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1 fAbstract

The deburring process of manufactured parts has
been Investigated theoretically and experimentaily as a
frequency domain control problem with special regard to
application by industriatl robot maniputstors. A new control
strategy has been developed for precision deburring to
guarantee the burr removal while compensating for robot
oscillations and small uncertainties in the Location of the
part relstive to the robot. Compliant tool-holders,
designed according to the above control strategy, provide
the required normal and tangential forces for deburring. A
servo positioning table used to hold parts, has been
considered in this study to compensate for robot
oscitlations up 10 80% of robot oscillstions. The robot, the
compliant tool-holder, and the servo positioning table,
working together with a closed-oop process control, form
a new system that deburrs manufactured parts.

Nomenclature

A = the cross sectional area of the burr

Roamfar = the chamfer area

C,,C¢ = dsmping factors in the normal- and
tangential-direction

G(Jw) transfer function of the table

Ko = theintegrator gain

Kn, K¢ stiffness of the end-effector in the normal-
and tangential-direction

M = grinder mass

MRR = material removal rate

Rtang = Apyrr/Aohamfer
Viool = tool speed atong the path

Xr = the commanded distance between the part and
the robot

X = the actual distance between the part and the
robot

oF,, 6F¢ = variations in normal and tangentisl contact
force

O0%..8% = end-effector deflections in the normal- and
tangentlal- direction

wp = frequency range of the burr seen by the robot
Wy = frequency renge of oscitlations of the robot

2. Introduction

The deburring of machined parts is a ma Jor ares of
concern In Improving manufacturing cost efficiency.
Deburring costs for some cast parts can be as high as 35%
of the totel part cost. This is 8 major reason for the
development of an automated deburring operation. In
most cases, burrs must be removed to allow the proper
fitting of assembled parts anc to Insure safe and proper
functioning.  On high-temperature, high-speed rotating
parts, deburring is further required in order to reduce
turbulent gas flow, maintain dynamic balance, and
relieve localized stress.  For these types of parts, the
term precision deburring Is used. The final geometry of &
deburred edge must remain within a given set of
tolerances. Additionally, the surface produced on the edge
requires a high quality finish. Typically, manuat deburring
18 the only deburring method available, and represents a
time-consuming end expensive solution.  This paper
exemines the development and implementation of an
automated approach to precision deburring using industrial
robots.

In Section 3, an approximate geometrical model of
the burr is described. This geometrical modet plays a key
role in understanding the normal and tangential forces
produced in precision deburring.  In Section 4, robot
position uncerteinties In deburring are considered. In
Section 5, we offer & new approach for robotic deburring to
guarantee the required normal and tangential forces in the
presence of uncertainties In the robot Location. Section 6
describes 8 feedback system that employs the robot, the
compliant tool-holder (end-effector), and the  servo
positioning system, working according to the prescribed
controt strategy.

3. Precision Deburring Model

A geometnc model of a burred work piece edge was
generated from statistical data based on the burr height
and root thickness measurements made on aircraft engine



parts(6). Using this data, an average burr can be modelled
with 8 height of 0.25 to 0.75 mm (0.010* to 0.030"), and &
thickness of 0.025 to 0.075 mm (0.001" to 0.003"). For the
oversll data, however, the burr heights ranged from zero
(8 sharp corner] to 1.5 mm (0.060"), and the root widths from
zero 10 0.23 mm (0.009"). A typical burr, therefore, is highly
veriable,

The burr removal tools chosen for this research were
tungsten cemented carbide rotary files. This type of tool
provides good overall characteristics for robotic deburring
(12).  As such, the conic bits produce a 45 degree chamfer
on the workpiece edge if the tool is held orthogonal to the
port surface. Therefore , to insure the complete removal
of a given burr, the chamfer width must be Larger than the
root width. A 45 degree chamfer of 0.65¢013 mm
(0.025:0.005") is adequate to remove the worst-case burr
within an acceptable geometric tolerance as seen in Figure

1
BURR HEIGHT DEF;:TH
. - Ol
0~1.5 MM cuT
TANGENTIAL
BURR EDGE
THICKNESS ORST-CASE  AVERAGE  SHARP PROJECTION
BURR BURR, CORNER CHAMFER
I N R i
0-.25 MM L'L’Jk‘« '\4“7“’\ ) N /)\
\ =<4 \p‘\
I BURR / Y&
ACHAMFEH
fe—— 1.O MM — PART

Figure 1: Typical Variations In Burr Size

The material removal rate (MRR] of 8 deburring pass
Is 8 function of the vetlocity 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:

