
This work presents a method for robotic deburring of two-dimensional planar parts
with unknown geometry. Robotic deburring requires "compliancy" and "stiffness"
in the robot in the directions tangent and normal to the part, respectively. Compliancy
in the tangential directjon allows robotic accommodation of tangen tial cutting forces,
while stiffness in the normal direction impedes a robotic response to normal cutting
forces. But, to track the part contour, the robot requires compliancy in the normal
direction. These conflicting requirements are addressed in this article as two prob-
lems: control of the meJal removal process and tracking of the part contour. In
general, these two problems are coupled; however, here they are separated into a
hardware problem and a control problem. A tracking mechanism has been designed
and built which incorporates a roller bearing mounted on a force sensor at the robot
endpoint. This force sensor is located directly below the cutter and measures the
contact forces which are the input to the tracking controller. These contact forces
are used not only to calculate the normal vector to the part surface, but also to
generate compliancy in the robot. However, the deburring algorithm uses another
set of forces (cutting forces generated by the cutter) to produce a stable metal
removal process. This deburring control method guarantees compliancy and stiffness
in the robot in response to the tangential and normal cutting forces, respectively.
Experimental results are given to show the effectiveness of this methodfor deburring
of two-dimensional parts with unknown geometry.
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1 Introduction
Two problems exist in developing a method for automated

robotic deburring of parts with unknown geometry: 1) the
design of a procedure for stable metal removal, and 2) the
development of a stable control method for tracking the edge
of a part with unknown geometry. These two problems may
be merged, but here they are separated into a hardware problem
and a control problem. Paul and FitzPatrick [II] analyze the
dynamic behavior of an industrial robot brushing process.
Hollowell and Guile [3], and Bausch et al. [2] show that active
tools can be integrated effectively with industrial robots in
edge deburring. Dornfeld and Masaki [4] use acoustic emission
signals as feedback to enhance the deburring process. Stepien
et al. [12) and Kazerooni et al. [7, 9] show the use of force
feedback in grinding and deburring. Previous research work
focused on robotic deburring where knowledge of the part
contour is of paramount importance. The work presented here
focuses on deburring of two-dimensional parts where the part
geometry is not known. Section 2 describes the dynamic be-
havior of the deburring process. Secltion 3 presents a general
deburring strategy. Section 4 describ~:s how the part geometry
is obtained. Section 5 discusses experimental results which
verify the theoretical predictions.

2 Process Dynamic Model
Burrs formed in the cutting process have geometric and

dynamic properties which are independent of the robot control
method and which lead to a simple dynamic model for the
metal removal process. The robot control algorithm used in
later sections benefits from this model.

Figure I shows a burr cross-section. A study on an aircraft
engine part [7] finds that the average burr heights varies from
0.25 mm to 0.75 mm, and the average burr thickness from
0.0025 mm to 0.0075 mm. Overall, burr height ranged from
zero to 1.5 mm, and burr thicknesses from zero to 0.23 mm.
Burr height and thickness may vary greatly.

For this research, the burr removal tools are tungsten-ce-
mented carbide rotary files. The conic bits pr{)duce a 45-degree
chamfer on the workpiece edge if the tool is held orthogonal
to the part surface. To insure the complete removal of a burr,
the chamfer width must be greater than the burr root width.
For example, a 45-degree chamfer of 0.65~0.13 mm is ade-
quate to remove the worst-case burr within an acceptable tol-
erance (Fig. I).

The volumetric material removal rate (MRR) 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
[7]. This relationship is expressed in equation (1):

MRR = (Achamfe' + Abu,,) Vtool (I)

where Vtool, Achamfe" and Abu" are the feedrate along the part
edge, the chamfer area, and the burr area, respectively. Using
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burr height and thickness, Abu" is modeled as a triangle. Due
to variations in Abu", the MRR at a constant feedrate and a
desired constant chamfer may vary up to 200 percent in many
applications. The cutting force is proportional to the MRR [7]
and therefore, even under stable cutting conditions, large var-
iations are expected in the components of the cutting force.

