.
Depending on the geometry of the part, var-
ious holders could be made. Figure 7 shows
that the sample holder used to hold a rect-
angular part. Of course, in the actual debur-
ring process, it may be better to move the
grinder with the robot while the part is on a
stationary platform. Our scheme was chosen
to eliminate undesired robot oscillations and
other positional uncertainties.

Reference {23] describes an active end-ef-
fector that can be held by commercial robot
manipulators. One can develop electronic
compliancy for this active end-effector. Our
experimental setup was designed primarily
to understand the nature of forces in the cut-
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Fig. 6. Experimental setup.
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Fig. 7. Fixture to hold the straight-edge
sample part.

ting mechanics under the influence of an
impedance control scheme. The XY table was
interfaced to a microcomputer for control.
Two force sensors between the part and the
XY table platform allowed for measurement
of the interaction forces between the part and
the grinder. The sampling time of the control
algorithm is 4 ms.

The objective of this experiment was to
compare the size of the cutting forces when
impedance control is used to control the XY
table with the case when only velocity con-
trol is used along the tangential direction.
The parts to be deburred were rectangular
aluminum 2 X 5 X 0.25 in., as shown in
Fig. 8.

The edge of the sample part was filed to
produce step burrs as shown in Fig. 8. The
depth of cut was 0.06 in. The XY table was
commanded to move in the X direction to
encounter the burr with a constant feed rate
of 0.036 in./sec. Figure 9 shows the tangen-
tial and normal forces when no impedance
control is employed in the tangential direc-
tion. As seen in Fig. 9, once the grinder
encountered the burr, the tangential force in-
creased to 25 newtons (nt) and the deburring
tool stalled. The feed rate was constant and
the tangential force increased proportionally
to the material removal ratc as expected.
From the results in Fig. 9, it is intuitive to
develop a system that slows the XY table
when the grinder encounters the burr.

In the next set of experiments, impedance
control was employed to govern the XY table
motion. A large and a small impedance were

X Di;e/ctiou
) Rotary file

"""" Y ”"}70,06 in. (1.5 mm)

0.12in. (3 mm

Sample part Step burr

Fig. 8. Sample part with step burr.
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Fig. 9. Tangential and normal forces in
the deburring process with constant feed
rate of 0.036 in./sec.

specified in the normal and tangential direc-
tions of the part, respectively. Note that these
impedance values were chosen to satisfy the
stability condition given in [17] and [18].
One can choose a variety of impedances. The
choice of impedance is a function of the
variables, such as feed rate, depth of cut,
and the metal stiffness. Figure 10 shows the
normal and tangential forces. When the
grinder encountered the burr, the control
system slowed the table to grind the burr. It
took about 5 X 0.8 sec to remove the burr.
The average tangential force did not increase
as much as in the previous experiment be-
cause the tangential impedance of the table
was chosen to be small. The oscillation of
the contact force is duc to the contribution
of the inertia of the sample holder and the
sample part in the measurements of the con-
tact forces. This suggests the installation of
the force sensors in the stationary part of the
system.

Conclusion

An automated deburring procedure using
a robot manipulator was considered for the
removal of burrs in the presence of robot
oscillations and bounded uncertainties in the
location of the robot end point relative to the
part. To remove the burr, high and low
impedances were required in the tool holder
in the normal and tangential directions, re-

Normal

Fig. 10. Tangential and normal forces in
deburring with impedance control.
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spectively, for the frequency range that burrs
are seen by the robot. To compensate for
robot oscillations and positional uncertain-
ties, a low impedance in the normal direction
was required for the end-effector for the fre-
quency range of the robot oscillations. The
preceding two requirements for deburring
and oscillation compensation established the
design rules for a deburring control strategy.
A passive system could not satisfy the two
design rules because of the role the constant
mass of the grinder plays in the dynamic
behavior of the end-effector. Therefore,
impedance control was chosen to satisfy the
design rules for robotic deburring and grind-
ing. This paper examined the development
and implementation of impedance control
methodology for precision deburring. Some
of the theoretical results have been verified
experimentally, and a second phase of ex-
periments is planned to include the full ef-
fects of robot oscillations and workpiece po-
sition uncertainties.
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