MRR = A chameer (R tang *1)V tool ()
Even though each parameter in equation (1) can be &
function of other parameters, such as contact forces, and
the stiffness of the material, the MRR can always be
specified with & given set of geometrical variables:
feed-rate, depth of cut and Rtang- These vanables are a

function of other variables depending on the control
strategy used in the deburming process. By using the burr
height and thickness to model the burr area as a triangle,
the tangential area ratio (Rtang] can be approximated for

the burrs studied. This area ratio can very in process from
zero for sharp corners, to 0.2 for average burrs, and to the
worst case ratio of 20. The MRR for a given velocity and 8
desired constant chamfer can vary 200% for our edge
model. Therefore, even under stable cutting conditions,
large variations are expected in the components of the
cutting force. We have not yet defined the force
components.
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A three dimensionsl geometric model of & 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
oversge surface aree of the cut. This resultant cutting
force, then, can be resolved with respect to both the part
end the end-effector into two vector components of
interest: the tangential force (in the direction of the tool
velocityl, and the normat force as seenin Figure 2.
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Figure 2: Cutting Surface Area, 45 Degree Conic MitL

The projected aress, as seen in the model, are simply
geometric functions of the intersection between the part
corner, the burr, and the milling cone. Using this model,
the ares ratio, or the projected burr area divided by the
projected chamfer area, will indicate the effect of burr size
on the component 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 ares ratio veries
from zero for a sharp edge, to only 0.02 for an average
burr, to the worst case value of 0.26. As such, vanations in
the burr size should not greatly affect the normsl 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 venfied
experimentally (2). .

4. Robot Pogition Uncertainties

While robots can meet the flexibility requirement for
a deburring system, the positional accuracy of existing
Industrial robots 15 generslly poor.  For example, the
General Electric PSO robot used in deburring tests has &
Umited programmable resolution of 0.25 mm. Furthermore,
the robot end-point position at a programmed point is
characterized by a Low frequency periodic motion with 8
peak-to-pesk amplitude of 0.1 to 0.2 mm. Based on total



positional uncertainties of about 0.35 mm, the PSO by Itself,
is unsultable for precision deburring tasks. There are also
some positionsl uncertainties in fixturing the part.

A common solution to this problem Involves the
addition of compliant elements between the robot and the
deburring tool. Considerable work has been done using
compliant deburring end-effectors (1,2,4,12). The device
features compliance In two orthogonal directions in the
form of replaceable springs and fluid dempers. Figure 3
shows an example of the passive end-effector (2).

Fosition Measurement

Grinder =
Figure 3: A Passive Compliant End-effector

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

BF,(8) = (Ms? + €, S + Kp) 8K,(s) {2)

Where M is the grinder mass, C,, 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 |8xnUw]/8Fnij]| for some frequency
range. For all frequencies 0<cw¢y/ K,/M , one can
approximate the dynamic equation of the enc-effector as
| 8F ()| #Kn | 8%aJeo}|. S0, if the position uncertainties of
the robot manipulator In the normal direction have 8
frequency spectrum of less than VK/M, the normal
contact force varistion will be Ky|8%a(jwl|. If Ky is
chosen to be small (Large complisncy), then 8F,(jw) will be
small Inthe presence of 8 fairly large 6%,(Jw). Note that
S%pjw) is the robot positional uncertainty (robot
oscillations, robot programming errors, fixturing errors)
for which compensation must take place. Compensation of
robot position uncertainties by compliant end-effectors
requires that M be chosen such that vK,/M> wy, where w,
is the frequency range of the robot oscillations. The
choice of Mis Limited by the grinder size. If the end-effector
bandwidth (/K,/M) 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
Ms? and ¢,s?.
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Two questions may be raised: 1] What compliancy is
needed in the normal direction and the tangential direction
in the deburming process? 2] Does the prescrnibed high
compliancy for compensation of robot position
uncertainties conflict with the required compliancy for
the deburring process? These questions are answered in
the following section.

in/Lbf 2|
1 F

- loxn[Jm]/an[Jm],

A |
MR e—aaald .1 iiia
10 10% 103 -

Rad/sec
4:The Required Dynamic Behavior of the
End-effector in the Normat Direction for Oscillation
Compensation of the Robot.

3. i Control Strategy for Deburring

In this section we propose 8 new approach for
deburring by a robot (7,8,9). First, we assume there ere no
uncertainties in the robot position. After understanding the
requirements for deburring by & “perfect” robot, we
incorporate the robot uncertainties in our anatysis.