A three-dimensional geometric model of a burr, which in-
cludes the full geometry of the conic bit, is more helpful in
this work. For this geometric model, the cutting force is re-
solved, with respect to the part, into two vector components:
the tangential force in the direction of the tool velocity and
the normal force (Fig. 2). The tangential projected area, shown
in the model, is a simple geometric function of the intersection
between the part corner, the burr, and the milling cone. The
tangential projected area indicates that the worst-case varia-
tions in burr size produce significant variations in the tangential
force. However, the normal projected area does not vary much.
As such, variations in the burr size should not greatly affect
the normal force for a given chamfer. Figure 3 illustrates an
experimental comparison between the variation in the tangen.
tial force and the variation in the normal force at a constant
feedrate, Vtool, when two burrs of different sizes are cut. Note
that the tangential force varies significantly with burr size:
when the rotary file encounters a large burr, the tangential
force increases. On the other hand, the normal force stays
relatively constant regardless of burr size. The proportionality
between the tangential cutting force and the tangential pro-
jected area and, consequently, the MRR is the basis for a good
simple process model. Equation (2) shows the proportionality
between the tangential cutting force, d" and the MRR when
a 450 chamfer is cut with a rotary file.

-+J I- 0.8.
Fig.3 For a given feedrate, the tangential force is proportional to the
projected area of the cutting surface in the tangential direction while
the normal force is relatively constant
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terial. The operating point for these experiments is along the
linear section of the plot in Fig. 4. Since Achamfe' is constant,
the tangential force is directly proportional to the feedrate.
The slope of the line in Fig. 4 (1016 N/grams/second) rep-
resents the proportionality between the tangential cutting force
and the MRR. If the density of steel is 7 grams/cm3, the slope
of the line equals 7112 N/cm3/second and is the proportionality
between the cutting force and the volumetric MRR. Consid-
ering the tangential projected area of 0.0098 cm2, the pro-
portionality between the tangential cutting force and the
velocity along the edge is 69.8 N/cm/s. In other words, 69.8
N of tangential force is required to cut along the edge at the
speed of I cm/second. Note that the relationship between the
cutting force and the speed along the edge models the behavior
of the process.

d,=KxMRR (2)
K depends on materia! properties while MRR is a geometric
quantity. The mode! in equation (2) is used in later sections
for the robot controller design.

In a set of experiments, for a given depth of cut (0.055 in.)
on an edge with no burrs, the feedrate was varied and the
MRR was measured. As shown in Fig. 4, the cutting process
requires some minimum tangentia! force to penetrate the ma-
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3 Control Strategy For Deburrinl~

Fig.S The closed.loop control in the tangential direction for deburring

trajectory vector and the external force. The motion of the
robot endpoint in response to imposed forces is caused either
by structural compliance in the robot or by compliance in the
velocity controller. Even though robot velocity controllers are
usually designed to follow trajectory commands and reject
external forces (disturbances), the robot endpoint yields some-
what in response to these forces. Within the velocity control
bandwidth, (0, "'°), the robot dynamic behavior is uncoupled:
for all frequencies in (0, "'°), a command in a particular di-
rection generates a velocity in the commanded direction only.
Outside of the robot closed-loop bandwidth, the robot dy-
namics are coupled and a velocity command in a particular
direction may develop a velocity deviation in some or all di-
rections. Regarding the above practical issue, A, and S, define
the robot dynamics in the direction tangent to the part.

v,=G, e,+S, d, (3)

St, the sensitivity transfer function, maps the tangential cutting
force, dt to the robot velocity in tangential direction. For a
robot with a "good" veloci:y controller (i.e., a robot that
rejects all disturbances), St is a transfer function with small
magnitude. Non-direct drive robots with high gear ratios also
have small sensitivity to external forces.' Ot is a transfer func-
tion that models the robot endpoint velocity, Vt, as a function
of the input trajectory, et. Ot, which can be calculated exper-
imentally or analytically, is the transfer function for the dy-
namic behavior of a robot with a velocity controller in the
tangential direction. Note that Ot is approximately equal to
unity for the frequencies within the bandwidth. In other words,
the velocity controller closely follows all commands which have
frequency components within the bandwidth of 0(0 No as-
sumptions about the internal structures of Ot and St are made.