Consider the deburmng of & surface by 8 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 figure 5. [t 1s intuitive
to design an end-effector {tool-holder] for the maniputator
with a large impedance (small compliance) in the normal
direction and a smail impedance {Large compliance) in the
tangential direction. We define impedance as the ratio of
the contact force to the end-effector deflection as 8
function of frequency. For example the impedance of the
end-effector in the normal direction Is Ms? + C, s +K,,.

Figure 5: Deburring an Edge

A Large impedance In the normal direction causes the
end-point of the grinder to reject the interaction forces
and stay very close to the commanded trajectory
(deshed-line).  The Llarger 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 Impedsnce in the
normal direction. As described In Section 2, the force
necessary to cut In the tangential direction at a constant
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 tangentisl direction to
maintein & relstively constant tangential force. This Is
necessary because the slower speed of the end-point
olong the surface implies a smaller volume of metal to be
removed per unit of time, and consequently , 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 explenation demonstrates that It Is
necessary for the end-effector to accommodate the
interaction forces along the tangetisl direction, which
directly implles & small impedance value in the tangential
direction. If & designer does not accommodate the
interaction forces by specifying & small stiffness velue in
the tangential direction, the Large burrs on the surface will
produce Large contact forces in the tangential direction.

Two problems are sssocisted with Llarge contact
forces in the tangential directions: the cutting tool mey
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 tangentisl direction. The frequency
spectrum of the roughness of the surface and the desired
transtational speed of the robot along the surface
determine the frequency renge of gperstion wy,. wyls the
frequency range of the burr seen from the end-effector.
The following equalites  summanize the  dynamic
characteristics, required for the deburring.

| 6%{Jeo) /8F{Jw)| & verysmell forall wewy

Xy jw) /8F(jw)| 2 very targe forall  wewy,
From the analysis on the compensation of the robot
oscillation in Section 4, |8Xy{ Jw)/6F,(jw]| must be Lerge
for all O<w<w, to compensate for the uncertainties in the
robot position. Choosing & Llarge impedance conflicts with
the required Iimpedsnce to compensate for robot
oscillations.  The compensation  for robot  position
uncertainties demands a Louw impedance (Large compliance]
in the normal direction, while 8 Large Impedance is
required for deburring purposes. If one designs en
end-effector with the dynamic cheracteristics shown in
Figure 6, then both requirements csn be satisfied. As
shown In Figure 6, |6X,(jw)/6F {jw)] Is very Large for all
wEwW, 8nd very small for all wEwy. While a Large
|6Xa(Jw)/8Fp(jw)| I (0,w,) does not Let the robot
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oscillstions develop & large veanation in the normal
contact force, & small | 8X,(Jow)/6Fy(jw)| In wyp will cause
the end-effector to be very stiff in response to the burrs.
The following Is a summary of the characteristics of the
end-effector In the normat direction.

- |8%a(Jew)/8F [ jew)| must be Large for all wew,

- | 6% Uw)/8F,(Jew]| must be small for all weEwy
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Figure 6: The Ideal Dynamic Behavior of the
End-effector

Figure 6 also shows the dynamic behavior of the
end-effector in the tangential direction. For all we€wy,
| 8%/ 6F(jw)| 15 large to guarantee

the deburring requirements. Note that
| 8%Ue0)/6Fp (o)} < <| 6%l 8Fjw)| for all wewy, It is
impossible to design and build & passive end-effector with
the dynamic characteristics shown In Figure 6. This is
because of the role the constant mass of the grinder plays
in the dynamic behavior of the end-effector. Since the mass
of the grinder is & constant parameter in the dynamic
equations of the end-effector In both directions, the only
possible dynamic behavior for a passive end-effector is of
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Figure 7: The Achievable Dynamic Behavior of a
Passive End-effector



the form given in Figure 7. For @ given set of Kn ond K In
both directions, one cannot choose erbitrary  natural
frequencies in both directions. The natural frequencies (or
bandwidths]  for a pessive end-effector are fixed

approximstely st K,/M and VK/M.
The dynsmic behavior of the end-effector In both

directions at high frequencies is equal. As shown In Figure
7, K, and K sre chosen very large and very small
respectively, to guarantee the requriement for deburring.
However, K, must be small enough such that the variation
in the position of the robot does not develop a sizable
veriation in the normal contact force. This Is & dilemma
which is solved in Section 6 by adding an active element
into the system In & feedback fashion. We must also add
thet *impedance control* (7,8,8]) is the only method to
develop & dynamic behavior such as those givenin Figure
6. Impedance control method will guarantee the
achievement of various stiffness for & system for an
arbitrary (but bounded) frequency range.