Figure 5 shows the dynamics of the robot and the part in
the direction tangent to the part where Ot and St are the dy-
namics of the velocity-controlled robot. Et in Fig. 5 is the
dynamic behavior of the part and force sensor in the direction
tangent to the part. Et is measured from the slope of the plot
in Fig. 4, and its value for the experimental set-up is 69.8 N/
cm/s. In general, a nonlinear function characterizes E(o

The compensator Ht operates on the cutting force, d(o do is
the reference signal representing the desired tangential contact
force. The compensator output signal, subtracted from do, is
used as the tangential input command signal, et, for the robot
velocity controller. When the robot encounter a burr in the
tangential direction, the robot decreases its tangential velocity
so the tangential cutting forces remain constant.

There are two feedback loops in the system. The right loop,
the natural feedback loop, shows how the cutting force affects
the robot in a natural way when the robot is in contact with
the part. The left feedback loop is the controlled feedback
loop. When the robot grinder and the part are in contact, the

'In a simple example, if a Remote Center Compliance (RCC) with a linear
dynamic behavior is installed at the endpoint of the robot, then S is equal to
the reciprocal of stiffness (impedance in the dynamic sense) of the RCC.

If an industrial robot moves the cutting tool at a constant
speed along the part edge, the cutting force varies significantly
because of variation in burr size. If the cutting force is large,
the robot separates from the part. If the cutting force is small,
the cutter stays very close to the part without significant sep-
aration. Therefore, the objective is t(]1 develop a self-tuning
strategy for the robot so the cutting force stays small when
the cutter encounters a burr.

It is intuitive to choose a trajectory control for the robot
with small sensitivity transfer function in the normal direction
to the part and force control in the tangential direction to the
part. "Sensitivity transfer function," the ratio of the robot
motion to the normal cutting force, is the disturbance rejection
property of a closed-loop position system. Small sensitivity
indicates a good disturbance rejection property.

Trajectory control with small sensitivity in the normal di-
rection makes the grinder endpoint rf:ject the cutting forces
and follow the commanded trajectory very closely. In practice,
large loop gains can be developed (by employment of several
integrators) to achieve small sensitivity in the normal direction.
One natural way of developing this sensitivity is to use the
robot in a configuration with the highest inertia in the normal
direction; such inertia causes "rigidity" in the robot in response
to interaction forces [I].

As stated previously, the tangential cutting force at a con-
stant traverse speed is proportional to the volume of metal to
be removed. Therefore, the larger thc~ burrs, the slower the
manipulator must move in the tangential direction to maintain
a relatively constant tangential force: the slower speed of the
endpoint along the surface, when encountering a burr, implies
a constant volume of metal to be removed per unit of time,
and, consequently, constant force in the tangential direction.
The endpoint must accommodate the interaction forces along
the tangential direction; this suggests a force control system
[5,6] in the tangential direction. If therf: is no such force control
system, large burrs will produce large cutting forces in the
tangential direction.

Therefore, it is desired to develop a force control system in
the tangential direction which varies the tool velocity along
the part edge and thus maintains a relatively constant cutting
force in the tangential direction. Two problems are associated
with large cutting forces in the tangential direction: I) the
cutting tool may stall (if it does not break), and 2) a slight
deflection may develop in the endpoint position in the normal
direction due to a slight coupling of the normal and tangential
forces; this deflection may exceed the desired tolerance.

The frequency spectrum of the surface roughness and the
desired translational speed of the robot along the surface de-
termine the frequency range of operation, "'b, as seen from
the endeffector. The faster the robot endpoint travels along
the edge of the part, the wider "'b is. The bandwidth of the
force control system in the tangential direction must be larger
than "'b. In other words, the tool must travel along the part
edge such that "'b falls below the band~'idth of the force control
system. The smaller the commanded tangential force, the slower
the robot moves along the part edgf:. The above deburring
strategy requires a precise geometric knowledge of the part.
Section 4 describes an on-line method for obtaining the part

geometry.
The robot is assumed to have a velocity controller, the basic

robot controller required by this automated deburring ap-
proach. This assumption is possible because most industrial
manipulators already have a velocity ,;ontroller and because a
number of methodologies exist for the development of robust
velocity controllers for direct and non-direct robot manipu-
lators.