In summary, we examine the design rules and the
resulting dilemma. To deburr with robots, Low and high
impedances are necessary in the tangential and normal
directions for all wewy,. The low stiffness In the normal
direction causes the system to be robust relative to the
robot oscillations, robot programming inaccuracies, and
fixturing errors in all w€w,. These ideal impedances are
plotted in Figure 6. Recsll that a passive end-effector with
the dynamic behavior given in Figure € cannot be built.
Figure 7 represents an altermative dynamic behavior for
the end-effector which is achievable. The dynamic behavior
prescribes a large stiffness In the normal direction and &8
small stiffness in the tengential direction. The Llearge
stiffness of the end-effector in the normal direction causes
the end-effector to reject the contact forces s&nd stay
very close to the commanded trajectory. The necessity of
a large K, conflicts with the requirement for compensation
of the robot oscillations. The following section explains
how one can compensate for robot oscillations with a
Large stiffness in the normal direction.

6. Compensation of Uncertainties in Robot Pogition

When & Llarge stiffness in the normal direction is
chosen for the end-effector to improve the quality of the
surface finish, then the end-effector will not be compliant
enough to compensste for robot oscillations. A system
was developed using the robot and the end-effector in
series with & servo positioning table. Figure 8 Is a diagram
of the arrangement. In this case, the workpiece is mounted
on the positioning table. The end-effector (which holds the
grinder] is mounted on the robot. The robot moves the
tool tangentially along the edge (into the Figure) at the
desired feed velocity. The objective is to control the
position of the table fast enough to compensate for
robot oscillations. In an idest case, when the robot does
not oscillate, the table motion will be zero, and if the
robot oscillates, the table will move “appropriately” such
that the relative distance between the robot and the
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table is relatively constant.  The robot positions the
end-effector for Large scale tracking of the workpiece
edge profile, while the positioning table, acting under &
separate process control, provides the small scale
maneuvering to compensate for robot oscillations,
programming errors and fixturing.
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Figure 8: Compensation of Uncertainties in Robot
Position
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figure 9: The Closed-loop System for Compensation
of Robot Oscillations.

The closed-loop system In Figure 9 shows the

control scheme. G[s) Is the closedHoop transfer function
of the table with & 10 hertz bandwidth. The input to G[s) is
position command, and the output of G[s) is the actual
table position. AUl position commands that contain the
frequency spectrum up to 10 hertz cen be followed by
the table very closely. The oscillatory robot motion along
the programmed path is simply treated as Low frequency
disturbances, R. X, Is the reference position command for
the table. The actusl distance between the robot and the
part, X, (which Is polluted by robot oscillations) can be
obtained by  measuring the spnng deflection in the
end-effector. The measured signal Is then fed to a
compensator, K(s), simulated by @ micro computer. The
output of the computer is then fed to the tasble. The
design specifications for the transfer function of K(s) are
as follows (10,1}
1) The relative distance between the part and the robot
must remain constant for all frequency ranges of robot
oscillations. In other words, X(jw)/X(jw) must be almost
equal to unity for alt wew,. This design specification can
be expressed as:

XlJow) Glw] K(Jow)

= B

1+ G{jw) K(jw)

foroll wew, (3}
X Uw)

where w, IS chosen to be wider than (or equal to) the
frequency range of the oscillation of the robot. We
consider 8 5 hertz for w,,



2) ALl disturbances that are imposed by the robot must be
compensated. In other words X{jw)/R(jw) must be very
close to zeroin 8l wew,. This design specification can
be expressed as:

XJw)

- = 0

1+ 6Jw} K(jeo)

for all wew, (4]

3) The entire system must remain stable.

The transfer function of the table, G{jw] is almost equal to
unity within 10 hertz. This was verified by taking the
frequency response of the table. To guarantee the truth of
equstions 3 and 4, it is clear thet G(jw)K{jw) must be very
terge (sctually much Larger than unity} for all frequencies
weEw,. If GjwlK(jw)is chosen to be very Large, equations
3 and 4 canbe written as:

R(jw) Glyeo) Kiyeo)

=1 forall wew, (5)
X ljw) Gjw) K(jw)
XJw)
= =z 0
6(jew) K(jw)

forsll wEw, (6]

Equations (5) and (6] show that a large Lloop gain,
GljwlK(w), will gusrantee the design specifications. The
transfer function of the table, 6{jw), is equal to unity for 10
hertz, andsince there is no option on modifying 6{jw) , then
K(jw) must be chosen as & very large transfer function to
guarantee the Large size of the G[jw)K(jw) for all wew, .

We choose K(jw] 8san integrator to guarantee the Large
size of the compensator.

KUw) =Ko/ Jeo (7}

Ko Is & positive gain. By adjusting K,, one can guarantee
that K(jew) is very Large for all wew,. With the above
configuration, the dominant closed-oop pole of the overstl
system shown in Figure 9 is approximately at -K, . This can

be verified from the roots of the denominator of the
transfer function in equation 3, if G(jw) is approximsted by
unity and K(jew) is chosen according to equation (7).

The digital control program was run on an IBM-PC to
implement the above integrator controller with a sampling
time .001 sec. The amplitude of the P50 oscillations ranges
from 0.1 to 02 mm et frequencies of 05 to 5 Hertz.
Accordingly, the system with a bandwidth of about 5 Hertz,
Is able to compensate for the robot motion. The stiffness
of the end-effector In the normal direction was then chosen
to be large enough to develop &8 smooth surface finish.
The natural frequency of the end-effector was placed at 22
Hertz using 1.8 N/mm springs, and filled with a 30 Pa-s oil to
produce a 1.2 damping ratio.

Figure 10 demonstrates the effect of the active
compensation. In the first plot, the end-effector wes
positioned by the robot at & fixed normal displacement with
respect to the stationary part, as In Figure 8, with the
positioning table turned off. A strip chart recording of the
endeffector signal shows a robot disturbance amplitude of
0.085 mm (0.0034") &t & frequency of 15 Hertz. In the second
plot, the positioning table was in operation. Here the
peak-to-peak amplitude Is reduced to 0.014 mm (0.0006"] at
the same 15 Hertz. Using the end-effector spring stiffness
of 1.8 N/mm, the Low frequency deburring force should vary
only 0.034 N in process. In addition to reducing the robot
path errors, the active compensetion reduces the
complexity of the robot programming. Because the actusl
deburring force is maintained by the manipulator-controlier,
the need for painstaking programming of 8 nominal force
(with respect to a sharp edge] is eliminated. Furthermore,
position errors in the part dimensions and fixturing are also
eliminated.
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Figure 10: Compensation of the Robot Oscillatory

Motion

Considering & servo positioning table In the experiment
implies the use of an active end-effector in the deburming
process. One can use an active end-effector on the robot to
compensate for positional uncertainties instead of using a
servo positioning table to maneuver the part.

7. _Experimental Besults

In order to study the transition from & sharp edge to a
lerge burr, and to provide a worst case deburring test, an
active compensation setup was used to deburr step burr
specimens of 304 stainless steel and Inconel 718. To
produce these specimens, burrs of a given size were
machined on the specimen edges. Sections of the burr were
next filed down to create the step burrs as seen in Figure 11,
During the deburring tests, the robot provided the tool feed
motion from point 1 to point 2 8t a programmed, tangentiat
velocity along the edge. The servo positioning table
produced the compensating motion in the normal direction.
fFor the complete series of tests, the peak-to-peak variation
in the normal deburring force, in all cases, remained ot or
betow 0.06 N. Two actively deburred step-burr specimens
are shown In Figure 12. For the stainless steel specimen, two
0.61 mm step-burrs were removed by 8 0.88 N normal force
ot 8 10 mm/s velocity. This resulted in & specimen chamfer
width of 0.65+0.05mm (or a peak to variation of +8%).
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Figure 11: Step Burr Test Setup

For the Inconel specimen, the 0.65 mm burrs were
removed by & 126 N force at 5 mm/s, leaving & 0.54+0.05
mm (£9%) chamfer. There was no secondary burr formation
on the surface finish. The regulerity of the chamfer
geometries was improved noticesbly over passively
deburred specimens. This was reflected by the Low percent
in variation of the chamfer width. Lastly, the Improved
chamfers, particularly for the Iconel, were produced at high

speeds, typically, twice the  velocity of similar passive
specimens.

Inconel 178 Deburred Edge

g=T
-3
in

Deburred Edge

S304 StainlLess Steel

QURR ED&E:thLftH

Figure 12: Surface Finish ffter Compensation

8. Conclusion

An automated deburring procedure using & robot
manipuLator is considered in this paper for the removal of
burrs In  the presence of robot osclllations and bounded
uncertainties in the Location of the robot end-point retative
to the part. To remove the burr, high and Low impedances
respectively ore required In the tool-holder in the normal
and tangential directions relative to the part. To
compensate for robot oscillations and positional
uncertainties, & low impedance I8 required for the
end-effector in the normal direction. The above two
requirements for deburring and oscillation compensation,
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establish a design rute for control strategy for deburring.
Emptoyment of 8 servo positioning table, will allow the use
of & Llerger impedance in the normal direction which

results in smooth and regular chamfers at higher
feedrates.
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