In general, the endpoint velocity of a robot manipulator
with a velocity controller is a dynamic function of its input

Transactions of the ASME
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endpoint always remains in contact with the part. The above
definition is independent of control strategy, and implicitly
requires system stability and, consequently, the boundedness
of the contact forces.

Figure 6 shows the schematic of tracking a part edge. A
practical method of obtaining the part geometry measures the
interaction forces between the part and the robot. A two-
dimensional force sensor attached to a roller bearing directly
below the cutter (Fig. 7) provides sufficiently accurate force
information for tracking purposes. The part is mounted on a
stationary platform. The tracking force imposed on the part
by the robot consists of the compression force, In' normal to
the part surface, and the friction force,l" tangent to the part
surface. If the friction between the roller and part surface is
of the Coulomb type, then:

roller

Fig,6 A roller bearing mounted on a force sensor may be used as an
end-effector in tracking a part, If and 'n are tangential and normal forces
exerted on the part,

cutting force and the robot endpoint velocity are given by d,
and v" and the following equations apply:

d,=E,v, (4)

e,=do-H, d, (5)
where v, is given by equation (3). From equations (3), (4), and
(5) a transfer function is derived for the tangential cutting
force in equation (6).

-1
d,=E,(I+S,E,+G,H,E,) G,do (6)

Note that S, and G, H, add in equation 6 to represent the
total compliancy in the system. G, H, models the electronic
compliancy in the robot, and S, models the natural hardware
compliancy (such as RCC or the robot structural compliancy)
in the system. A large H, generates a compliant robot; a small
H, generates a stiff robot. Equation (6) also shows that a robot
with good tracking capability (small gain for Sf) may generate
a large contact force in a particular process. H, may not be
arbitrarily large: the stability of the closed-loop system in Fig.
5 must be guaranteed.2

COS(CX)

]sin(cx)

-sin(a)

cos(a)
where: R=

a is the angle between the normal to the part and the y axis
in the global coordinate frame. Equations (7) and (8) result in
equation (9) and a value for a.

<.Iify- Ix}

(ILlx+I.)

-I (ILl. -Ix>

tan(a) = (9)
4 Tracking of Parts With Unknown Geometry

Section 3 prescribes a compliant motion for the robot where
the tangential cutting force is used as feedback to modulate
the robot tangential velocity. However, to develop such a con-
tro.i method, knowledge of the part geometry is needed prior
to the tracking maneuver. Tracking of a two-dimensional part
by a robot is defined as a stable maneuver in which the robot

or: a=Tan ,/" /"
(p.Jx+ JY)

Using measured values of Ix and Iy, a can be calculated if p.
is known. (Note that an equality similar to equation (10) can
be derived using the measured forces in the coordinate frame
rather than the global coordinate frame. For consistency
throughout the paper, the measured forces are expressed in
the global coordinate frame.) Exact calculation of a requires
an exact value of p.. Since the friction between the roller bearing
and the part surface is very small, an approximate value for
a can be found from equation (11). (The small size of p. is
verified experimentally in Fig. 9.)

(10)

'The general stability criterion has been given in references [8 and 10). The
stability criterion for the linear single-degree-of-freedom systems is given by the
inequality:

IH,I<IG,-J (5,+1/£,)1

where 1.1 denotes the magnitude of the transfer function. The smaller the
sensitivity of the robot manipulator, the smaller H, must be. Also, the more
rigid the part, the smaller H, must be. In the "ideal case" no H, can be found
to allow an infinitely rigid robot (5, = 0) to interact with an infinitely rigid part
(£,= ~). In other words. for stability of the system shown, there must be some
compliancy either in the robot or in the part. RCC, structural dynamics, and
the tracking controller stiffness form the compliancy of the robot.
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where p. is the coefficient of dry friction. If the measured forces
in the global coordinate frame are Ix and Iy, then equality 8
is derived by inspection of Fig. 6.
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of p. causes a to deviate from the value given by equation (II).
The sensitivity of a to the perturbation of p. is approximated
by:

1 10

Frequency (hertz)

Fig.11 Frequency response of G,

I
oa=-z 011. (12)

1+11.

where 0 represents a small deviation. Oil., for a roller bearing,
is a small number which results in a small deviation in a.
011. = 0.01 results in Oa = 0.570 where II. = O. The sensitivity anal-

ysis above shows that a simple force-sensor assembly produces
relatively accurate part geometric information.

The robot is assumed to have a velocity controller. Within
the bandwidth of the velocity control, (0, "'0), the dynamic
behavior of the robot is uncoupled: for all frequencies in (0,
"'0), a command in a particular direction generates a velocity
in the commanded direction only. Gn and Sn define the robot
dynamics in the direction normal to the part.

vn=Gn en -Snln (13)
Sit the sensitivity transfer function, maps the contact force, lit
to the robot velocity in the direction normal to the part. Figure
8 shows the dynamics of the robot and the part in the direction
normal to the part. E. models the dynamic behavior of the
part and force sensor in the direction normal to the part.

The compensator Hn operates on the contact force I.. The
reference signal 10 is the desired normal contact force. The
compensator output signal, subtracted from 10, is used as the
normal input command signal, e., for the robot velocity con-
troller.

There are two feedback loops in the system. The inner loop,
the natural feedback loop, shows how the contact force affects
the robot in a natural way when the robot is in contact with
the part. The outer feedback loop is the controlled feedback
loop. When the robot and the part are in contact, the following
equations are valid.

In = En(s + SnEn + GnHnEn)-IGnlo (16)

En. impedance of the part in the normal direction, is a large
quantity compared to the other parameters in the system. If
En approaches infinity. equations (17) and (18) give the value
of In and Un.

/n=(Sn+Gn Hn)-IGn/o (17)

vn=O (18)
Note that Sn and GnHn are added in equation (17) to form

the total system compliancy. GnHn is the electronic compliancy
in the robot, and Sn is the natural hardware compliancy (such
as RCC or the robot structural compliancy) in the system. 3
A large value for Hn generates a compliant robot; a small Hn
generates a stiff robot. Equation (17) also shows that a robot
with good tracking capability (small gain for Sn) may generate
a large contact force. Hn may not be arbitrarily large: the
stability of the closed-loop system of Fig. 8 must be guaranteed.
A stability condition similar to the one given in footnote 2 can
be found for the system stability in the normal direction.

To experimentally verify the effectiveness of the tracking
method, an XY table was employed as a simple two-dimen-
sional robot. The XY table holds the part to be tracked while
a stationary platform holds the force sensor and the roller

'Equation (16) can be rewritten asfn = (SEn-1 + Sn+ Gn H,) -IGnf.. Note that
the part admittance, En -I (l/impedance in the linear domain), the robot sen-

sitivity, Sn (l/stiffness in the linear domain), and the electronic compliancy,
Gn Hn. are added together to form the total sensitivity of the system. If Hn = 0,
then only the admittance of the environment and the robot add together to form
the compliancy for the system. By closing the loop via Hn, the total sensitivity
of the system increases.

In = En Vn/S (14)

en=/o-Hnln (15)
where vn is the robot velocity in normal direction. A transfer
function in equation (16) is derived for the force.
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Fig.13 No force control, tool stalled, dep'th of cut: 0.045 in.

bearing. The XY table is powered by two DC motors via two
lead-screw mechanisms. The screws are double-helix and move
0.2 in. per revolution. Each axis of the table has a simple Pill
velocity controller. Hn was chosen to be small enough to guar-
antee closed-loop stability. Figure 9 shows the experimental
values for the normal and tangential forces, J, and In' for a
period of two seconds. The tangential friction force, as men-
tioned previously, is small compared to the normal force; this
directly implies Jl. = O. The small size of Jl. recommends the use
of equation (11) instead of equation (10).

~ ~1.0s
Fig.15 Force control in effect, depth of cut: 0.06 in., average speed:
0.057 in/s

components of the measured forces. The frequency response
plot for GI in the tangential direction (Fig. 11) shows the input
velocity command equal to the output velocity for about 35
hertz.

The objective of this experiment is to decrease the size of
the cutting forces in deburring an edge when the above method
controls the XY table. The edge of the sample part has been
filed to produce step burrs as shown in Fig. 12.

Figure 13 shows the tangential and normal forces when there
is no force control in the tangential direction and the grinder
is driven at a constant velocity along the part edge. When the
grinder encounters a burr, the tangential force increases to 25
N and the de burring tool stalls. Figure 14 shows the tangential
and normal forces when the force control strategy presented
in Fig. 5 is employed to deburr the same size burr (depth of
cut = 0.045 inch). HI, in the direction tangential to the part, is
given a large value within the stability range. The commanded
tangential force is 5 N, and the average speed is 0.088 inch/
second. Figure 15 shows the tangential and normal force with
the same commanded force in the tangential direction when a
burr with a depth of cut of 0.06 inch is used. Since the tangential
force remains constant at 5 N, the MRR is constant and the
average system speed decreases from 0.088 inch/second to
0.057 in/second. The ratio of the velocities (0.088/0.057 = 1.6)
is approximately equal to inverse of the tangeI)tial area ratio
(0.06/0.045)2 = 1.7.

5 Experimental Results
The XY table in Fig. 10 is used in the above method of

deburring parts with unknown geometry. The workpiece to be
deburred is mounted on the XY table for maneuvering while
the grinder is held vertically by a stationary platform. (In the
actual deburring process, it may be better to move the grinder
with the robot.) The sample part is mounted on the table by
a fixturing system. Two force sensors are used in this operation:
one installed on the tool holder to measure the tracking forces,
f nand it, and another installed under the part to measure the
deburring forces, dn and d,. if, and dn are not used for any
feedback). The use of two sensors in this architecture is nec-
essary because the normal deburring force may not be used in
the tracking algorithm. If the normal deburring force is used
in the tracking algorithm, the tool follo~'s the burr contour
resulting in rounded burrs.

The XY table is controlled by a microcomputer which im-
plements the control algorithms for tracking and deburring.
H, and Hn are chosen to satisfy closed-loop stability criteria.
Because of the lead screw mechanism in the XY table drive,
the sensitivities of the XY table, S, and Sn, are very small.
According to the stability condition, H, must be chosen so that
IG1 H,I < IIIE,I. Since liE, is measured as 1/69.8 N/cm/s,
H, is chosen so the entire loop transfer function, G, H" has a
magnitude of less than 1/69.8 N/cm/s. The structure of H, is
not important if its magnitude is such that IG, H,I < IIIE,I.
However, a first-order transfer function with a 30 radlsecond
bandwidth is chosen for H, and Hn to filter the high frequency

6 Summary and Conclusion
The deburring of parts with unknown geometry is addressed

in this paper. A stable metal removal process requires a force
control in the robot in the direction tangent to the part and a
stiff trajectory control in the direction normal to the part.
Compliancy in the tangential direction leads to small cutting
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forces, while trajectory control in the normal direction prevents
separation of the robot from the part. Force control for the
robot in the normal direction is required for tracking the part
contour in the presence of part fixturing errors and uncer-
tainties in the part geometry. These two conflicting require-
ments lead to the use of a tracking mechanism that contains
a roller bearing located directly below the cutter. While the
deburring controller generates compliancy in the tangential
direction in response to the tangential cutting forces, the track-
ing controller, using the contact forces on the roller bearing
as feedback, keeps the roller bearing in continuous contact
with the part. Using a simple deburring process model, de-
burring and tracking compensators are designed to guarantee
the stability of the de burring process. Some experimental re-
sults are given to verify the small size of the cutting forces in
this deburring approach.
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